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ABSTRACT

New phosphine-based bidentate ligands, 2-Me-8-Ph,P(X)CoHgNH (3, X = O; 4, X = S) and N-R-2-Ph,P(X)
CgH4NH (5,R = Et, X =0; 6, R = Me, X = S; 7, R = Et, X = S) were prepared via ortho-lithiation of 1,2,3,4-
tetrahydroquinaldine (2-Me-CgHgNH) and aniline derivatives (N-R-CgHsNH). Reaction of the ortho-
lithiated compounds with 0.5 equiv of PhP(OPh), afforded the bis(amido)-phosphine ligands (2-Me-
CgHgNH-8-y1),PPh (8) and (N-R-CgH4NH-2-y1),PPh (9, R = Me; 10, R = Et). Using these ligands, [amido-
phosphine oxide]Hf(CH,Ph)3, [amido-phosphine sulfide]Hf(CH,Ph)s, [bis(amido)-phosphine]MXj;
(M = Hf, Zr; X = CHyPh, Cl, Me), and [amido-phosphine-amine]MCl3 complexes were prepared. The
molecular structures of [amido-phosphine sulfide]Hf(CH,Ph)s (13) (prepared using 6), [bis(amido)-
phosphine|ZrMe; (22) (prepared using 8), and [amido-phosphine-amine]MCl3 (23, M = Hf; 24, M = Zr;
prepared using 9) were confirmed by X-ray crystallography. Most of the prepared complexes exhibited
negligible or low activity for ethylene/1-octene copolymerization. The [amido-phosphine sulfide]
Hf(CH,Ph); complex (13) exhibited relatively high copolymerization activity (19 x 10® g/mol-Hf h);
however, this activity was unsatisfactory compared to that of the related [amido-phosphine]Hf(CH,Ph)3

complexes (up to 48 x 10° g/mol-Hf h).

© 2014 Elsevier B.V. All rights reserved.

Introduction

The development of single-site polyolefin catalysts is a rapidly
expanding field in both academic and industrial settings. Initially,
single-site polyolefin catalysts were introduced by Kaminsky
through the serendipitous discovery of methyl aluminoxane (MAO)
[1]. These catalytic species were expanded from zirconocene com-
plexes to half-metallocenes constructed with a cyclopentadienyl and
an amido ligand [2—4], and further to post-metallocenes comprising
non-cyclopentadienyl ligands [5—8]. Currently, approximately 5
million ton of polyethylene (PE) are produced annually using single-
site homogeneous catalysts [9]. In the early 2000s, Dow and Symyx
reported a simple protocol for fabricating post-metallocenes by
reacting arrays of ligands with M(CH,Ph)4 (M = Hf, Zr) [10]. This
simple protocol allowed for the construction of various LM(CHPh)s-
type complexes with diverse spectator ligands L (L = imine-amido,
imine-enamido, or aminotroponiminato) [11—16] and LM(CH,Ph);-
type complexes with ortho-metalated aryl moieties [ 17,18]. Recently,
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we reported LM(CH,Ph)s-type complexes with phosphine-amido
spectator ligands (1 and 2), which exhibited good catalytic perfor-
mance in ethylene/1-octene copolymerization [19]. Phosphine and
its related ligands have been actively utilized in the construction of
group 4 and group 5 metal complexes for catalysis [20—26]. Most of
these complexes were constructed using chelating phenoxy-
phosphine ligands. In this work, we report group-4 metal com-
plexes constructed using derivatives of the phosphine-amido ligands
and their catalytic performance in the ethylene/1-octene
copolymerization.
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Results and discussion
Ligand synthesis

In recent reports, phenoxy-phosphine ligands were converted to
chelating phenoxy-phosphine oxide, from which vanadium, chro-
mium, and zirconium complexes were successfully prepared for
olefin polymerization [27—29]. Stimulated by these reports, we
prepared phosphine oxide as well as phosphine sulfide ligands
from the phosphine-amido ligands that were used in the con-
struction of 1 and 2 (Scheme 1). The phosphine-amido ligands were
straightforwardly prepared from tetrahydroquinoline or secondary
aniline derivatives by a one-pot procedure [19]. The key of this
simple protocol was ortho-lithiation directed by in situ generated
lithium carbamate. This simple ortho-lithiation allowed us to
construct a series of half-metallocenes [30—32], one of which is
now commercially used [33,34]. When the ligands used for con-
structing 1 and 2 were treated with H,0, in CH,Cl,, the desired
phosphine oxide compounds 3 and 5 were generated in excellent
yields (92% and 96%, respectively). After oxidation, the 3'P NMR
signal was shifted significantly from —21 to 35 ppm. The 'H, 3C, 31p
NMR and IR spectra were in agreement with the expected struc-
tures. When the phosphine compounds were treated with sulfur in
toluene, the desired phosphine sulfide compounds 4, 6, and 7 were
also afforded in good yields (54—61%). The 3'P NMR signals were
observed at 40 ppm and shifted further up-field compared to the
chemical shift observed for phosphine oxide compounds 3 and 5.

When 2 equiv of the ortho-lithiated compound of
tetrahydroquinaldine-derived lithium carbamate was reacted with
PhP(OPh),, the desired bis(amido)-phosphine compound 8 was
obtained (Scheme 2). Addition of PhPCl; did not afford the desired
product. Using the ortho-lithiated compounds of the aniline de-
rivatives also furnished the corresponding bis(amido)-phosphine
compounds 9 and 10. The 3'P NMR spectra of 9 and 10 were
characterized by a signal at —36 ppm whereas three signals were
observed at —35.1, —35.3, and —35.6 ppm in the corresponding
spectrum of 8.

Metalation reaction
Reaction of phosphine oxide ligands 3 and 5 with Hf( CH,Ph), for

1 h at room temperate afforded Hf-complexes 11 and 12 in high
yield (88—92%). Yellow powders were isolated after trituration in

Li
0
[ 1/2PhP(OPh), @P HN

N~ ~OLi e
HN

Me Me

o
1 1/2PhP(OPh), 5
N“oli T

HN-R
Me HN
/
R
9 (R = Me)
10 (R = Et)

Scheme 2. Synthesis of bis(amido)-phosphine ligands.

hexane, whose purity was confirmed from 'H NMR spectral anal-
ysis. The '"H NMR spectrum of 11 showed a set of AB spin system
signals for the three benzyl-CH; at 2.5 and 2.2 ppm with a large
geminal coupling constant (]Jy_y = 12 Hz). This observation indi-
cated that the three benzyls underwent rapidly scrambling with
each other. Under the rapid scrambling conditions, the three ben-
zyls are equivalent; however, the two protons in the methylene are
diastereotopic because of the presence of a chiral center in the
ligand, and thus exhibit the characteristics of the AB spin system. In
the 'H NMR spectrum of 12 prepared from an achiral ligand, a
single benzyl-CH, signal was observed at 2.3 ppm as a singlet. The
31p signals observed at 44 ppm showed more downfield shift
compared to the chemical shift of the ligand (35 ppm).

Reaction of phosphine sulfide ligand 4, derived from tetrahy-
droquinaldine, with Hf(CH,Ph)4 generated the desired complex but
with messy side products. Attempts to eliminate these side prod-
ucts failed. However, phosphine sulfide ligands 6 and 7 cleanly
afforded the desired complexes 13 and 14. A single benzyl-CH;
signal was observed at 2.4 ppm as a singlet in the 'H NMR spectra of
13 and 14, indicating a rapid scrambling of the three benzyls. The
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Scheme 1. Synthesis of phosphine oxide and sulfide ligands.
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31p signal was observed at 37 and 35 ppm, slightly up-field shifted
from the chemical shift of the ligand (40 ppm). The Hf-complexes
were rather unstable in CgDg, undergoing slowly decomposition
during the overnight >C NMR data acquisition period. Reacting
phosphine sulfide ligands 4, 6, and 7 with Zr(CH,Ph)4 generated the
desired complexes in a short time (~30 min); however, these
complexes were unstable and decomposed in CgDg.

Reaction of bis(amido)-phosphine ligands 8 and 10 with either
Hf(CH,Ph)4 or Zr(CHPh)4 resulted in the clean formation of the
desired complexes 15—18, even though the reaction rate was slow,
requiring several days for complete conversion. Contrary to the
observation of three signals in the 3!P NMR spectrum of ligand 8, a
single signal was observed in the corresponding spectra of 15 and
16. A set of clearly assignable signals was also observed in the 'H
NMR spectrum of 15 and 16. Coordination with Hf and Zr led to
disappearance of the N—H signal observed in the ligand spectrum,
and the NCHMe signal was shifted from 3.1 to 4.6 and 4.7 ppm.

Benzyl-CH; signals were observed as a pair of singlets at 2.0 and
2.4 ppm for 15 and at 2.3 and 2.8 ppm for 16, indicating that the two
benzyls were not equivalent. In 17 and 18, the phosphorous atom is
a dissymmetric center and the two protons on the NCH; unit are
diastereotopic, thereby creating a set of doublet quartet signals
(J = 14 and 6.8 Hz) at 3.4 and 3.9 ppm in the 'H NMR spectrum of 17
and at 3.4 and 4.0 ppm in that of 18. A pair of benzyl-CH, singlet
signals was also observed at 2.1 and 2.5 ppm for 17 and at 2.4 and
2.8 ppm for 18.

Dichloro- and dimethyl-hafnium and zirconium complexes
were also prepared using bis(amido)-phosphine ligand 8 (Scheme
3). Reacting the ligand with Hf(NMe;)4 or Zr(NMe;)4 resulted in
the formation of the desired bis(dimethylamido) complexes, which
were converted to dichloro-complexes 19 and 20 upon treatment
with MesSiCl. As-prepared 19 and 20 contained side product con-
taminates, whose removal was not successful. Subsequent to
treatment with MeMgBr, the corresponding dimethyl complexes 21
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Scheme 3. Synthesis of [bis(amido)-phosphine] Zr and Hf complexes.
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and 22 were cleanly isolated. A set of clearly assignable signals were
observed in the "H NMR spectra of 21 and 22. Two Hf—CH3 signals
were observed at 0.35 and 0.01 ppm and two Zr—CHj3 signals were
observed at 0.50 and 0.10 ppm in the 'H NMR spectra of 21 and 22,
respectively. When the same strategy was utilized for aniline-
derived ligand 9, unexpected complexes were obtained. Treat-
ment of the intermediate dimethylamido hafnium or zirconium
complex, generated by the action of Hf{NMe3)4 or Zr(NMe3)4 on 9,
with Me3SiCl generated trichloro-complexes 23 and 24, in which
one of the amido ligands was protonated. Residual HCI in Me3SiCl
might be responsible for the formation of such undesired com-
plexes. However, even when the same batch of MesSiCl was used,
formation of similar protonated complexes were not severe in the
case of formation of 19 and 20, indicating that the
tetrahydroquinaldine-derived complexes were more resistant to-
ward impurity HCl. Complexes 23 and 24 were sparingly soluble in
CsDg, CDCl3, and CDCl,. Preparation of titanium complexes using
the ligands 3—10 were unsuccessful.

X-ray crystallographic studies

Single crystals of the tribenzyl hafnium complex of the sulfide
ligand (13) were grown in a cosolvent comprising toluene and
hexane at —35 °C, and the structure of the complex was confirmed
by X-ray crystallography (Fig. 1). The metrical parameters of the
coordination sphere of the Hf atom indicated a distorted trigonal
bipyramidal structure. Two benzyl and amido ligands formed an
equatorial plane with Hf, whereas the sulfide and the remaining
benzyl ligands occupied the apical positions. The benzyls situated
at the equatorial position showed some n3-bonding character, as
inferred from the short Hf—CH, (2.245(6) and 2.268(5) A) and
Hf—C(ipso) (2.900(5) and 2.941(7) A) distances. The corresponding
distances were longer for the apical benzyl, which formed n'-bond
(2.289(6) and 3.233(6) A, respectively). The Hf-C—C(ipso) angles

Fig. 1. Thermal ellipsoid plot (30% probability level) of 13. Hydrogen atoms are omitted
for clarity. Selected bond distances (A) and angles (°): Hf—S, 2.745(1); Hf—N, 2.047(4);
C(20, apical)-Hf, 2.289(6); C(27.eq)—Hf, 2.245(6); C(34, eq)—Hf, 2.268(5); P-S,
1.993(2); C(21, apical)—Hf, 3.233(6); C(28, eq)—Hf, 2.900(5); C(35, eq)—HF, 2.941(7);
C(20, apical)—Hf-S, 171.8(1); N—Hf-C(27, eq), 117.8(2); N—Hf—C(34, eq), 120.4(2);
C(27)-Hf-C(34), 120.9(2); Hf—C(27, eq)-C(28), 99.7(3); Hf—C(34, eq)—C(35, eq),
101.6(3); Hf—C(20, axial)—C(21), 116.4(3); C(2)—N—C(1), 116.5(4); C(2)—N— Hf 109.5(3);
C(1)-N—Hf, 130.8(3); C(7)-C(2)-N—Hf —-72.6(5); C(2)-C(7)-P 66.6(4);
P—S—Hf—N, —20.0(1).

were also acute because of the n°-bonding character of the equa-
torial benzyl (99.7(3)° and 101.6(3)°). The Hf—C—C(ipso) angle was
116.4(3)° for the apical benzyl. The sum of the bond angles around
the nitrogen atom was 356.8°, which deviated somewhat from the
ideal sp? hybridization of the N atom (360°) for rt-donation, which
is frequently observed in amido complexes of early transition
metals. The S and Hf atoms were situated above the N—C(2)—C(7)—
P plane with large torsional angles of C(7)—C(2)—N—Hf (-72.6(5)°)
and C(2)—C(7)—P—S (66.6(4)°).

Single crystals of the dimethyl zirconium complex of the bis(a-
mido)phosphine ligand (22) were grown in a cosolvent consisting
of toluene and hexane at —35 °C, and the structure of the complex
was confirmed by X-ray crystallography (Fig. 2). This complex also
adopted a distorted trigonal bipyramidal structure. Two methyl and
phosphine ligands formed a perfect equatorial plane with the Zr
center, where the sum of the bond angles of C(28)—Zr—P, C(27)—
Zr—P, and C(27)—Zr—C(28) were 360°, whereas the N(1)—Zr—N(2)
angle was 134.9(2)°, which deviated from the ideal value of 180°
expected for the trigonal bipyramidal structure. The sum of the
bond angles around the nitrogen atoms (358.7 and 356.3°) deviated
slightly from that of ideal sp? hybridization of the N atom (360°) for
m-donation. The Zr—P (2.7397(16) A) and Zr—N distances (2.083(4)
and 2.083(4) A) were slightly shorter than those observed for
complexes 1 and 2 (2.7558, 2.7498 A and 2104, 2113 A,
respectively).

When a solution of the bis(dimethylamido)-Hf complex in
toluene was layered with a solution of excess MesSiCl solution in
pentane, yellow single crystals were deposited. X-ray crystallo-
graphic studies revealed an unexpected trichloro Hf complex (23)
(Fig. 3), which may have been formed from the residual HCl in
Me3SiCl that was generated unintentionally by impurity water. The
N(1)—Hf distance was relatively long (Hf—N(1), 2.483(18) A),
whereas the Hf—N(2) distance (2.080(19) A) was comparable to the
N—Hf distances observed for other amido Hf-complexes. The bond
angles around the N(1) atom indicated sp3-hybridization: the sum
of the bond angles around the N(1) atom (344°) was close to the
sum for the ideal sp3-hybridized atom (109.5 x 3 = 328.5°). The
sum of the bond angles around the N(2) atom was 359.7°, indicating
sp?-hybridization. The distance of Hf—Cl bond opposite the amido

c28

Fig. 2. Thermal ellipsoid plot (30% probability level) of 22. Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (°): P—Zr, 2.7397(16); N(1)—
Zr, 2.083(4); N(2)—Zr, 2.083(4); C(27)—Zr, 2.233(6); C(28)—Zr, 2.258(6); C(28)—Zr—P,
124.4(2); C(27)—Zr—P, 126.2(2); C(27)—Zr—C(28), 109.4(2); N(2)-Zr—N(1), 134.9(2);
C(20)—N(2)—Zr, 127.6(3); C(20)—N(2)—C(12), 117.2(4); C(12)—N(2)—Zr, 111.5(3).
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Fig. 3. Thermal ellipsoid plot (30% probability level) of 23. Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (°): Hf—P, 2.680(5); Hf—N(1,
sp?), 2.483(18); Hf-N(2, sp?), 2.080(19); Hf—CI(1), 2.453(6); Hf—CI(2), 2.365(6);
Hf—CI(3), 2.387(5); C(15)—N(1)—C(20), 111.3(15); C(15)—N(1)—Hf, 120.7(10); C(20)—
N(1)—Hf, 110.0(15); C(12)—-N(2)—C(13), 116.3(2); C(12)-N(2)—Hf, 131.6(14); C(13)—
N(2)—Hf, 111.8(15); C(14)—C(15)—-N(1)—Hf, —26; C(14)—C(15)-N(1)—C(20), 105; C(7)—
C(12)-N(2)—Hf, —7; C(7)—C(12)—-N(2)—C(13), 168.

ligand was longer (Hf—CI(1), 2.453(6) A) than that of the other
Hf—Cl distances opposite neutral amine and phosphine ligands
(Hf—CI(2), 2.365(6); Hf—CI(3), 2.387(5) A). The methyl carbon
(C(20)) attached to the sp3-amine N(1) atom and the Hf atom
deviated from the plane formed by the N(1)—C(15)—C(14)—P atoms
with the torsional angles of C(14)—C(15)—N(1)—Hf and C(14)—
C(15)—N(1)—C(20) being —26° and 105°, respectively, while the
methyl carbon (C(13)) attached to the spz—amide N atom and Hf
atom was roughly situated on a plane formed by the N(2)—C(12)—
C(7)—P atoms with the torsional angles of C(7)—C(12)—N(2)—Hf
and C(7)—C(12)—N(2)—C(13) being —7° and 168°, respectively.
Single crystals of the trichloro—Zr complex of the same ligand (24)
were also obtained by layering a solution of the corresponding
bis(dimethylamido)—Zr complex in toluene onto a solution of
excess MesSiCl solution in pentane. X-ray crystallographic studies
revealed a similar structural arrangement as that of 23 (Fig. 4).

Polymerization studies

The newly prepared complexes (11-24) were screened for
ethylene/1-octene copolymerization activity (Table 1). Benzyl
complexes 11—18 were activated with methylcyclohexane-soluble
[HNMe(C1gH37)2]T[B(CsFs)4]~ (1.2 equiv) using MAO (Al/M = 125)
as a scavenger [15,19]. Though the pentacoordinated [N,N,C]HfX>-
type complexes constructed from the pyridine-amido ligand and by
incorporating ortho-metalated aryl moieties have been extensively
studied because of their good polymerization activity [35—40], the
[N,P,N]M(CH,Ph),-type complexes (M = Hf and Zr, 15—18) devel-
oped herein exhibited negligible activity. The related penta-
coordinated [bis(amido)-amine] zirconium and hafnium complexes
were also prepared for the studies of 1-hexene polymerization
[41,42]. The [amido-phosphine oxide]Hf(CH,Ph); complexes
(11-12) showed low polymerization activity (entries 1-2). The

c2® ¢z

Fig. 4. Thermal ellipsoid plot (30% probability level) of 24. Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (°): Zr—P, 2.7068(16);
Zr-N(2, sp®), 2.483(4); Zr—N(1), 2.069(5); Zr—Cl(1), 2413(2) Zr—Cl(2), 2.464(2);
Zr—Cl(3), 2.393(2); C(19)—-N(2)—C(20), 108.5(4); C(19)-N(2)—Zr, 120.9(3); C(20)—
N(2)-Zr, 112.6(4); C]( ) N(1)—-C(13), 115.2(5); C(12)— N(l)—Zr 134.8(4); C(13)-N(1)—
Zr, 110.0(4); C(19)—C(14)—-P—Zr, 19.4(5); C(14)—C(19)N(2)—C(20), 106.8(6); C(12)—
C(7)—P—Zr, 6.2(5); C(7)—C(12)—N(1)—Zr, —10.1(9).

[amido-phosphine sulfide]Hf(CH,Ph)3 complex (13) exhibited fairly
good polymerization activity (entry 3); however its activity
(19 x 10° g/mol-Hf h) was lower than those of the related [amido-
phosphine]Hf(CH,Ph); complexes (up to 48 x 10® g/mol-Hf h) and
CGC ([MeSi(n>-Me4Cs)(NBu)JTiCly) (36 x 10° g/mol-Ti h) under
similar polymerization conditions. Both [N,P,N]MCl, (19—20) and
[N,PNH]MCI3 (23—24) exhibited low or negligible activity when
activated with modified-MAO (entries 5 and 6). The dimethyl
complexes [N,PbN]MMe; (21—22) also showed negligible activity
when activated with [Ph3C]"[B(CgFs)4] . All of the obtained poly-
mers had melting peak at ca. 120 °C in the DSC scans, indicating
incorporation of a minimal amount of 1-octene (<2 mol%), which
was in fact confirmed by a negligible methyl signal observed in the
TH NMR spectrum (see SI). The GPC curves of the polymers ob-
tained with 19/MMAO, 20/MMOA, and 21/[PhsC]*[B(CcF5)4]™
indicated bimodal molecular weight distributions; thus M/My
values were very high (entries 5—7). Ethylene homopolymeirzation
was carried out with 13 and 19 under the identical conditions,
respectively, except in the absence of 1-octene. The activity was
slightly lower (11 and 4.9 x 108 g/mol-Ti h, respectively) than in the
presence of 1-octene, which phenomenon is common in metal-
locene catalyst.

Conclusion

New phosphine-based bidentate and tridentate ligands were
prepared using ortho-lithiated compounds of secondary aniline-
derived lithium carbamates. Using these ligands, [amido-
phosphine  oxide]Hf(CH,Ph)s, [amido-phosphine  sulfide]
Hf(CH,Ph)s, [bis(amido)-phosphine]MX, (M = Hf, Zr; X = CH,Ph,
Cl, Me), and [amido-phosphine-amine]MCl3; complexes were pre-
pared. The molecular structures of [amido-phosphine sulfide]
Hf(CH,Ph)s, [bis(amido)-phosphine]ZrMe,, and [amido-
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Table 1
Ethylene/1-octene copolymerization results.

Entry Catalyst (umol) Cocatalyst (mmol) Yield (g) Activity My, (x10%) My /My Tm (°C)

(x10° g/mol-M h)

1 11 (5) [HNMe(C;gHs7)2]* [B(C6Fs)a]~ (6) 033 13 183 5.67 121

2 12 (5) [HNMe(C15Hs7)2] " [B(CeFs)a]~ (6) 0.51 2 178 6.07 120

3 13 (1) [HNMe(C;gH37)2] " [B(C6Fs)al ™ (1.2) 0.95 19 158 2.95 118

4 14 (1) [HNMe(CgHs7)2] " [B(CeFs)al~ (1.2) 0.31 6.2 193 429 123

5 19 (1) MMAO (3000) 0.39 7.8 279 49.8 121

6 20 (1) MMAO (3000) 0.34 6.8 188 53.2 123

7 21 (5) [PhsC]*[B(CeFs)a]~ (6) 0.6 24 64 13.6 124

¢ Polymerization conditions: methylcyclohexane solution of 1-octene (1.0 M, 30 mL), ethylene (30 bar), 100 °C, 3 min.

phosphine-amine|]MCl; were confirmed by X-ray crystallography.
Most of the newly prepared complexes exhibited negligible or low
activity for ethylene/1-octene copolymerization. [Amido-
phosphine sulfide]Hf(CH,Ph); showed relatively high activity
(19 x 10° g/mol-Hf h); however, this activity was not satisfactory
when compared with the activity of related [amido-phosphine]
Hf(CH,Ph); complexes (up to 48 x 10° g/mol-Hf-h).

Experimental section
General remarks

All manipulations were performed under inert atmosphere us-
ing standard glove box and Schlenk techniques. Diethyl ether, THF,
CsDs, and CgDsCD3 were distilled from benzophenone ketyl.
Methylcyclohexane (anhydrous grade), toluene, and 1-octene used
for the polymerization reaction were purchased from Aldrich and
purified over a Na/K alloy. Ethylene was purified by contact with
molecular sieves and copper for more than 12 h under 50 bar
pressure. The IR spectrum was recorded from the solid itself using
attenuated total reflection (ATR) FTIR. The 'H NMR (400 MHz), 3C
NMR (100 MHz), and 3'P NMR (162 MHz) spectra were recorded on
a Varian Mercury plus 400. Elemental analyses were carried out at
the Analytical Center, Kyunghee University. Mass spectra were
obtained on a JEOL JMS-700.

Synthesis of ligands and complexes

Compound 3

H,0, (2.2 mL, 2.9 mmol) was added to a solution of 8-(diphe-
nylphosphino)-1,2,3,4-tetrahydroquinaldine (0.30 g, 0.98 mmol) in
methylene chloride (12 mL) at 0 °C and the resulting solution was
slowly warmed to room temperature. After water (3 mL) was
added, the organic phase was separated out, and was dried over
anhydrous MgSO4. Removal of the solvent using a rotary evaporator
produced a white solid (0.29 g, 92%). Analytical analysis indicated
that the obtained solid was pure and this solid was used for the
metalation without further purification. M.p. 110 °C. IR: 3301
(N—H), 1116 (P—0) cm~L. 'H NMR (CgDg): 6 8.41 (br s, 1H, NH),
7.84—7.74 (m, 4H, PPh), 7.07—6.95 (m, 6H, PPh), 6.91 (d, J = 6.8 Hz,
1H, 5-quinaldine), 6.82 (dd, ] = 6.8, 14 Hz, 1H, 7-quinaldine), 6.39
(dt, ] = 74, 2.8 Hz, 1H, 6-quinaldine), 3.15-3.04 (m, 1H, 2-
quinaldine), 2.56—2.35 (m, 2H, 4-quinaldine), 1.43—1.33 (m, 1H, 3-
quinaldine), 1.26—1.08 (m, 1H, 3-quinaldine), 0.93 (d, ] = 6.8 Hz,
3H, CH3) ppm. *C{'H} NMR (CgDs): 6 151.27 (d, Jpc = 4.5 Hz), 135.01
(d, Joc = 14 Hz), 133.99 (d, Jpc = 13 Hz), 133.10 (d, Jpc = 1.5 Hz),
132.52 (d, Jpc = 5.3 Hz), 13242 (d, Jpc = 4.6 Hz), 13145 (d,
Jec =11 Hz), 131.58,128.58 (d, Jpc = 3.7 Hz), 128.46 (d, Jpc = 4.6 Hz),
12212 (d, Jpc = 7.6 Hz), 114.39 (d, Joc = 14 Hz), 110.53, 109.48, 47.22,
29.25, 27.62, 22.62 ppm. >'P{'H} NMR (C¢Dg): 6 35.11 ppm.
HRMS(EI): m/z caled ([M+] Cy3HoNOP) 349.3899. Found:
349.3899.

Compound 4

8-(Diphenylphosphino)-1,2,3,4-tetrahydroquinaldine (0.299 g,
0.901 mmol) and sulfur (0.032 g, 0.99 mmol) were mixed in toluene
(3 mL). The solution was stirred overnight at room temperature.
Removal of volatiles under vacuum gave a residue, which was pu-
rified by column chromatography on silica gel eluting with meth-
ylene chloride. A white solid was obtained in 61% yield (0.201 g).
M.p. 169 °C. IR: 3271 (N—H), 708 (P—S) cm~ L. 'H NMR (CgDs):
67.96—7.86 (m, 4H, PPh), 7.18 (br s, 1H, NH), 7.04—6.94 (m, 6H, PPh),
6.90 (d, ] = 7.2 Hz, 1H, 5-quinaldine), 6.72 (dd, ] = 8.0, 15 Hz, 1H, 7-
quinaldine), 6.37 (dt, ] = 7.5, 2.8 Hz, 1H, 6-quinaldine), 3.11-3.01
(m, 1H, 2-quinaldine), 2.52—2.34 (m, 2H, 4-quinaldine), 1.40—1.32
(m, 1H, 3-quinaldine), 1.20—1.07 (m, 1H, 3-quinaldine), 0.84 (d,
J = 6.4 Hz, 3H, CH3) ppm. >C{'H} NMR (CgDg): 6 14917 (d,
Jpc = 6.0 Hz), 133.86 (d, Jpc = 9.1 Hz), 132.98 (d, Jpc = 17 Hz), 132.97,
132.72 (d, Joc = 11 Hz), 13160 (d, Jpc = 9.1 Hz), 13145 (d,
Jpc = 3.0 Hz), 131.39 (d, Jpc = 3.1 Hz), 128.62 (d, Jpc = 8.3 Hz), 128.50
(d, Joc = 8.4 Hz), 122.69 (d, Jpc = 7.5 Hz), 115.12 (d, Jpc = 6.4 Hz),
111.292,110.42, 47.66, 29.28, 27.57, 22.38 ppm. >'P{'"H} NMR (CgDs):
0 40.03 ppm. HRMS(EI): m/z calcd ([M+] Ca2H22NSP) 363.1493.
Found: 363.1493.

Compound 5

The title compound was synthesized using the same conditions
and procedure as those for 3 using 2-(diphenylphosphino)-N-eth-
ylaniline (0.49 g, 0.15 mmol). M.p. 129 °C. IR: 3322 (N—H), 1117
(P—0) cm ™. '"H NMR (CgDg): 6 7.83 (br s, TH, NH), 7.81-7.71 (m, 4H,
PPh), 719 (t, ] = 7.8 Hz, 1H), 7.10—6.95 (m, 6H, PPh), 6.95 (ddd,
J=1.7,76,15Hz, 1H), 6.51 (dd, J = 5.2, 7.4 Hz, 1H), 6.44 (dt, ] = 7.3,
2.5 Hz, 1H), 2.80—2.71 (m, 2H, NCH,), 0.91 (t, ] = 6.8 Hz, 1H, CHs)
ppm. C{'H} NMR (CgDs): 6 154.36 (d, Jpc = 5.3 Hz), 133.81, 133.94
(d, Jec = 11 Hz), 133.72 (d, Jpc = 2.3 Hz), 133.47 (d, Jpc = 9.1 Hz),
131.64 (d, Jpc = 3.1 Hz), 12855 (d, Jpc = 12 Hz), 114.81 (d,
Jpc = 13 Hz), 112.31, 111.41 (d, Jpc = 7.6 Hz), 11.27, 38.10, 14.60 pprm.
31p{1H} NMR (CgDg): 6 35.00 ppm. HRMS(EI): m/z caled ([M+]
C20H2oNOP) 321.1211. Found: 321.1212.

Compound 6

The title compound was synthesized using the same conditions
and procedure as those for 4 using 2-(diphenylphosphino)-N-
methylaniline (0.270 g, 0.928 mmol). The compound was purified
by recrystallized in toluene at room temperature. A white solid was
obtained in 54% yield (0.162 g). M.p. 154 °C. IR: 3276 (N—H), 709
(P—S) cm™~ . "H NMR (CgDg): 6 7.91—7.82 (m, 4H, PPh), 7.20—7.08 (m,
1H), 718 (br s, 1H, NH), 7.03—6.93 (m, 6H PPh), 6.83 (ddd, J = 1.,
8.0,16 Hz, 1H), 6.45—6.38 (m, 2H), 2.21 (d, ] = 5.2 Hz, 3H, CH3) ppm.
BBC{'H} NMR (CeDg): 6 153.31 (d, Joc = 6.0 Hz), 133.64, 133.55,
133.60 (d, Jpc = 2.2 Hz), 133.55,132.79,132.76 (d, Jpc = 11 Hz), 131.51
(d, Jec = 3.0 Hz), 128.64 (d, Joc = 13 Hz), 115.75 (d, Jpc = 13 Hz),
112.98, 112.12, 11158 (d, Jpc = 7.6 Hz), 30.04 ppm. >'P{'H} NMR
(CgDg): 6 40.29 ppm. HRMS(EI): m/z calcd ([M+] Ci9gHigNPS)
323.0898. Found: 323.0898.
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Compound 7

The title compound was synthesized using the same conditions
and procedure as those for 4 using 2-(diphenylphosphino)-N-eth-
ylaniline (0.66 g, 2.2 mmol). The compound was purified by
recrystallized in toluene at room temperature. A white solid was
obtained in 59% yield (0.43 g). M.p. 123 °C. IR: 3281 (N—H), 708
(P=S)cm ™. TH NMR (CgDe): 6 7.94—7.82 (m, 4H, PPh), 7.16 (t,] = 7.8,
1H), 7.08 (br s, 1H, NH), 7.04—6.92 (m, 6H, PPh), 6.85 (ddd, J = 15,
7.9,1.5 Hz, 1H), 6.49 (dd, ] = 6.0, 7.6 Hz, 1H), 6.41 (dt, ] = 7.6, 2.4 Hz,
1H), 2.74—2.64 (m, 2H, NCH,), 0.85 (t, ] = 7.2, 3H, CH3) ppm. *C{'H}
NMR (CgDg): 6 152.31 (d, Jpc = 6.0 Hz), 133.69, 133.60, 133.55 (d,
Jec = 2.2 Hz),132.76,132.75 (d, Jpc = 11 Hz), 131.49 (d, Jpc = 3.0 Hz),
128.60 (d, Jpc = 13 Hz), 115.66 (d, Jpc = 13 Hz), 112.95,112.08, 112.01,
38.46, 14.38 ppm. 3'P{'H} NMR (CgDg): 6 40.13 ppm. HRMS(EI): m/z
caled ([M+] Co0H2oNPS) 337.1054. Found: 337.1054.

Compound 8

nBuLi (20.1 mL, 50.3 mmol, 2.5 M solution in hexane) was added
dropwise to a solution of 1,2,3,4-tetrahydroquinaldine (0.990 g,
6.73 mmol) in hexane (85 mL) at room temperature. The solution
was stirred at room temperature overnight. The resultant white
solid precipitated from the solution was subsequently filtered and
washed with hexane, yielding the corresponding lithium amide
compound in quantitative yield (6.86 g). CO, gas was then intro-
duced into the solution of lithium amide (4.16 g, 27.2 mmol) in
diethyl ether (65 mL) stirred at —78 °C. The white solid disappeared
immediately. The temperature was raised slowly to room temper-
ature while excess CO, gas was removed through a bubbler. The
solution was stirred overnight, resulting in the precipitation of a
white solid. THF (2.15 g, 29.9 mmol) and ¢tBulLi (17.6 mL, 29.9 mmol,
1.7 M solution in pentane) were added successively to the slurry
at —20 °C, and the solution was stirred for 2 h at this temperature. A
solution of PhP(OPh); (3.3 g, 11.2 mmol) in diethyl ether (30 mL)
was added to the ortho-lithiated compound at —20 °C using a sy-
ringe. The solution was subsequently stirred for 1 h at —20 °C and
warmed slowly to room temperature. After stirring the solution
overnight, H,O (50 mL) was added at 0 °C and the mixture was
stirred at room temperature for 30 min. The product was extracted
with ethyl acetate (3 x 100 mL). The organic phase was collected
and dried over anhydrous MgSQOj4. The solvent was removed using a
rotary evaporator to obtain a residue, which was purified by col-
umn chromatography on silica gel eluting with hexane and ethyl
acetate (v/v, 50:1). A pale yellow viscous oil was obtained in 59%
yield (2.63 g). The analytically pure white solid was obtained by
recrystallization at —35 °C in hexane. M.p. 120 °C. IR: 3388 (N—H)
cm™’. "H NMR (CgDe): 6 7.65—7.47 (m, 2H, PPh), 7.13 (t, ] = 7.0 Hz,
1H, 7-quinaldine), 7.08—7.00 (m, 3H, PPh) 6.93 (d, 2H, 5-
quinaldine), 6.64—6.56 (m, 2H, 6-quinaldine), 4.84—4.71 (m, 2H,
NH), 3.07 (br s, 2H, 2-quinaldine), 2.66—2.45 (m, 4H, 4-quinaldine),
1.53—1.43 (m, 2H, 3-quinaldine), 1.36—1.23 (m, 2H, 3-quinaldine),
0.78 (d, J = 6.0, 6H, CH3) ppm. 3C{'H} NMR (CgDg): 6 148.14 (d,
Jpc = 18 Hz), 135.28 (d, Jpc = 4.6 Hz), 134.10 (d, Jpc = 19 Hz), 132.94
(d, Joc = 4.5 Hz), 131.00, 128.81 (d, Jpc = 6.9 Hz), 128.73, 120.85 (d,
Jec = 5.3 Hz), 117.26 (d, Jpc = 3.1 Hz), 115.99 (d, Jpc = 3.8 Hz), 47.82,
30.07, 27.50, 22.64 ppm. >'P{'H} NMR (CgDg): 6 —35.08, —35.32,
—35.64 ppm. HRMS(EI): m/z caled ([M+] CasH29N2P) 400.2068.
Found: 400.2069.

Compound 9

The title compound was synthesized using the same conditions
and procedure as those for 8 using N-methylaniline (4.32 g,
38.2 mmol). The product was purified by column chromatography
on silica gel eluting with hexane and ethyl acetate (v/v, 50:1). A pale
yellow viscous oil was obtained in 51% yield (2.49 g). Analytically
pure white solid was obtained by recrystallization at —35 °C in

hexane. M.p. 159 °C. IR: 3381 (N—H) cm~ . 'H NMR (CgDg):
6 7.43—7.35 (m, 2H, PPh), 7.16 (t, ] = 7.6 Hz, 2H), 7.10 (t, ] = 6.0 Hz,
2H) 7.02—6.95 (m, 3H, PPh), 6.57 (t, ] = 7.2 Hz, 2H), 6.44 (dd, J = 8.0,
5.6 Hz, 2H), 4.58 (br's, 2H, NH), 2.23 (d, = 4.8 Hz, 6H, CH3) ppm. 13C
{'H} NMR (CgDs): 6 152.21 (d, Jpc = 18 Hz), 134.62 (d, Jpc = 4.6 Hz),
134.51, 133.86 (d, Jpc = 18 Hz), 131.02, 128.78 (d, Jpc = 3.1 Hz),
128.73, 117.55 (d, Jpc = 1.5 Hz), 116.91 (d, Jpc = 3.8 Hz), 109.73 (d,
Jec = 2.3 Hz), 30.34 ppm. 3'P{'H} NMR (CgDg): 6 —36.05 ppm.
HRMS(EI): m/z calcd ([M+] CooH21N2P) 320.1442. Found: 320.1443.

Compound 10

The title compound was synthesized using the same conditions
and procedure as those for 8 using N-ethylaniline (1.23 g,
9.65 mmol). The product was purified by column chromatography
on silica gel eluting with hexane and ethyl acetate (v/v,10:1). A pale
yellow viscous oil was obtained in 73% yield (0.98 g). Analytically
pure white solid was obtained by recrystallization at —35 °C in
hexane. M.p. 80 °C. IR: 3351 (N—H) cm L 'H NMR (CgDg):
6 7.51—7.44 (m, 2H, PPh), 7.25—7.17 (m, 4H), 7.04 (d, ] = 4.8 Hz, 3H)
6.23 (t,] = 7.2, 2H, PPh), 6.54 (dd, ] = 7.8, 5.2 Hz, 2H), 4.58 (d, ] = 4.4,
2H, NH), 2.83—2.68 (m, 4H, NCH3), 0.78 (d, ] = 7.0, 3H, CH3) ppm. 13C
{'H} NMR (CgDg): 6 151.63 (d, Jpc = 17 Hz), 134.98 (d, Jpc = 4.5 Hz),
134.87 (d, Joc = 4.5 Hz), 134.11 (d, Jpc = 19 Hz), 131.21,128.99, 128.92,
11769 (d, Jpc = 3.0 Hz), 117.14 (d, Jpc = 4.6 Hz), 110.62 (d,
Jec = 3.0 Hz), 38.71,14.75 ppm. >'P{'H} NMR (CgDs): 6 —34.69 ppm.
HRMS(EI): m/z calcd ([M+] Ca2H25N,P) 348.1755. Found: 348.1756.

Complex 11

Hf(CH,Ph),4 (0.156 g, 0.287 mmol) and 3 (0.100 g, 0.287 mmol)
were mixed in toluene (2.5 mL) at room temperature, and the so-
lution was stirred for 1 h at this temperature. After the solvent was
removed under vacuum, the residue was triturated in hexane
(~1 mL). The yellow solid was isolated by decantation (0.202 g,
88%). "H NMR (CgDg): 6 7.29 (d, ] = 13 Hz, 1H), 7.26 (dd, ] = 13, 1.6 Hz,
1H), 7.19—6.84 (m, 24H), 6.52 (dd, ] = 7.8, 15 Hz, 1H), 6.36 (dt, ] = 7.6,
3.7 Hz, 1H), 4.04—3.95 (m, 1H, 2-quinaldine), 2.66—2.52 (m, 1H, 4-
quinaldine), 2.49 (d, ] = 11 Hz, 3H, HfCH,), 2.45—2.35 (m, 1H, 4-
quinaldine), 2.21 (d, J] = 12 Hz, 3H, HfCH;), 2.05—-1.94 (m, 1H, 3-
quinaldine), 1.44—1.33 (m, 1H, 3-quinaldine), 0.572 (d, ] = 6.4 Hz,
3H, CH3) ppm. 3C{’H} NMR (CgDs): 6 155.42 (d, Jpc = 3.8 Hz), 147.47,
135.85, 133.14 (d, Jpc = 11 Hz), 132.36 (d, Jpc = 11 Hz), 131.22 (d,
Jec = 14 Hz), 129.21, 128.91 (d, Jpc = 13 Hz), 128.38, 127.94, 126.98,
125.31 (d, Jpc = 7.6 Hz), 121.48,116.72 (d, Jpc = 15 Hz), 112.78,111.67,
81.05, 44.46, 25.90, 23.42, 19.71 ppm. >'P{'H} NMR (CgDs):
0 4411 ppm. Anal. Calcd (C43H42NOPH(): C, 64.70; H, 5.30; N, 1.75.
Found: C, 64.80; H, 5.35; N, 1.95%.

Complex 12

The title complex was synthesized using the same conditions
and procedure as those for 11 using 5 (0.100 g, 0.311 mmol). The
yellow solid was isolated by trituration (0.220 g, 92%). 'H NMR
(CgDg): 6 7.21—7.12 (m, 10H), 7.09—6.98 (m, 9H), 6.91—6.84 (m, 7H),
6.63—6.56 (m, 2H), 6.35 (dt, ] = 7.4, 3.5 Hz, 1H), 3.24 (quartet,
J=6.8Hz, 2H, NCH>), 2.33 (s, 6H, HfCH>), 0.43 (t,] = 6.6 Hz, 3H, CH3)
ppm. 3C{'H} NMR (CgDg): 6 158.16 (d, Jpc = 3.8 Hz), 147.22, 135.59,
13333 (d, Jpc = 14 Hz), 133.09 (d, Jpc = 2.3 Hz), 132.70 (d,
Jec = 11 Hz), 128.91 (d, Jpc = 13 Hz), 128.62, 128.44, 127.53, 121.50,
117.06 (d, Jpc = 6.9 Hz), 116.92 (d, Jpc = 14 Hz), 114.69, 113.58, 80.62,
39.15, 13.48 ppm. >'P{'H} NMR (CgDg): 6 44.45 ppm. Anal. Calcd
(C41H3gNOPH(): C, 63.77; H, 5.22; N, 1.81. Found: C, 63.55; H, 5.13;
N, 1.98%.

Complex 13
The title complex was synthesized using the same conditions
and procedure as those for 11 using 6 (0.050 g, 0.16 mmol). The



CS. Lee et al. / Journal of Organometallic Chemistry 772-773 (2014) 172—181 179

compound was purified by recrystallizing in toluene at —35 °C
(0.061 g, 51%). The compound was slowly decomposed in CgDg
during the overnight acquisition of the *C NMR data. '"H NMR
(CeDg): 6 7.37 (dd, J = 8.0, 14 Hz, 4H), 7.20—7.04 (m, 13H), 7.01-6.95
(m, 2H), 6.92—6.82 (m, 7H), 6.65 (dd, ] = 5.2, 8.0 Hz, 1H), 6.47 (dd,
J=178,14Hz,1H), 6.39 (dt,J = 7.2, 3.6 Hz, 1H), 2.48 (s, 3H, CH3), 2.35
(s, 6H, HfCH;) ppm. 3'P{'H} NMR (C¢Ds): 6 37.31 ppm. Anal. Calcd
(C4oH3gNPSHIf): C, 62.05; H, 4.95; N, 1.81. Found: C, 61.94; H, 4.85; N,
1.95%.

Complex 14

The title complex was synthesized using the same conditions
and procedure as those for 11 using 7 (0.087 g, 0.25 mmol). The
compound was purified by recrystallizing in toluene at —35 °C
(0.100 g, 51%). The compound was slowly decomposed in CgDg
during the overnight acquisition of the *C NMR data. 'TH NMR
(CgDg): 6731 (dd, ] = 7.6,13.6 Hz, 4H), 7.17 (t,] = 7.6 Hz, 6H), 7.07 (d,
J = 7.2 Hz, 6H), 6.90 (d, ] = 7.6 Hz, 2H), 6.84 (t, | = 7.4 Hz, 4H), 6.79
(dt,J = 7.4, 7.4 Hz, 4H), 6.58—6.46 (m, 2H), 6.33 (dt, J = 7.6, 1.2 Hz,
1H), 3.26—3.17 (quartet, ] = 6.4 Hz, 2H, NCHy), 2.40 (s, 6H, HfCHy),
0.23 (t,] = 6.6 Hz, 3H, CH3) ppm. 3'P{'H} NMR (C¢Ds): 6 35.29 ppm.
Anal. Calcd (C41H4oNPSHf): C, 62.47; H, 5.11; N, 1.78. Found: C,
62.25; H, 5.02; N, 1.89%.

Complex 15

Hf(CH,Ph)4 (0.132 g, 0.24 mmol) and 8 (0.098 g, 0.24 mmol)
were mixed in toluene (2 mL) at —30 °C. The temperature was
raised slowly to room temperature, and the solution was stirred
overnight. After the solvent was removed under vacuum, the res-
idue was triturated in hexane (~0.5 mL). The yellow solid was iso-
lated by decantation (0.128 g, 70%). 'TH NMR (CgDg): 6 7.37 (t,
J=7.0Hz, 2H), 725 (t,] = 7.6 Hz, 2H), 7.10 (d, ] = 6.8 Hz, 2H), 7.01 (d,
J=7.6Hz, 2H),6.91 (t,] = 6.8 Hz, 2H), 6.93—6.83 (m, 4H), 6.66—6.60
(m, 4H), 6.55 (t,] = 7.6 Hz, 2H), 6.26 (t,] = 7.4 Hz, 1H), 4.67—4.58 (m,
2H, 2-quinaldine), 2.83—2.72 (m, 2H, 4-quinaldine), 2.47—2.37 (m,
2H, 4-quinaldine), 2.41 (s, 2H, HfCH,), 1.93 (s, 2H, HfCH;), 1.87—1.75
(m, 2H, 3-quinaldine) 1.75—1.53 (m, 2H, 3-quinaldine) 1.10 (d,
J = 6.4 Hz, CH3) ppm. >C{'H} NMR (CgDg): 6 158.11 (d, Jpc = 31 Hz),
149.32,135.67,135.49, 135.18, 133.66 (d, Jpc = 2.3 Hz), 132.80, 131.75
(d, Joc = 12 Hz), 129.15, 127.29, 126.85, 123.65, 122.35 (d,
Jpc = 9.9 Hz),121.45,118.74 (d, Jpc = 6.1 Hz), 118.01, 117.59, 117.80 (d,
Jec = 42 Hz), 78.18, 72.74 (d, Joc = 11 Hz), 45.35 (d, Jpc = 5.3 Hz),
26.01, 22.34, 19.15 ppm. 3'P{'"H} NMR (CgD¢): 6 5.42 ppm. Anal.
Calcd (C40H41N2PHS): C, 63.28; H, 5.44; N, 3.69. Found: C, 63.54; H,
5.61; N, 3.91%.

Complex 16

The title complex was synthesized using the same conditions
and procedure as those for 15 using 8 (0.050 g, 0.13 mmol) and
Zr(CH,Ph),4 instead of Hf(CH,Ph)4. It was obtained as a yellow solid
in 85% yield (0.071 g). "H NMR (CgDg): 6 7.41 (t, ] = 6.8 Hz, 2H), 7.27
(t,] = 7.6 Hz, 2H), 7.15 (d, ] = 4.8 Hz, 2H), 6.97 (d, ] = 7.2 Hz, 3H),
6.91—6.86 (m, 3H), 6.83—6.76 (m, 2H), 6.64 (dt, ] = 7.4, 1.4 Hz, 2H),
6.55(d, ] = 6.8 Hz, 2H), 6.47 (t,] = 7.6 Hz, 2H), 6.06 (t,] = 7.2 Hz, 1H),
4.76—4.66 (m, 2H, 2-quinaldine), 2.82—2.68 (m, 2H, 4-quinaldine),
2.76 (s, 2H, HfCH,), 2.48—2.38 (m, 2H, 4-quinaldine), 2.27 (s, 2H,
HfCH,), 1.93—1.82 (m, 2H, 3-quinaldine), 1.60—1.50 (m, 2H, 3-
quinaldine), 1.05 (d, ] = 6.4 Hz, CHs) ppm. 3C{"H} NMR (CgDs):
6 157.04 (d, Joc = 32 Hz), 150.63, 133.82, 133.55 (d, Jpc = 2.2 Hz),
132.74 (d, Jpc = 2.2 Hz), 132.17 (d, Jpc = 12 Hz), 130.55, 128.53, 128.17,
126.73,126.01, 124.12, 121.47 (d, Jec = 9.9 Hz), 120.91, 119.48, 119.10
(d, Jpc = 2.3 Hz), 119.06, 68.91, 63.29 (d, Jpc = 9.1 Hz), 45.60 (d,
Joc = 4.6 Hz), 2634, 22.59, 19.28 ppm. 3'P{'H} NMR (CgD¢):
0 —0.133 ppm. Anal. Calcd (C49H41N2PZr): C, 71.50; H, 6.15; N, 4.17.
Found: C, 71.42; H, 5.97; N, 4.46%.

Complex 17

The title complex was synthesized using the same conditions
and procedure as those for 15 using 10 (0.100 g, 0.287 mmol). It
was obtained as a yellow solid in 77% yield (0.155 g). 'H NMR
(CeDg): 6 7.37 (t, ] = 7.6 Hz, 2H), 7.21 (dt, ] = 8.2, 0.8 Hz, 2H), 6.89
(t, ] = 74 Hz, 2H), 6.85—6.78 (m, 3H), 6.70—6.53 (m, 9H),
6.47—6.36 (m, 4H), 6.09 (dt, ] = 7.4, 1.4 Hz, 1H), 3.94—3.82 (m, 2H,
NCH>), 3.50—3.48 (m, 2H, NCH>), 2.51 (s, 2H, HfCH>), 2.12 (s, 2H,
HfCH,), 112 (t, ] = 6.6 Hz, 3H, CH3) ppm. *c{'H} NMR (CgDs):
616119 (d, Jpc = 29 Hz), 146.02, 135.34 (d, Jpc = 2.3 Hz), 134.40 (d,
Jpc = 32 Hz),133.20 (d, Jpc = 12 Hz), 132.69, 132.13 (d, Jpc = 12 Hz),
129.83, 128.56 (d, Jpc = 2.3 Hz), 127.99, 127.86, 127.01 (d,
Jec = 3.8 Hz), 124.56, 120.92, 118.70, 118.29, 118.22, 112.28 (d,
Jec = 9.1), 7335 (d, Jpc = 8.3) 73.24, 36.90 (d, Jpc = 5.3 Hz),
13.34 ppm. >'P{'H} NMR (CgDg): 6 6.69 ppm. Anal. Calcd
(C36H37N2PHf): C, 61.14; H, 5.27; N, 3.96. Found: C, 60.94; H,
5.02; N, 4.21%.

Complex 18

The title complex was synthesized using the same conditions
and procedure as those for 15 using 10 (0.100 g, 0.287 mmol) and
Zr(CH,Ph)4 instead of Hf(CH,Ph)g4. It was obtained as a yellow solid
in 71% yield (0.126 g). '"H NMR (CgDg): 6 7.43 (dt, J = 7.7, 1.6 Hz, 2H),
718 (dt, J = 5.4, 1.2 Hz, 2H), 6.91 (t, ] = 7.6 Hz, 2H), 6.85—6.78 (m,
3H), 6.70—6.57 (m, 7H), 6.47—6.35 (m, 6H), 5.95 (tt, ] = 7.0, 1.6 Hz,
1H), 4.07—3.94 (m, 2H, NCH3), 3.52—3.39 (m, 2H, NCH>), 2.84 (s, 2H,
HfCH>), 2.38 (s, 2H, HfCH,), 1.09 (t, ] = 6.6 Hz, 3H, CH3) ppm. >C{'H}
NMR (CgDg): 6 159.91 (d, Jpc = 30 Hz), 147.31, 135.14, 132.90, 132.79
(d, Joc = 26 Hz), 132.68, 132.19 (d, Jpc = 12 Hz), 130.75, 127.98,
126.42,125.89,124.13,120.28,119.84,119.46,118.56 (d, Jpc = 5.3 Hz),
111.83 (d, Joc = 9.8 Hz), 64.61 (d, Joc = 6.8), 64.49, 37.27 (d,
Joc = 4.5 Hz), 13.35 ppm. 3'P{'H} NMR (CgDg): 6 —0.08 ppm. Anal.
Calcd (C36H37N2PZr): C, 69.75; H, 6.02; N, 4.52. Found: C, 69.44; H,
5.79; N, 4.72%.

Complex 19

Hf(NMe,)4 (0.266 g, 0.75 mmol) and 8 (0.300 g, 0.75 mmol)
were mixed in toluene (5 mL) at room temperature, and the solu-
tion was stirred overnight at this temperature. After the solvent
was removed under vacuum, the residue was triturated in hexane
(~1 mL). After the resulting bis(dimethylamido)hafnium complex
(0.444 g, 0.668 mmol) was dissolved in toluene (15 mL), Me3SiCl
(0.725 g, 6.68 mmol) was added. The solution was stirred at room
temperature overnight. After the solvent was removed under vac-
uum, the residue was triturated in hexane (~1 mL). The yellow solid
was isolated by decantation (0.408 g). In the '"H NMR spectrum,
some impurity was detected (see SI), of which removal was un-
successful. "TH NMR (CgDg): 6 7.34—7.23 (m, 4H), 6.95—682 (m, 5H),
6.67 (dt, ] = 7.5, 1.5 Hz, 2H), 5.07—4.98 (m, 2H, 2-quinaldine),
2.66—2.53 (m, 2H, 4-quinaldine), 2.30—2.20 (m, 2H, 4-quinaldine),
1.95—-1.83 (m, 2H, 3-quinaldine), 1.60—1.51 (m, 2H, 3-quinaldine),
1.22 (d, ] = 6.4 Hz, 6H, CH3) ppm.

Complex 20

The title complex was synthesized using the same conditions
and procedure as those for 19 using 8 (0.150 g, 0.375 mmol) and
Zr(NMey)s instead of Hf(NMe;)s. Orange solid was isolated
(0.190 g). In the 'H NMR spectrum, some impurity was detected
(see SI), of which removal was unsuccessful. "H NMR (CgDg): 6 7.32
(t,2H), 7.25 (ddd,J = 12, 8.0,1.6 Hz, 2H), 6.92—6.85 (m, 5H), 6.68 (dt,
J= 74,12 Hz, 2H), 5.61-5.41 (m, 2H, 2-quinaldine), 2.65—2.50 (m,
2H, 4-quinaldine), 2.30—2.20 (m, 2H, 4-quinaldine), 2.02—1.91 (m,
2H, 3-quinaldine), 1.59—1.50 (m, 2H, 3-quinaldine), 1.35—1.25 (d,
J = 6.8, 6H, CH3) ppm.
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Complex 21

MeMgBr (0.32 mL, 0.972 mmol, 3.0 M solution in diethyl ether)
was added dropwise to a solution of 19 (0.300 g, 0.463 mmol) in
diethyl ether at —35 °C and the resulting solution was slowly
warmed to room temperature. After filtering the solution through
Celite, the solvent was removed under vacuum. The residue was
triturated in hexane (~1 mL). The yellow solid was isolated by
decantation (0.270 g, 96%). TH NMR (CgDg): 6 7.44 (t, ] = 7.4 Hz, 2H),
7.28—7.21 (m, 2H), 7.05 (d, ] = 6.8 Hz, 2H), 6.95—6.89 (m, 2H),
6.88—6.81 (m, 1H), 6.65 (t, ] = 7.4 Hz, 2H), 4.92—4.81 (m, 2H, 2-
quinaldine), 2.91-2.78 (m, 2H, 4-quinaldine), 2.49—2.38 (m, 2H,
4-quinaldine), 1.91-1.79 (m, 2H, 3-quinaldine), 1.75—1.63 (m, 2H, 3-
quinaldine), 1.34 (d, J = 6.8 Hz, 6H, CH3), 0.35 (s, 3H, HfMe), 0.01 (s,
3H, HfMe) ppm. 3C{'H} NMR (C¢Dg): ¢ 158.74 (d, Joc = 32 Hz),
135.58 (d, Jpc = 28 Hz), 134.14, 133.61,131.51 (d, Jpc = 13 Hz), 129.03,
128.93 (d, Jpc = 9.1 Hz), 122.24 (d, Jpc = 9.9 Hz), 118.55 (d,
Jpc = 6.1 Hz),116.64 (d, Jpc = 41 Hz), 59.71 (d, Jpc = 5.3 Hz), 49.30 (d,
Jpc = 14 Hz), 45.79 (d, Jpc = 6.9 Hz), 25.99, 22.77, 21.09 ppm. >'P{'H}
NMR (CgDg): 6 —0.77 ppm. Anal. Calcd (CgH33N,PHf): C, 55.40; H,
5.48; N, 4.61. Found: C, 55.13; H, 5.19; N, 4.88%.

Complex 22

The title complex was synthesized using the same conditions
and procedure as those for 21 using 20 (0.197 g, 0.352 mmol). It was
obtained as an orange solid in 79% yield (0.145 g). '"H NMR (CgDs):
06 746 (t,] = 7.4 Hz, 2H), 7.27—7.19 (m, 2H), 7.03 (d, ] = 7.2 Hz, 2H),
6.93—6.81 (m, 3H), 6.66 (t, ] = 7.8 Hz, 2H), 5.19—5.09 (m, 2H, 2-
quinaldine), 2.92—2.77 (m, 2H, 4-quinaldine), 2.52—2.42 (m, 2H,
4-quinaldine), 1.92—1.82 (m, 2H, 3-quinaldine), 1.72—1.65 (m, 2H, 3-
quinaldine), 1.37 (d, ] = 6.8 Hz, 6H, CH3), 0.50 (s, 3H, ZrMe), 0.10 (s,
3H, ZrMe) ppm. *C{'H} NMR (CgDg): 6 157.73 (d, Jpc = 32 Hz),
134.38 (d, Jpc = 27 Hz), 13392 (d, Jpc = 1.5 Hz), 13341 (d,
Jpe = 2.3 Hz), 131.42 (d, Jpc = 13 Hz), 129.05, 128.91 (d, Jpc = 9.1 Hz),
12117 (d, Jpc = 11 Hz), 118.54 (d, Jpc = 6.0 Hz), 116.78 (d, Jpc = 39 Hz),
46.87 (d, Jpc = 6.1 Hz), 46.15, 38.55 (d, Jpc = 11 Hz), 25.94, 22.85 (d,
Jpc = 2.3 Hz), 21.52 ppm. >'P{'H} NMR (CgDg): 6 —9.24 ppm. Anal.
Calcd (CogH33NoPZr): C, 64.70; H, 6.40; N, 5.39. Found: C, 64.89; H,
6.67; N, 5.69%.

Complex 23

The title complex was synthesized using the same conditions
and procedure as those for 19 using 9. The final trichlorohafnium
complex was sparingly soluble in CgDg, CDCl3, and CD,Cl, pre-
venting NMR studies. Single crystals of 23 were obtained through
layer diffusion of benzene solutions of the intermediate bis(dime-
thylamido)hafnium complex and Mes3SiCl. The NMR data for the
intermediate bis(dimethylamido)hafnium complex: 'H NMR
(CeDg): 6 7.51 (t,] = 7.6 Hz, 2H), 7.35 (t, ] = 7.6 Hz, 2H), 7.30—7.23 (m,
2H), 6.94—6.86 (m, 3H, PPh), 6.67 (t, ] = 6.8 Hz, 2H, PPh), 6.62 (dd,
J=4.8,6.4Hz, 2H), 3.24 (s, 6H, CH3), 2.98 (s, 6H, NMe3), 2.91 (s, 6H,
NMe,) ppm. 3C{'H} NMR (CgDs): 6 166.17 (d, Jpc = 30 Hz), 135.41 (d,
Jepc = 1.5 Hz),134.48 (d, Jpc = 33 Hz), 133.95, 132.19 (d, Jpc = 13 Hz),
128.50 (d, Jpc = 2.3),128.67 (d, Jpc = 9.1 Hz), 117.56 (d, Jpc = 6.1 Hz),
116.82 (d, Joc = 37 Hz), 112.40 (d, Jpc = 9.9 Hz), 41.75 (d, Jpc = 1.5 Hz),
41.01, 3649 (d, Joc = 53 Hz) ppm. 3'P{'H} NMR (CgDs):
6 —6.67 ppm.

Complex 24

The title complex was synthesized using the same conditions
and procedure as those for 19 using 9 and Zr(NMe;) instead of
Hf(NMe;)s. The final trichlorozirconium complex was sparingly
soluble in CgDg, CDCl3, and CD,Cl, preventing NMR studies. Single
crystals of 24 were obtained through layer diffusion of benzene
solutions of the intermediate bis(dimethylamido)zirconium com-
plex and MesSiCl. The NMR data for the intermediate

bis(dimethylamido)zirconium complex: '"H NMR (CgDg): 6 7.55 (dt,
J = 7.7, 1.5 Hz, 2H), 7.34 (t, ] = 8.0 Hz, 2H), 7.30—7.23 (m, 2H),
6.92—6.86 (m, 3H, PPh), 6.69 (t, ] = 7.2 Hz, 2H), 6.61 (dd, J = 6.0,
8.4 Hz, 2H), 3.24 (s, 6H, CH3), 2.94 (s, 6H, NMe,), 2.84 (s, 6H, NMe,)
ppm. 3C{'H} NMR (C¢Dg): 6 164.89 (d, Jpc = 31 Hz), 135.30, 134.01
(d, Joc = 30 Hz), 133.76, 132.06 (d, Jpc = 13 Hz), 128.89, 128.66 (d,
Jrc=9.1Hz),117.51 (d, Jpc = 5.3 Hz), 116.98 (d, Jpc = 36 Hz), 111.36 (d,
Joc = 9.9 Hz), 42.20, 41.44, 36.51 (d, Jpc = 5.3) ppm. 3'P{'"H} NMR
(CGDG)I 0 —15.24 ppm. Anal. Calcd (C20H20C13N2PHZI‘)2 C,46.47; H,
3.90; N, 5.42. Found: C, 46.13; H, 3.61; N, 5.77%.

Typical procedure for ethylene/1-octene copolymerization (entry 3
in Table 1)

In a glove box, a dried 75 mL bomb reactor was charged with a
solution of 1-octene (4.0 g, 1.0 M) in methylcyclohexane (27 mL)
and MMAO-4 (Akzo, 7.0 wt% Al in toluene, 29 mg, Al/M = 75). The
reactor was assembled and brought out from the glove box. The
reactor was then heated to 100 °C using an oil bath.
[HNMe(C1gH37)2]7[B(CsFs5)4]~ (1.00 g) and 13 (5.0 mg) were
respectively dissolved, in 22.3 and 1.00 g of toluene to make stock
solutions. The stock solution of [HNMe(CigH37)2]1[B(CeFs)4]™
(34 mg, 1.2 umol) was taken and then diluted with toluene to be
1.0 mL. MMAO-4 solution (19 mg, Al/M = 50) was taken and diluted
with toluene to be 1.0 mL. The stock solution of the complex
(1.0 umol) was taken and also diluted with toluene to be 1.0 mL. The
three solutions were mixed and injected into the reactor using a
syringe. Ethylene gas (30 bar) was immediately fed into the reac-
tion vessel. After conducting the polymerization for 3 min, ethylene
gas was vented and methanol (10 mL) was added immediately. The
isolated polymer lump was dried under vacuum at 150 °C for
several hours.

X-ray crystallography

Reflection data for 13, 22, 23, and 24 were collected at 100 Kon a
Bruker APEX II CCD area diffractometer using graphite-
monochromated Mo K-o radiation (A = 0.7107 A). Specimens of
suitable quality and size were selected, mounted, and centered in
the X-ray beam by using a video camera. The hemisphere of the
reflection data was collected as ¢ and w scan frames at 0.5°/frame
and an exposure time of 10 s/frame. The cell parameters were
determined and refined by the SMART program. Data reduction
was performed using the SAINT software. The data were corrected
for Lorentz and polarization effects. An empirical absorption
correction was applied using the SADABS program. The structures
of the compounds were solved by direct methods and refined by
full matrix least-squares methods using the SHELXTL program
package with anisotropic thermal parameters for all non-hydrogen
atoms. Crystallographic data have been deposited with the Cam-
bridge Crystallographic Data Centre. Crystallographic data for 13
(CCDC #, 1001475): C4oH3gHfNPS, M = 774.25, monoclinic,
a = 15.9509(10), b = 11.2180(7), c = 19.9492(12) A, § = 111.554(2)°,
V = 3320.0(4) A3, T = 100(2) K, space group P2;/c, Z = 4, 5765
unique (R(int) = 0.0545) which were used in all calculations. The
final wR, was 0.0919 (I > 2a(I)). Crystallographic data for 22 (CCDC
#,1001472): C28H33NPZr, M = 519.75, monoclinic, a = 12.6555(11),
b = 12.4693(10), ¢ = 16.2297(12) A, § = 98.383(6),
V = 2533.8(4) A3, T = 100(2) K, space group P2;/n, Z = 4, 20,457
reflections measured, 4452 unique (R(int) = 0.1496) which were
used in all calculations. Crystallographic data for 23 (CCDC #,
1001473)2 C20H20Cl3HfN2P, M = 604.19, triclinic, a = 9.8889(6),
b = 10.3368(5), c = 14.8825(8) A, a = 93.148(4)°, 8 = 93.843(4)°,
v = 116.625(3)°, V = 1350.74(13) A3, T = 100(2) K, space group P-1,
Z = 2, 17,513 reflections measured, 4684 unique (R(int) = 0.1405)
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which were used in all calculations. Crystallographic data for 24
(CCDC  #, 1001474): Cy7HpsClsNoPZr, M = 608.05, triclinic,
a = 9.8702(6), b = 10.4979(7), ¢ = 15.1155(9) A, o = 94.352(4),
8 =92.311(4), y = 116.190(4)°, V = 1396.59(15) A3, T = 100(2) K,
space group P-1, Z = 2, 21,447 reflections measured, 4904 unique
(R(int) = 0.0617) which were used in all calculations.
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tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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