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ABSTRACT: (Arylimido)niobium(V) complexes containing 2-pyridyl-
methylanilido ligand Nb(NAr)X2(L) [L = 2-(2,6-Me2C6H3)-
NCH2(C5H4N); X = NMe2 (2a,b), OCH(CF3)2 (3a−c), Me (4a−c),
CH2SiMe3 (5a); Ar = 2,6-Me2C6H3 (a), 2,6-iPr2C6H3 (b), 2-MeC6H4
(c)] have been prepared, and structures of 3a,b, 4b, and 5a were
determined by X-ray crystallography. The dimethyl complexes (4a,b)
exhibited catalytic activities for ethylene dimerization in the presence of
methylaluminoxane (MAO), whereas the activity by 4c was negligible
under the same conditions. Complex 4b showed the highest activity, and
the activity at 50 °C was higher than those conducted at 25 and 80 °C.
The major product was 1-butene, and 1-hexene was formed by subsequent reaction of ethylene with 1-butene accumulated in
the reaction mixture. A first-order relationship between the activity [turnover frequency (TOF)] and ethylene pressure was
observed, suggesting that the metal-alkyl species would play a role in this catalysis. The activities further increased remarkably
upon addition of [Ph3C][B(C6F5)4] at 50 °C; TOF at the initial stage (5 min) of 2 100 000 h−1 (583 s−1) has been attained.
Reactions of the dimethyl complexes (4a,b) with 1.0 equiv of [Ph3C][B(C6F5)4] in Et2O afforded [Nb(NAr)Me(L)]+[B-
(C6F5)4]

−(Et2O)2 (6a,b), and the reaction of 6b with ethylene afforded 1-butene and 1-hexene even in the absence of MAO,
clearly suggesting that the cationic species play a role in this catalysis. X-ray absorption near edge structure spectra of the
catalyst solutions containing 4b (in toluene at 25 °C) and MAO (10 and 50 equiv) showed no significant differences in the pre-
edge peak positions and intensities from that in the dimethyl complex (4b), strongly suggesting that both the oxidation states
and the basic structures are maintained upon addition of MAO in these catalyst solutions.

1. INTRODUCTION
Ethylene oligomerization for production of linear α-olefins,
exemplified by nickel complex catalysts containing a chelate P−
O ligand (in shell higher olefin process, SHOP),1 is the key
reaction in chemical industry1,2 and the subject on design of the
efficient (highly active and selective) catalysts thus attracts
considerable attention in the field of catalysis and organo-
metallic chemistry.1−8 Many reports using nickel,1,2c,h,3b−d iron
and cobalt,2g,i−k,3e,f chromium,2d−f,3a or titanium complex
catalysts4 have been known, but the reports using group 5
complex catalysts,5−8 in particular, homogeneous niobium
complex catalysts, have been limited (especially in recent 30
years).7

(Imido)Vanadium(V) complexes containing 2-pyridylmethy-
lanilido or 5,6,7-trihydroquinolyl-8-anilido ligands, V(NR′)-
Cl2[2-(2,6-Me2C6H3)NCH2(C5H4N)] or V(NR′)Cl2[8-(2,6-
Me2C6H3)N(C9H10N)] [R′ = 1-adamantyl (Ad), 2-MeC6H4,
C6H5 etc.], have been known to exhibit remarkably high both
activities and selectivity for ethylene dimerization in the
presence of the methylaluminoxane (MAO) cocatalyst (Scheme
1).6 It was demonstrated that a steric bulk in the imido ligand
affects the ethylene reactivity (dimerization or polymer-
ization).6a On the basis of some reaction chemistry (isolation

of cationic methyl complex, confirmation of the catalyst
performance with the dimethyl complex, ethylene pressure
dependence and effect of Al cocatalyst), 51V NMR and ESR
spectra of the catalyst solution, and the solution phase V K edge
XAS [X-ray absorption spectroscopy; XANES (X-ray Absorp-
tion Near Edge Structure) and FT-extended X-ray absorption
fine structure] analysis, it was concluded that the cationic
vanadium(V) species play a role in this catalysis.6e

The arylimido ligand has been used to stabilize the high
oxidation state early transition-metal complexes, which are often
used as the catalysts or catalyst precursors in olefin metathesis
and olefin insertion polymerization.9 Synthesis and some
reaction chemistry of (arylimido)niobium complexes have
thus also been known;10,11 however, there are no examples
applied to catalyst precursors for ethylene oligomerization,
whereas (arylimido)niobium(V)−alkylidene complexes exhibit
unique characteristics as catalysts for olefin metathesis polymer-
ization.11i Because of promising characteristics demonstrated in
the above-mentioned (imido)vanadium(V) complexes contain-
ing 2-pyridylmethylanilido ligand (shown in Scheme 1),6 we
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thus have an interest for synthesis of the niobium analogues,
especially the dimethyl complexes (Scheme 2), as catalysts for
reaction with ethylene.

We herein present synthesis and structural analysis of
(arylimido)niobium(V) complexes containing 2-pyridylmethy-
l an i l i do l i g ands , Nb(NAr)X2[2 - (2 , 6 -Me2C6H3) -
NCH2(C5H4N)] [Ar = 2,6-Me2C6H3, 2,6-iPr2C6H3, 2-

MeC6H4; X = NMe2, OCH(CF3)2, Me, CH2SiMe3] (Scheme
2). We wish to demonstrate that Nb(N-2,6-iPr2C6H3)Me2[2-
(2,6-Me2C6H3)NCH2(C5H4N)] exhibits notable catalytic
activity for ethylene dimerization in the presence of MAO
especially at 50 °C and both the activity and selectivity of
oligomer further increased with addition of [Ph3C][B(C6F5)4].
On the basis of isolation of cationic complexes and the reaction
with ethylene, as well as XANES analysis of the catalyst solution,
we herein propose the catalytically active species in this
catalysis.12

2. RESULTS AND DISCUSSION
2.1. Synthesis and Structural Analysis of Nb(NAr)X2[2-

(2,6-Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-Me2C6H3,
2,6-iPr2C6H3, 2-MeC6H4; X = NMe2, OCH(CF3)2, Me,
CH2SiMe3]. The (arylimido)niobium(V)tris(dimethylamide)
complexes, Nb(NAr)(NMe2)3 [Ar = 2,6-Me2C6H3 (1a),
2,6-iPr2C6H3 (1b), 2-MeC6H4 (1c), Scheme 3], have been
chosen as the starting complexes for the syntheses of the
dimethyl complexes, Nb(NAr)Me2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (4a−c, shown in Schemes 2 and 3) because
1b is known as a solvent-free four coordinate (arylimido)-
niobium(V) complex,11c which folds a distorted tetrahedral

Scheme 1. Ethylene Dimerization (Polymerization) Using (Imido)Vanadium(V) Complex Catalysts in the Presence of MAO
Cocatalyst6

Scheme 2. Ethylene Oligomerization Using Nb(NAr)Me2[2-
(2,6-Me2C6H3)NCH2(C5H4N)] (Ar = 2,6-Me2C6H3,
2,6-iPr2C6H3, 2-MeC6H4) in the Presence of Cocatalysts

Scheme 3. Synthesis of Nb(NAr)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-Me2C6H3 (4a), 2,6-
iPr2C6H3 (4b), 2-MeC6H4

(4c)] and Nb(N-2,6-Me2C6H3)(CH2SiMe3)2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (5a); Detailed Synthetic Procedures are
Described in the Experimental Section, and Selected NMR Spectra are Shown in the Supporting Information14
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geometry around Nb. This is also because, as reported
previously,11j it seemed difficult to remove coordinated solvent
(such as 1,2-dimethoxyethane, dme) from the trichloride
analogues, Nb(NAr)Cl3(dme).11j,13 Complexes 1a and 1c
could be prepared according to the analogous procedure for
1b11c and were used for the next step without further
purifications (as described in the Experimental Section).
It turned out that reactions of Nb(NAr)(NMe2)3 (1a,b) with

2-(2,6-Me2C6H3)N(H)CH2(C5H4N) (LH) in n-hexane af-
forded corresponding bis(amide) complexes, Nb(NAr)-
(NMe2)2(L) [2a,b; L = 2-(2,6-Me2C6H3)NCH2(C5H4N)], by
amine (HNMe2) elimination.14 The o-tolylimido analogue (2c)
could also be obtained from 1c by treating with L−H
(confirmed formation by 1H NMR spectrum and was used for
the next step without further purification, as described in the
Experimental Section). Attempt for the synthesis of the
dichloride complexes from 2b by treating with excess Me3SiCl
(5 equiv, −30 to 25 °C, overnight)15 recovered 2b. In contrast,
treatments of 2a,b with 2.0 equiv of (CF3)2CHOH gave the
corresponding bis(alkoxide) complexes, Nb(NAr)[OCH-
(CF3)2]2(L) (3a,b) in high yields (85.2, 77.8%, respectively).

14

Analytically pure Nb(N-2-MeC6H4)[OCH(CF3)2]2(L) (3c)
could also be isolated by treating 2c with 2.0 equiv of
(CF3)2CHOH. Complexes 3a,b and 3c were isolated as white-
yellow microcrystals, and structures of 3a,b were determined by
X-ray crystallographic analysis (shown below as Figure 1).16

Complexes 2a,b and 3a−c were identified by NMR spectra and
elemental analysis.14

Reactions of 3a,b and 3c with MeMgBr (2.5 equiv) in toluene
yielded the corresponding dimethyl complexes, Nb(NAr)-
Me2(L) (4a−c). Complexes 4a,b and 4c were identified by
NMR spectra and elemental analysis,14 and the structure of 4b
could be determined by X-ray crystallography (shown below,
Figure 2).16 The structure of 4c could also be confirmed by X-
ray crystallographic analysis.16 Similarly, treatment of 4a with
Me3SiCH2MgCl (2.4 equiv) afforded another dialkyl complex,
Nb(N-2,6-Me2C6H3)(CH2SiMe3)2(L) (5a). Complex 5a could

be identified by NMR spectra and elemental analysis,14 and the
structure could be determined by the X-ray crystallographic
analysis (shown below, Figure 3).16 Attempt for the synthesis of
(arylimido)niobium(V)−alkylidene complex from 5a in the
presence of 12 equiv of PMe3 (by α-hydrogen abstraction, at 25
°C for 22 h and 80 °C for 37 h) recovered 5a.14

Figure 1 shows Oak Ridge thermal ellipsoid plot (ORTEP)
drawings of Nb(NAr)[OCH(CF3)2]2(L) (3a,b).16 These
complexes fold a distorted trigonal bipyramidal geometry
around niobium with the pyridyl N donor of the bidentate 2-

Figure 1. ORTEP drawings for Nb(N-2,6-Me2C6H3)[OCH(CF3)2]2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (3a, left) and Nb(N-2,6-iPr2C6H3)[OCH-
(CF3)2]2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (3b, right). Thermal ellipsoids are drawn at 30% probability level, andH atoms were omitted for clarity.16

Selected bond distances (Å) in 3a: Nb−O(1) 1.9743(17), Nb−O(2) 1.9769(17), Nb−N(1) 1.7913(19), Nb−N(2) 2.3415(19), Nb−N(3) 1.991(2),
N(1)−C(1) 1.388(3). Selected bond angles (°) in 3a: Nb−N(1)−C(1) 177.24(17), N(1)−Nb−N(2) 172.21(8), N(1)−Nb−N(3) 99.35(9), N(2)−
Nb−N(3) 74.92(8), O(1)−Nb−(O2) 116.92(7), O(1)−Nb−N(3) 115.58(8), O(2)−Nb−N(3) 118.60(8), Nb−O(1)−C(23) 142.56(15), Nb−
O(2)−C(26) 131.24(15). τ = (β − α)/60 = (172.21−118.60)/60 = 0.894.17 Selected bond distances (Å) in 3b: Nb−O(1) 1.9875(17), Nb−O(2)
1.9618(15), Nb−N(1) 1.7899(17), Nb−N(2) 2.3475(17), Nb−N(3) 1.9891(19), N(1)−C(1) 1.402(3). Selected bond angles (°) in 3b: Nb−
N(1)−C(1) 169.53(17), N(1)−Nb−N(2) 173.37(8), N(1)−Nb−N(3) 103.12(8), N(2)−Nb−N(3) 75.38(7), O(1)−Nb−(O2) 117.93(7), O(1)−
Nb−N(3) 117.50(7), O(2)−Nb−N(3) 114.66(7), Nb−O(1)−C(27) 127.96(14), Nb−O(2)−C(30) 143.75(14). τ = (β − α)/60 = (173.37−
117.93)/60 = 0.924.17

Figure 2. ORTEP drawings for Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (4b). Thermal ellipsoids are drawn at
30% probability level, and H atoms were omitted for clarity.16 Selected
bond distances (Å): Nb−C(19) 2.195(2), Nb−N(1) 1.800(2), Nb−
N(2) 2.385(2), Nb−N(3) 2.012(3). Selected bond angles (°): Nb−
N(1)−C(1) 174.2(2), N(1)−Nb−N(2) 169.74(10), N(1)−Nb−
N(3) 96.73(10), N(2)−Nb−N(3) 73.00(9), C(19)−Nb−C(19i)
111.71(9), C(19)−Nb−N(1) 101.38(7), C(19)−Nb−N(2)
84.23(7), C(19)−Nb−N(3) 119.91(7). τ = (β − α)/60 = (169.74−
111.71)/60 = 0.967.
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pyridylmethylanilido ligand and the imido N atom lying on the
axis and an equatorial plane consisted of the two alkoxide ligands
and the anilido N atom. The axial N(1)−Nb−N(2) bond angle
in 3a [172.21(8)°] is slightly smaller than that in 3b
[173.37(8)°], and the Nb−N(1)−C(1) bond angle in 3a
[177.24(17)°] is larger than that in 3b [169.53(17)°]. The sums
of the equatorial O(1)−Nb−O(2), O(1)−Nb−N(3) and
O(2)−Nb−N(3) bond angles in 3a,b are 351.1, 350.09°,
respectively. These indicate that the nitrogen atom in the
pyridine is located at trans-position of the imido ligand and that

complexes 3a,b fold a linear structure from C(1) through N(2).
Furthermore, τ-value, one for an ideal trigonal bipyramid and
zero for a square-pyramidal coordination [τ = (β− α)/60 with α
and β being the largest basal angles] is 0.894, 0.924,
respectively,17 suggesting their trigonal bipyramidal structures.
The N(1)−Nb−N(3) bond angles in 3a,b [99.35(9)°,
103.12(8)°, respectively] are larger than the N(2)−Nb−N(3)
bond angles [74.92(8)°, 75.38(7)°, respectively]. The Nb−
O(1) and Nb−O(2) distances [1.9618(15)−1.9875(17) Å] are
shorter than those in Nb(N-2,6-Me2C6H3)(NCtBu2)[OCH-
(CF3)2]2(HNCtBu2) [1.9879(14), 1.9986(12) Å],

11j whereas
theNb−N(1) bond distances [1.7913(19), 1.7899(17) Å for 3a,
3b, respectively] are close [1.790(2) Å].11j

Figure 2 shows ORTEP drawings for Nb(N-2,6-iPr2C6H3)-
Me2(L) (4b, different views).16 The complex also folds a
distorted trigonal bipyramidal geometry around niobium (τ =
0.967), as observed in 3a,b. The axial N(1)−Nb−N(2) bond
angle [169.74(10)°] is smaller than that in the alkoxide analogue
(3b) [173.37(8)°], but the Nb−N(1)−C(1) bond angle
[174.2(2)°] is larger than that in 3b [169.53(17)°]. As observed
in 3b, the N(1)−Nb−N(3) bond angle [96.73(10)°] is larger
than the N(2)−Nb−N(3) bond angle [73.00(9)°]. The sum of
the equatorial C(19)−Nb−C(19i), C(19)−Nb−N(3) and
C(19i)−V−N(3) bond angles is 351.53°, clearly suggesting
that complex 4b folds a linear structure from C(1) through
N(2). Moreover, as shown in Figure 2, the torsion angles in 4b
[N(1)−Nb−N(3)−C(13) (180.0°), N(1)−Nb−N(3)−C(14)
(0.0°), N(2)−Nb−N(3)−C(13) (0.0°), N(2)−Nb−N(3)−
C(14) (180.0°), N(3)−Nb−N(2)−C(8) (180.0°), and N(3)−
Nb−N(2)−C(12) (0.0°)] strongly suggest that the pyridine
ligand frame possesses a plane perpendicular to a plane
consisting of two methyl groups and niobium atoms as well as
two phenyl rings (in the arylimido and anilide ligands). These
results clearly indicate that the basic structure in 4b is similar to
that in the vanadium analogue, V(N-1-adamantyl)Me2(L).

6e

Figure 3 shows an ORTEP drawing for Nb(N-2,6-Me2C6H3)-
(CH2SiMe3)2(L) (5a).16 The complex also folds a distorted
trigonal bipyramidal geometry around niobium (τ = 0.944). The
axial N(1)−Nb−N(2) bond angle [170.80(7)°] is smaller than
that in the alkoxide analogue (3a) [172.21(8)°] but is larger

Figure 3. ORTEP drawings for Nb(N-2,6-Me2C6H3)(CH2SiMe3)2[2-
(2,6-Me2C6H3)NCH2(C5H4N)] (5a). Thermal ellipsoids are drawn at
30% probability level, and H atoms were omitted for clarity.16 Selected
bond distances (Å): Nb−C(23) 2.179(3), Nb−C(27) 2.196(3), Nb−
N(1) 1.796(2), Nb−N(2) 2.407(2), Nb−N(3) 2.0195(19). Selected
bond angles (°): Nb−N(1)−C(1) 177.38(16), N(1)−Nb−N(2)
170.80(7), N(1)−Nb−N(3) 98.59(9), N(2)−Nb−N(3) 72.73(7),
C(23)−Nb−C(27) 114.15(9), C(23)−Nb−N(1) 101.57(10),
C(23)−Nb−N(2) 81.33(8), C(23)−Nb−N(3) 123.28(9), C(27)−
Nb−N(1) 99.91(10), C(27)−Nb−N(2) 86.65(8), C(27)−Nb−N(3)
113.62(9), Nb−C(23)-Si(1) 131.31(11), Nb−C(27)−Si(2)
119.91(14). τ = (β − α)/60 = (170.80−114.15)/60 = 0.944.

Table 1. Reaction with Ethylene by Nb(NAr)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-Me2C6H3 (4a), 2,6-
iPr2C6H3

(4b)]−MAO Catalyst Systems (Ethylene 8 atm, in Toluene, 10 min)a

oligomerc PEg

run cat./μmol Al/Nbb TONd TOFe/h−1 C4′f/% C6′f/% TONd wt %

1 4a (3.0) 25 trace
2 4a (3.0) 50 74 444 96.3 3.7 6 7.4
3 4a (3.0) 100 103 617 96.0 4.0 17 14
4 4a (3.0) 250 112 671 95.8 4.2 59 35h

5 4a (3.0) 250 126 755 94.9 5.1 51 29
6 4a (3.0) 500 trace trace
7 4b (1.0) 100 398 2390 95.4 4.6 18 4.3
8 4b (1.0) 250 2960 17 800 94.5 5.5 39 1.3
9 4b (1.0) 250 2810 16 800 94.3 5.7 68 2.4
10 4b (1.0) 500 1250 7480 94.9 5.1 154 11
11 4b (1.0) 1000 570 3420 91.0 9.0 225 28
12 4b (1.0) 2000 354 2120 90.3 9.7 264 43
13 4b (1.0) 3000 175 1050 92.9 7.1 292 63

aConditions: toluene 30 mL, ethylene 8 atm, 25 °C, 10 min, D-MAO white solid (prepared by removing AlMe3, toluene from TMAO-S). bAl/Nb
molar ratio. cOligomer = 1-butene + 1-hexene formed. dTON = (molar amount of ethylene reacted)/mol-Nb. eTOF = TON/h. fBy GC analysis vs
internal standard. gCollected as MeOH−HCl insoluble portion. hMelting temperature at 134.1 °C by DSC thermogram.19
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than that in 4b [169.74(10)°]. The angle is smaller than that in
the vanadium analogue, V(N-2,6-Me2C6H3)(CH2SiMe3)2(L)
[V, 173.78(5)°].18 The Nb−N(1)−C(1) bond angle
[177.38(16)°] is close to that in 3a [177.24(17)°] and V
[176.96(11)°]18 but is larger than that in 4b [174.2(2)°]. As
also shown in 3a,b and 4b, the N(1)−Nb−N(3) bond angle
[98.59(9)°] is larger than the N(2)−Nb−N(3) bond angle
[72.73(7)°]. The sum of the equatorial C(23)−Nb−C(27),
C(23)−Nb−N(3) and C(27)−Nb−N(3) bond angles is
351.05°, clearly suggesting that complex 5a folds a linear
structure from C(1) through N(2). The Nb−C bond distances
in 5a [2.179(3), 2.196(3) Å] are close to those in 4b [2.195(2)
Å] but longer that those in the V−C [2.0758(19), 2.0864(18)
Å].18 The C(23)−Nb−C(27) bond angle in 5a [114.15(9)°] is
larger than the C(19)−Nb−C(19i) bond angle in 4b
[111.71(9)°], probably because of a steric bulk of SiMe3
group in 5a compared with the methyl group in 4b; the angle
in 5a is also close to the vanadium analogue [114.08(6)].18

2.2. Reaction with Ethylene by Nb(NAr)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-Me2C6H3 (4a),
2,6-iPr2C6H3 (4b), 2-MeC6H4 (4c)] in the Presence of
MAO and Borate. Reactions with ethylene using the dimethyl
complexes, Nb(NAr)Me2(L) [Ar = 2,6-Me2C6H3 (4a),

2,6-iPr2C6H3 (4b), 2-MeC6H4 (4c)], were conducted in the
presence ofMAO cocatalyst, according to the similar procedures
employed for the vanadium analogues (shown in Scheme 1).6

The results in toluene at 25 °C with various Al/Nb molar ratios
are summarized in Table 1.19

It turned out that reactions with ethylene by 4a,b afforded 1-
butene (and 1-hexene) as the major products accompanied
byproducing linear polyethylene [PE, confirmed by differential
scanning calorimetry (DSC) thermogram, melting temperature
at 134.1 °C, run 4].19 In contrast, the activity by 4c was
negligible under the same conditions (as in runs 4, 5 and runs 8,
9, Al/Nb = 250, shown in the Supporting Information).19 This
might be the similar observation in the ethylene polymerization
using [NbCl2(O-2,4-R′2C6H2-6-CH2)3N] (R′ = Me, tBu) that
the activity in n-octane was much higher than those conducted
in toluene.20c The probable reason would be assumed as due to
coordination of toluene in the formed active (cationic alkyl)
species.20,21

It was revealed that the activities [expressed as turnover
number (TON), turnover frequency (TOF)] by 4a,b−MAO
catalyst systems were affected by Al/Nb molar ratios. It seems
likely that the percentage of PE especially by 4b increased with
increasing the ratio (runs 7−13):19 the ratio of 250 (runs 4,5,

Table 2. Ethylene Dimerization by Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4b)−MAO Catalyst System
(Ethylene 8 atm, in Toluene, 10 min): Effects of Temperature, Al/Nb Molar Ratiosa

oligomerc PEg

run Al/Nbb temp./°C TONd TOFe/h−1 C4′f/% C6′f/% TONd wt %

8 250 25 2960 17 800 94.5 5.5 39 1.3
14 50 50 202 1210 94.0 6.0 18 8.1
15 100 50 2120 12 700 92.6 7.4 75 3.4
16 250 50 3250 19 500 92.5 7.5 160 4.7h

17 250 50 2980 17 900 92.5 7.5 228 7.1
18 50 80 trace 113
19 100 80 1270 7640 91.6 8.4 121 8.7
20 250 80 2150 12 900 89.2 10.8 296 12
21 250 80 2350 14 100 91.4 8.6 143 5.7
22 500 80 857 5140 89.4 10.6 157 15

aConditions: complex 4b 1.0 μmol, toluene 30 mL, ethylene 8 atm, 10 min, D-MAO white solid (prepared by removing AlMe3, toluene from
TMAO-S). bAl/Nb molar ratio. cOligomer = 1-butene + 1-hexene formed. dTON = (molar amount of ethylene reacted)/mol-Nb. eTOF = TON/
h. fBy GC analysis vs internal standard. gCollected as MeOH−HCl insoluble portion. hMelting temperature at 133.9 °C by DSC thermogram.19

Table 3. Ethylene Dimerization by Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4b)−MAO Catalyst System:
Time Course and Ethylene Pressure Dependencea

oligomerb PEf

run ethylene/atm temp/°C time/min TONc TOFd/h−1 C4′e/% C6′e/% TONc wt %

23 8 25 5 1500 18 100 95.4 4.6 29 1.9
8 8 25 10 2960 17 800 94.5 5.5 39 1.3
24 8 25 20 4540 13 600 92.1 7.9 171 3.6
25 8 50 5 1770 21 200 93.1 6.9 114 6.1
16 8 50 10 3250 19 500 92.5 7.5 160 4.7
26 8 50 20 5460 16 400 90.3 9.7 214 3.8
27 8 80 5 1310 15 700 93.6 6.4 107 7.6
21 8 80 10 2350 14 100 91.4 8.6 143 5.7
28 8 80 20 2910 8720 86.6 13.4 271 8.5
29 2 25 10 668 4010 96.0 4.0 14 2.1
30 4 25 10 1320 7920 94.9 5.1 57 4.1
31 6 25 10 2190 13 200 93.9 6.1 86 3.8

aConditions: complex 4b 1.0 μmol, toluene 30 mL, D-MAO white solid, Al/Nb = 250 (molar ratio). bOligomer = 1-butene + 1-hexene formed.
cTON = (molar amount of ethylene reacted)/mol-Nb. dTOF = TON/h. eBy GC analysis vs internal standard. fCollected as MeOH−HCl insoluble
portion.
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and 8,9) seemed to be optimized in terms of the activity and the
selectivity of oligomer. The diisopropylphenyl analogue (4b)
showed higher activity than the dimethylphenyl analogue (4a),
themajor product was 1-butene (94.3−94.5%, runs 8,9), and the
results are reproducible (runs 8,9 and the data are shown in the
Supporting Information).19

It should be noted that both the high activity and selectivity of
1-butene are maintained (or became rather high) even if these
reactions by 4b were conducted at 50 °C (runs 16,17, Table
2).19 This is the noteworthy contrast to that using the vanadium
analogues, whereas the activity by the V(NAd)Cl2(L)−MAO
catalyst system extensively decreased at 50 °C.6d The activity by
4b, however, slightly decreased at 80 °C. The activities at 50 and
80 °C were also affected by the Al/Nb molar ratios, and, as
observed in Table 2, the ratio of 250 (runs 16,17, and 20,21)
seemed to be optimized in terms of both the activity and
selectivity. It seems likely that amount of PE byproduced
increased at high temperature, probably because of partial
decomposition of the catalytically active species and/or partial
ligand dissociation (probably leading formation of another
active species) assumed previously in the vanadium catalyst
systems.6a,c,19

Table 3 summarizes results in the time course dependences at
25, 50, and 80 °C, and the ethylene pressure dependence (at 25
°C) toward both the activity and selectivity in the ethylene
dimerization using the 4b−MAOcatalyst system.19 Figure 4 also

shows the time course dependences toward the TONs and the
selectivity of 1-butene, and the selectivity decreased over time
course, suggesting that, as observed in the reaction using the
vanadium analogues,6b,d the initial products in the reaction was
1-butene and 1-hexene was formed by the subsequent reaction
of ethylene with 1-butene accumulated in the reaction mixture.
Importantly, degree of decrease in the selectivity of 1-butene
after 20 min was affected by the reaction temperature; the
selectivity decreased rapidly at 80 °C (runs 21, 27, 28) compared
with those conducted at 25, 50 °C (runs 8, 16, 23−26).19 It
should be noted that the activities (expressed as TONs and
TOFs) conducted at 50 °Cwere higher than those conducted at
25 °C; the decrease in the activity over time course at 80 °C was
rather significant, suggesting a possibility of the catalyst
deactivation.19

As shown in Figure 5, a first-order relationship between TOF
value and the ethylene pressures was observed (runs 8, 29−31,
Table 3). It has been known that the ethylene oligomerization

proceeds via a metal-hydride (metal-alkyl) or metallacycle
intermediate, and the ethylene pressure dependence toward the
activity is different in these pathways.2d,6b Therefore, the result
(first-order dependence) could suggest that the metal-hydride
(or metal-alkyl) species play a role in this catalysis.
It should be noted that, as shown in Table 4, significant

increases in the activities were observed in ethylene dimerization
by 4a,b−MAO catalyst systems by addition of [Ph3C][B-
(C6F5)4] (borate) as the cocatalyst.

19 The activity by 4a−MAO
catalyst system increased upon addition of 1.5 equiv of
[Ph3C][B(C6F5)4] [TOF = 31 700 h−1 (run 32) vs 755 (run
5), at 25 °C]; the activity increased at 50 °C (run 33).
Remarkable increase in the activity by addition of the borate was
also observed in the ethylene dimerization by 4b−MAO catalyst
system [ex. TOF = 19 500 h−1 (run 16) vs 650 000 h−1 (run 37,
Al/Nb = 100)], and the selectivity of oligomers also increased in
the presence of MAO and borate cocatalysts [ex. percentage of
PE byproduced = 4.7 wt % (run 16) vs 1.0 wt % (run 37)]. The
reaction did not take place when only borate was added in the
solution without MAO (run 34), suggesting that bothMAO and
borate are necessary in this catalysis. The activity in the presence
of AliBu3 and borate cocatalysts (run 35) was the same level as
that in the presence of MAO (run 16), and the selectivity of 1-
butene was apparently low (63.1%, run 35). It was also revealed
that the activity was affected by the Nb/Al molar ratios (runs
36−40, runs 41, 42, 45, 46),19 and as observed in Table 1, the
percentage of PE byproduced increased high Nb/Al molar ratios
(runs 39, 40, and 46).19 The resultant PEs byproduced were
ethylene oligomers containing terminal olefinic double bonds
(confirmed by 1H NMR spectrum as well as DSC thermo-
grams).19

Moreover, the activity under low catalyst concentration
conditions (4b 0.5 μmol) increased upon further addition of
borate (3.0 equiv).19 It should be noteworthy that under
optimized conditions with low 4b concentration conditions at
50 °C, TON of 234 000 (TOF 1 400 000 h−1) could be attained
after 10 min (run 43), and the TOF at the initial stage (after 5
min) was 2 100 000 h−1 (583 s−1), which is the same level as that
by the vanadium analogue, V(NAd)Cl2(L)−MAO catalyst
system, conducted at 25 °C (508 s−1).6d Because the selectivity
of 1-butene decreased over time course (runs 43, 44), this also
suggests that 1-hexene was formed by the subsequent reaction of
ethylene with 1-butene accumulated in the reaction mixture.
Although the observed selectivity of 1-butene seems rather low,
the 4b−MAO and [Ph3C][B(C6F5)4] (borate) catalyst system
showed the highest activity for ethylene dimerization at 50 °C
with minimizing of the byproduction of PE.

Figure 4. Time course in ethylene dimerization by Nb(N-
2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4b)−MAO
catalyst system (ethylene 8 atm): temperature dependence toward
TONs (filled circle) and C4′ selectivity (circle in plain). Detailed data
are shown in Table 3.

Figure 5. Ethylene pressure dependence in ethylene dimerization by
Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4b)−
MAO catalyst system (25 °C). Detailed data are shown in Table 3.
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2.3. Reaction of Nb(NAr)Me2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] [Ar = 2,6-Me2C6H3 (4a), 2,6-

iPr2C6H3 (4b)]
with [Ph3C][B(C6F5)4] and the Reaction with Ethylene. To
obtain further information concerning the assumed catalytically
active species, reaction of the dimethyl complex (4a) with 1.0
equiv of [Ph3C][B(C6F5)4] was conducted in Et2O (Scheme
4).14 After removal of volatiles in the mixture, the resultant oil

was washed with n-hexane and was dried in vacuo. A resonance
ascribed to niobium−methyl protons (1.35 ppm), which is
different from that in 4a (0.56 ppm), was observed in the 1H
NMR spectrum (in CDCl3 at 25 °C, Figure 6b,c), and resonance
ascribed to methylene protons (N−CH2-py) became two
doublet and two resonances ascribed to methyl protons

connected to anilide ligand (in high certainty) were observed
(marked with * in Figure 6b,c). Most of all resonances observed
in the 1HNMR spectra, shown in Figure 6b,c, were thus assigned
to protons of an assumed cationic complex. Moreover,
resonances ascribed to protons in Ph3C(CH3) (ca. 2.3 ppm)

Table 4. Ethylene Dimerization by Nb(NAr)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-Me2C6H3 (4a), 2,6-
iPr2C6H3

(4b)]−MAO, [Ph3C][B(C6F5)4] (B) Catalyst System (Ethylene 8 atm, 10 min)a

oligomerc PEg

run cat. cocat. Al/B/Nbb temp/°C TONd TOFe/h−1 C4′f/% C6′f/% TONd wt %

5 4a (3.0) MAO 250 25 126 755 94.9 5.1 51 29
32 4a (1.0) MAO/B 250/1.5 25 5280 31 700 90.9 9.1 328 5.9
33 4a (1.0) MAO/B 250/1.5 50 5650 33 900 80.1 19.9 428 7
34 4b (1.0) B 1.5 50 trace trace
16 4b (1.0) MAO 250 50 3250 19 500 92.5 7.5 160 4.7
35 4b (1.0) AliBu3/B 100/1.5 50 3460 20 800 63.1 17.3 310 8.2
36 4b (1.0) MAO/B 50/1.5 50 73 100 439 000 77.6 20.0 228 0.3
37 4b (1.0) MAO/B 100/1.5 50 108 000 650 000 77.0 20.3 1080 1.0
38 4b (1.0) MAO/B 200/1.5 50 42 900 257 000 90.7 7.6 727 1.7
39 4b (1.0) MAO/B 250/1.5 50 19 500 117 000 88.7 11.3 677 3.4
40 4b (1.0) MAO/B 400/1.5 50 4920 29 500 89.2 10.8 913 16
41 4b (0.5) MAO/B 100/1.5 50 10 700 64 300 89.9 10.1 349 3.2
42 4b (0.5) MAO/B 200/1.5 50 178 000 1 070 000 79.3 18.4 884 0.5
43 4b (0.5) MAO/B 200/3.0 50 234 000 1 400 000 80.5 17.5 656 0.3
44h 4b (0.5) MAO/B 200/3.0 50 175 000 2 100 000 84.4 14.1 328 0.2
45 4b (0.5) MAO/B 300/1.5 50 117 000 700 000 83.0 15.4 863 0.7
46 4b (0.5) MAO/B 400/1.5 50 20 000 112 000 89.2 10.8 1070 5.1

aConditions: toluene 30 mL, ethylene 8 atm, 25 °C, 10 min, D-MAO white solid. bAl/B/Nb molar ratio, B = [Ph3C][B(C6F5)4].
cOligomer = 1-

butene + 1-hexene formed. dTON = (molar amount of ethylene reacted)/mol-Nb. eTOF = TON/h. fBy GC analysis vs internal standard.
gCollected as MeOH−HCl insoluble portion. hTime 5 min.

Scheme 4. Synthesis of [Nb(NAr)Me(Et2O)n{2-(2,6-
Me2C6H3)NCH2(C5H4N)}]

+ [Ar = 2,6-Me2C6H3 (6a),
2,6-iPr2C6H3 (6b)] from Nb(NAr)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (4a,b) by Treating with 1.0 equiv
of [Ph3C][B(C6F5)4] in Et2O, and Reaction of Ethylene with
6b in the Presence of Al(n-C8H17)3

Figure 6. 1H NMR spectra (in CDCl3) for (a) Nb(N-2,6-Me2C6H3)-
Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4a) and (b,c) [Nb(N-2,6-
Me2C6H3)Me(Et2O)n{2-(2,6-Me2C6H3)NCH2(C5H4N)}]

+ (6a) pre-
pared from 4a by treating with [Ph3C][B(C6F5)4] in Et2O. Resonances
marked with + are impurities.
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in the 1H NMR spectrum (in CDCl3),
22 and three resonances

ascribed to C6F5 group were also observed in the 19F NMR
spectrum.14 The similar reaction in toluene-d8 afforded two
separated solution consisting of toluene soluble portion (clear
pale brown) and toluene insoluble deep brown tan residue at the
bottom. This is a similar observation in the reaction of
V(NAd)Me2(L) with [Ph3C][B(C6F5)4]

6e and Cp*TiMe2(O-
2,6-iPr2C6H3)

23c and the others,23 strongly suggesting formation
of cationic methyl species. Moreover, on the basis of integration
ratio in the 1H NMR spectra (Figure 6b), 2 equiv of Et2O
molecules, that seemed to be difficult to remove in vacuo, were
contained in 6a. The VT-NMR spectra showed that a broad
resonances ascribed to Et2O at 25 °C became two sets at −60
°C: one Et2O was coordinated to the niobium and free Et2O,
suggesting an existence of the fast exchange (coordination and
dissociation of Et2O, Figure 6b,c) in the solution. Therefore, the
formula of the isolated cationic complex could be expressed as
[Nb(N-2,6-Me2C6H3)Me(L)]+[B(C6F5)4]

−(Et2O)2 (6a) in
high certainty. Similarly, the treatment of Nb(N-2,6-iPr2C6H3)-
Me2(L) (4b) with [Ph3C][B(C6F5)4] in Et2O yielded [Nb(N-
2,6-iPr2C6H3)Me(L)]+[B(C6F5)4]

−(Et2O)2 (6b).
14

Importantly, the cationic methyl complex 6b afforded 1-
butene, 1-hexene, and PE without MAO [Scheme 4, in the
presence of Al(n-C8H17)3, which should be the weak reagent for
alkylation and/or chain transfer and plays a role as scavenger as
well as for removal of coordinated Et2O].

23g,h,24 The result thus
strongly suggests that the cationic methyl complex plays a role in
this catalysis.25,26

2.4. Solution Phase XANES Analysis of Catalyst
Solution Containing Nb(NAr)Me2(L) in the Presence of
MAO Cocatalyst: Exploring the Oxidation State of the
Catalytically Active Species in the Ethylene Dimeriza-
tion. On the basis of the first-order relationship between the
activity and ethylene pressure (Table 3 and Figure 5), isolation
of the stable cationic complexes, [Nb(NAr)Me(L)]+[B-
(C6F5)4]

−(Et2O)2 (6a,b), and reaction of 6b with ethylene to
afford 1-butene (Scheme 4), it is highly suggested that the
cationic alkyl complex plays a role in this catalysis of ethylene
dimerization using Nb(NAr)Me2(L) (4a,b)−cocatalyst sys-
tems. Synchrotron XAS of the catalyst solution has also been
chosen in this study, as conducted previously in the vanadium
catalysis,27 because the method (Nb K edge analysis, 18.98 keV,
through the use of synchrotron radiation at SPring-8, BL01B1
beamline) enables us obtainment of the information concerning
oxidation state and the basic structure (by Nb K pre-edge and
edge peaks in XANES analysis, XANES = X-ray absorption near
edge structure) in the catalyst solution.27−30

Figure 7 shows NbK-edge XANES spectra of toluene solution
containing the dimethyl complexes (4a,b) and the spectra of 4b
in the presence of MAO (10, 50 equiv) at 25 °C (Nb 50 μmol/
mL). The XANES spectra of 4a and 4b show pre-edge peaks at
18 974.7 and 18 975.3 eV, respectively, which have been
ascribed to a transition from 1s to 3d + 4p.29,30 Note that, no
significant differences in the pre-edge peak positions and
intensities in the pre-edge peaks from those in 4b were observed
upon addition ofMAO [18 974.7 eV upon addition of 10 and 50
equiv of MAO, Figure 7]. Also note that the XANES spectra
(edge region in addition of pre-edge) of 4b in the presence of
MAO (10 and 50 equiv) are very close to that in the
homogeneous toluene solution containing the dimethyl
complex (4b). Therefore, the results strongly suggest in high
certainty that both the oxidation states and the basic structures

are maintained upon addition ofMAO in these catalyst solutions
consisting of 4b and MAO.
Moreover, no significant changes in the spectra in the edge

region were observed when 4a and 4b was added 1.0 equiv of
[Ph3C][B(C6F5)4] (borate) in Et2O (formation of 6a,b
according to Scheme 4), whereas slightly shifts (ca. 0.3 eV) in
the pre-edge peaks were observed [18 975.0 (4a and borate, 6a),
18 974.7 (4b and borate, 6b)]. These also strongly suggest in
high certainty that both the oxidation states and the basic
structures are maintained upon addition of borate.

3. CONCLUDING REMARKS
The experimental results observed through this study can be
summarized as follows.

(1) (Arylimido)niobium(V) complexes containing 2-pyridyl-
methylanilido ligands, Nb(NAr)X2(L) [L = 2-(2,6-
Me2C6H3)NCH2(C5H4N); X = NMe2 (2a,b), OCH-
(CF3)2 (3a−c), Me (4a−c), CH2SiMe3 (5a); Ar = 2,6-
Me2C6H3 (a), 2,6-iPr2C6H3 (b), 2-MeC6H4 (c)] have
been prepared and identified.14 Structures of 3a,b, 4b, and
5a were determined by X-ray crystallography.16 In
particular, the dimethyl complexes (4a−c) were prepared
from the bis(alkoxo) analogues (3a−c) by reaction with
MeMgBr.

(2) Two dimethyl complexes (4a,b) exhibited frommoderate
and high catalytic activities for ethylene dimerization in
the presence of MAO, whereas the activity by 4c was
negligible under the same conditions.17 The activity by 4b
was higher than that by 4a, indicating that a steric bulk in
the arylimido ligand play a role in this catalysis. This is an
interesting contrast to that in the related (imido)
vanadium complex catalysts (shown in Scheme 1),6a,c in
which the dimethylphenylimido analogue, V(N-2,6-
Me2C6H3)Cl2(L), afforded PE6a and both the phenyl-
imido and o-tolylimido analogues showed notable
catalytic activity for the selective ethylene dimerizatio-
n.6a,c

The activity by 4b at 50 °C was higher than those conducted
at 25 and 80 °C, whereas significant decrease in the activity was

Figure 7. The solution-phase Nb K-edge XANES spectra (in toluene at
25 °C) for Nb(NAr)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] [Ar = 2,6-
Me2C6H3 (4a), 2,6-iPr2C6H3 (4b)], and the spectra for 4b in the
presence of MAO (10, 50 equiv). The Nb K-edge XANES spectra (in
Et2O at 25 °C) for 4a,b upon addition of 1.0 equiv of [Ph3C][B-
(C6F5)4] (borate).
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observed by the vanadium analogue, V(NAd)Cl2(L), at 50 °C.
6d

The major product was 1-butene, and 1-hexene was formed by
subsequent reaction of ethylene with 1-butene accumulated in
the reaction mixture. A first-order relationship between the
activity (TOF) and ethylene pressure was observed, suggesting
that the metal-alkyl species (via coordination, insertion, and β-
hydrogen elimination pathway) would play a role in this
catalysis.

(3) Significant increases in the activities by 4a,b have been
attained upon further addition of [Ph3C][B(C6F5)4].
Under optimized conditions with low 4b concentration
conditions at 50 °C, TON of 234 000 (TOF 1 400 000
h−1) has been attained after 10 min (run 43, Table 4), and
the TOF at the initial stage (after 5 min) was 2 100 000
h−1 (583 s−1), which is the same level as that by the
vanadium analogue, V(NAd)Cl2(L)−MAO catalyst
system, conducted at 25 °C (508 s−1).6d

(4) Reactions of the dimethyl complexes (4a,b) with 1.0
equiv of [Ph3C][B(C6F5)4] in Et2O afforded the cationic
complexes, [Nb(NAr)Me(L)]+[B(C6F5)4]

−(Et2O)2
(6a,b). The reaction of 6b with ethylene afforded 1-
butene and 1-hexene even in the absence of MAO, clearly
suggesting that the cationic complex plays a role as the
catalytically active species.

(5) XANES spectra of the catalyst solutions containing 4b (in
toluene at 25 °C) andMAO (10 and 50 equiv) showed no
significant differences in the pre-edge peak positions and
the intensities from that in the dimethyl complex (4b).
The results thus strongly suggest that the oxidation states
and basic structures are maintained upon addition of
MAO in the catalyst solutions consisting of 4b and MAO.

Taking into account the above facts, it is demonstrated in high
certainty that the cationic niobium(V)-alkyl species play a role in
this catalysis, and a nature of the catalytically active species
(steric bulk of the arylimido ligand) directly affects the reactivity.
As far as we know, this is the first demonstration of
homogeneous niobium complex catalysts that exhibit remark-
able catalytic activity for ethylene dimerization even at 50 °C. At
this stage, we have not yet had clear explanation concerning the
difference between the vanadium and niobium analogues in
terms of activity, thermal stability, selectivity (byproduction of
PE in the niobium systems), and so forth. We however highly
believe the information should be potentially important for
designing efficient molecular catalysis with niobium for precise
olefin polymerization, oligomerization.

4. EXPERIMENTAL SECTION
4.1. General Procedure. All experiments were carried out under a

nitrogen atmosphere in a Vacuum Atmospheres drybox. Anhydrous
grade toluene, n-hexane, diethyl ether, and dichloromethane (Kanto
Kagaku Co., Ltd.) were transferred into a bottle containing molecular
sieves (a mixture of 3A 1/16, 4A 1/8, and 13X 1/16) in the drybox
under nitrogen stream and were passed through an alumina short
column under N2 stream prior to use. Nb(NMe2)5 (Strem Chemicals,
Inc.) was used as received, and Nb(N-2,6-iPr2C6H3)(NMe2)3 was
prepared according to the reported procedure.11c Reagents such as
(CF3)2CHOH (TCI Co., Ltd.), MeMgBr (3.0 M in diethyl ether,
Aldrich Chemical Co.), and Me3SiCH2MgCl (1.0 M in diethyl ether,
Aldrich Chemical Co.) were used as received. Polymerization grade
ethylene (purity > 99.9%, Sumitomo Seika Co. Ltd.) was used as
received. Toluene and AlMe3 in the commercially available MAO [T-
MAO, 9.5 wt % (Al) toluene solution, Tosoh Finechem Co.] were
removed under reduced pressure (at ca. 50 °C for removing toluene,

AlMe3, and then heated at >100 °C for 1 h from completion) in the
drybox to give white solids.6

Elemental analyses were performed by using an EAI CE-440 CHN/
O/S elemental analyzer (Exeter Analytical, Inc.). All 1H, 13C, and 19F
NMR spectra were recorded on a Bruker AV500 spectrometer (500.13
MHz for 1H, 125.77 MHz for 13C). All spectra were obtained in the
solvent indicated at 25 °C unless otherwise noted. Chemical shifts are
given in ppm and are referenced to SiMe4 (δ 0.00 ppm, 1H, 13C) and
CFCl3 (δ 0.00 ppm, 19F), and the coupling constants are given in hertz.
GC analysis was performed with a SHIMADZU GC-17A gas
chromatograph (Shimadzu Co. Ltd.) equipped with a flame ionization
detector.

4.2. Synthesis of Nb(N-2,6-Me2C6H3)(NMe2)2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (2a). 4.2.1. Synthesis of Nb(N-2,6-
Me2C6H3)(NMe2)3 (1a). Into a toluene solution (30 mL) containing
Nb(NMe2)5 (988mg, 3.19 mmol) was added toluene solution (12mL)
containing 2,6-dimethylaniline (386 mg, 3.19 mmol) at −78 °C. The
mixture was stirred at −78 °C for 30 min, and the solution was warmed
slowly to room temperature over 2 h. The mixture was then heated
slowly to 70 °C over 2 h, and the solution was stirred at 80 °C for 1 h
and at 90 °C for 1 h for completion. The reaction mixture was then
placed in a rotary evaporator to remove the volatiles. The resultant oil
was dissolved in n-hexane and the solution was passed through a celite
pad, and the filtercake was washed with n-hexane. The combined filtrate
and wash were placed in a rotary evaporator to remove the volatiles, and
the resultant brown oil was confirmed as tris(dimethylamido) complex,
Nb(N-2,6-Me2C6H3)(NMe2)3 (1a) (1038 mg), confirmed by 1H
NMR spectra (resonances assigned as formation of the desired
complex). 1H NMR (C6D6): δ 7.11 (d, 2H, J = 7.35 Hz, Ar-H), 6.87
(t, 1H, J = 7.45 Hz, Ar-H), 3.11 (s, 18H, N(CH3)2), 2.62 (s, 6H, Ar-
CH3). The resultant sample was used for the next reaction without
further purification.

4.2.2. Synthesis of Nb(N-2,6-Me2C6H3)(NMe2)2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (2a). Into a n-hexane solution (80 mL) containing
Nb(N-2,6-Me2C6H3)(NMe2)3 (1a, 1038mg, 3.015mmol) was added a
n-hexane solution (8 mL) containing 2-(2,6-Me2C6H3)N(H)-
CH2(C5H4N) (600 mg, 2.83 mmol) at −30 °C. The reaction mixture
was warmed slowly to room temperature, and the mixture was then
stirred overnight. The solution was passed through a celite pad, and the
filtercake was washed with n-hexane. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles. The resultant
oil was dissolved in a minimum amount of toluene and was layered with
n-hexane. The chilled solution placed in the freezer (−30 °C) afforded
yellow microcrystals of 2a, and the concentrated mother liquor layered
with n-hexane placed in the freezer (−30 °C) afforded the second crop.
Yield: 52.2% (total 850 mg, 1.66 mmol). 1H NMR (CDCl3): δ 8.51 (d,
1H, J = 5.35 Hz, Ar-H), 7.80 (t, 1H, J = 7.65 Hz, Ar-H), 7.41 (d, 1H, J =
7.90 Hz, Ar-H), 7.26 (t, 1H, J = 6.40 Hz, Ar-H), 7.10 (d, 2H, J = 7.40
Hz, Ar-H), 6.91 (q, 3H, J = 6.70 Hz, Ar-H), 6.65 (t, 1H, J = 7.43 Hz, Ar-
H), 4.87 (s, 2H, NCH2), 3.17 (br s, 6H, N(CH3)2), 2.78 (br s, 6H,
N(CH3)2), 2.40 (s, 6H, Ar-CH3), 2.16 (s, 6H, Ar-CH3).

13C{1H} NMR
(CDCl3): δ 163.4, 155.3, 153.5, 149.1, 137.4, 134.6, 131.7, 127.8, 127.1,
123.1, 121.7, 121.1, 120.2, 63.7, 47.3, 18.7. Anal. Calcd for C26H36N5Nb
(+0.5× toluene): C, 63.54; H, 7.23; N, 12.56. Found: C, 63.23; H, 7.22;
N, 12.28.

4.3. Synthesis of Nb(N-2,6-iPr2C6H3)(NMe2)2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (2b). Into a n-hexane solution (60 mL) containing
Nb(N-2,6-iPr2C6H3)(NMe2)3 (1b, 700 mg, 1.75 mmol) was added a n-
hexane solution (20 mL) containing 2-(2,6-Me2C6H3)N(H)-
CH2(C5H4N) (373 mg, 1.75 mmol) at −30 °C. The reaction mixture
was warmed slowly to room temperature, and the mixture was then
stirred overnight. The solution was passed through a celite pad, and the
filtercake was washed with n-hexane. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles. The resultant
oil was dissolved in a minimum amount of toluene and was layered with
n-hexane. The chilled solution placed in the freezer (−30 °C) afforded
yellow microcrystals of 2b (662 mg, 1.17 mmol). Yield: 66.7%. 1H
NMR (C6D6): δ 8.24 (d, 1H, J = 5.35 Hz, Ar-H), 7.12 (d, 4H, J = 7.60
Hz, Ar-H), 6.97 (m, 2H, Ar-H), 6.81 (td, 1H, J = 1.52 and 7.68 Hz, Ar-
H), 6.57 (d, 1H, J = 7.90 Hz, Ar-H), 6.36 (t, 1H, J = 6.40 Hz, Ar-H),
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4.70 (d, 1H, J = 20.5 Hz, NCH2), 4.39 (d, 1H, J = 20.5 Hz, NCH2), 4.23
(sep, 2H, J = 6.86 Hz, CH(CH3)2), 3.21 (s, 6H, N(CH3)2), 2.95 (s, 6H,
N(CH3)2), 2.50 (s, 3H, Ar-CH3), 2.34 (s, 3H, Ar-CH3), 1.38 (d, 6H, J =
5.90 Hz, CH(CH3)2), 0.92 (d, 6H, J = 5.80 Hz, CH(CH3)2).

13C{1H}
NMR (C6D6): δ 163.2, 153.7, 152.4, 149.0, 143.1, 136.9, 135.3, 134.3,
123.7, 122.6, 122.4, 121.8, 120.8, 63.7, 48.1, 46.8, 27.8, 24.9, 24.4, 19.5,
18.7. Anal. Calcd for C30H44N5Nb: C, 63.48; H, 7.81; N, 12.34. Found:
C, 63.76; H, 7.96; N, 12.04.
4.4. Synthesis of Nb(N-2,6-Me2C6H3)[OCH(CF3)2]2[2-(2,6-

Me2C6H3)NCH2(C5H4N)] (3a). Into a toluene solution (25 mL)
containing Nb(N-2,6-Me2C6H3)(NMe2)2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (2a, 279 mg, 0.545 mmol) was added a toluene
solution (6mL) containing (CF3)2CHOH (182mg, 1.09mmol) slowly
at −30 °C. The reaction mixture was warmed slowly to room
temperature, and the mixture was then stirred for 3 h. The solution was
passed through a celite pad, and the filtercake was washed with toluene.
The combined filtrate and wash were placed in a rotary evaporator to
remove the volatiles. The resultant oil was dissolved in a minimum
amount of toluene and was layered with n-hexane. The chilled solution
placed in the freezer (−30 °C) afforded white-yellow microcrystals
(352 mg, 0.464 mmol). Yield: 85.2%. 1HNMR (C6D6): δ 8.56 (d, 1H, J
= 5.30 Hz, Ar-H), 6.83 (d, 2H, J = 7.40 Hz, Ar-H), 6.77 (t, 2H, J = 7.13
Hz, Ar-H), 6.72 (d, 2H, J = 7.50 Hz, Ar-H), 6.61 (t, 1H, J = 7.48 Hz, Ar-
H), 6.47 (t, 1H, J = 6.48 Hz, Ar-H), 6.33 (d, 1H, J = 7.90 Hz, Ar-H),
5.17 (sep, 2H, J = 5.84 Hz, CH(CF3)2), 4.32 (s, 2H, NCH2), 2.25 (s,
6H, Ar-CH3), 2.23 (s, 6H, Ar-CH3).

13C{1H} NMR (C6D6): δ 159.9,
156.1, 152.1, 147.1, 138.5, 135.0, 131.6, 128.8, 127.5, 125.4, 124.6,
122.9 (q, 1JCF = 283.6 Hz), 122.78 (q, 1JCF = 285.5 Hz), 122.76, 120.4,
80.0 (sep, 2JCF = 32.6 Hz), 64.1, 18.6, 18.0.

19F NMR (C6D6): δ−75.96
(d, 2JFF = 6.87 Hz), −76.23 (d, 2JFF = 5.65 Hz). Anal. Calcd for
C28H26F12N3NbO2: C, 44.40; H, 3.46; N, 5.55. Found: C, 44.35; H,
3.45; N, 5.52.
4.5. Synthesis of Nb(N-2,6-iPr2C6H3)[OCH(CF3)2]2[2-(2,6-

Me2C6H3)NCH2(C5H4N)] (3b). Into a toluene solution (20 mL)
containing Nb(N-2,6- iPr2C6H3)(NMe2)2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (2b, 200 mg, 0.352 mmol) was added a toluene
solution (10 mL) containing (CF3)2CHOH (118 mg, 0.705 mmol)
slowly at −30 °C. The reaction mixture was warmed slowly to room
temperature, and the mixture was then stirred for 3 h. The solution was
passed through a celite pad, and the filtercake was washed with toluene.
The combined filtrate and wash were placed in a rotary evaporator to
remove the volatiles. The resultant oil was dissolved in a minimum
amount of toluene and was layered with n-hexane. The chilled solution
placed in the freezer (−30 °C) afforded white-yellow microcrystals
(223 mg, 0.274 mmol). Yield: 77.8%. 1HNMR (C6D6): δ 8.57 (d, 1H, J
= 5.35 Hz, Ar-H), 6.87 (d, 2H, J = 7.45 Hz, Ar-H), 6.83 (d, 2H, J = 7.50
Hz, Ar-H), 6.81−6.70 (m, 3H, Ar-H), 6.45 (t, 1H, J = 6.40 Hz, Ar-H),
6.32 (d, 1H, J = 7.95 Hz, Ar-H), 5.19 (sep, 2H, J = 5.95Hz, CH(CF3)2),
4.28 (s, 2H, NCH2), 3.80 (sep, 2H, J = 6.79 Hz, CH(CH3)2), 2.27 (s,
6H, Ar-CH3), 1.21 (d, 12H, J = 6.80 Hz, CH(CH3)2).

13C{1H} NMR
(C6D6): δ 160.1, 155.8, 149.1, 147.1, 146.5, 138.6, 131.6, 129.2, 125.7,
125.3, 122.9 (q, 1JCF = 284.2 Hz), 122.87, 122.84 (q, 1JCF = 284.9 Hz),
122.6, 120.5, 79.2 (sep, 2JCF = 32.4 Hz), 64.8, 28.0, 24.5, 17.9.

19F NMR
(C6D6): δ −76.11 (dd, 2JFF = 6.63 and 40.2 Hz). Anal. Calcd for
C32H34F12N3NbO2: C, 47.24; H, 4.21; N, 5.17. Found: C, 47.04; H,
4.12; N, 5.10.
4.6. Synthesis of Nb(N-2-MeC6H4)[OCH(CF3)2]2[2-(2,6-

Me2C6H3)NCH2(C5H4N)] (3c). 4.6.1. Synthesis of Nb(N-2-MeC6H4)-
(NMe2)3 (1c). Into a toluene solution (30 mL) containing Nb(NMe2)5
(500 mg, 1.59 mmol) was added toluene solution (10 mL) containing
o-toluidine (171 mg, 1.59 mmol) at −78 °C. The mixture was stirred at
−78 °C for 30 min, and the solution was warmed slowly to room
temperature over 2 h. Themixture was then heated slowly to 70 °Cover
2 h, and the solution was stirred at 80 °C for 1 h and at 90 °C for 1 h for
completion. The reaction mixture was then placed in a rotary
evaporator to remove the volatiles. The resultant oil was dissolved in
n-hexane and the solution was passed through a celite pad, and the
filtercake was washed with n-hexane. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles, and the
resultant brown oil was confirmed as tris(dimethylamido) complex,

Nb(N-2-MeC6H4)(NMe2)3 (1c, 503 mg), confirmed by 1H NMR
spectrum (resonances assigned as formation of the desired complex).
1H NMR (C6D6): δ 7.28 (d, 1H, J = 7.75, Ar-H), 7.06 (t, 1H, J = 7.08,
Ar-H), 6.89−6.84 (m, 2H, Ar-H), 3.13 (s, 18H, N(CH3)2), 2.56 (s, 3H,
Ar-CH3). The resultant sample was used for the next reaction without
further purification.

4.6.2. Synthesis of Nb(N-2-MeC6H4)(NMe2)2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (2c). Into a n-hexane solution (30 mL) containing
Nb(N-2-MeC6H4)(NMe2)3 (1c, 503 mg, 1.52 mmol) was added a n-
hexane solution (8 mL) containing 2-(2,6-Me2C6H3)N(H)-
CH2(C5H4N) (307 mg, 1.45 mmol) at −30 °C. The reaction mixture
was warmed slowly to room temperature, and the mixture was then
stirred overnight. The solution was passed through a Celite pad, and the
filtercake was washed with n-hexane. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles, and the
resultant dark brown oil was confirmed as bis(dimethylamido)
complex , Nb(N-2-MeC6H4)(NMe2)2[2-(2 ,6 -Me2C6H3)-
NCH2(C5H4N)] (2c, 765 mg), confirmed by 1H NMR spectra
(resonances assigned as formation of the desired complex). 1H NMR
(C6D6): δ 8.27 (d, 1H, J = 5.40 Hz, Ar-H), 7.13 (t, 3H, J = 7.53 Hz, Ar-
H), 7.06−6.96 (m, 3H, Ar-H), 6.81−6.77 (m, 2H, Ar-H), 6.49 (d, 1H, J
= 7.90 Hz, Ar-H), 6.38 (t, 1H, J = 6.40 Hz, Ar-H), 4.50 (s, 2H, NCH2),
3.11 (s, 12H, N(CH3)2), 2.45 (s, 6H, Ar-CH3), 2.43 (s, 3H, Ar-CH3).
The resultant sample was used for the next reaction without further
purification.

4.6.3. Synthesis of Nb(N-2-MeC6H4)[OCH(CF3)2]2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (3c). Into a toluene solution (30 mL) containing Nb(N-
2-MeC6H4)(NMe2)2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (2c, 765 mg,
1.54 mmol) was added a toluene solution (8 mL) containing
(CF3)2CHOH (409 mg, 2.43 mmol) slowly at −30 °C. The reaction
mixture was warmed slowly to room temperature, and the mixture was
then stirred for 3 h. The solution was passed through a celite pad, and
the filtercake was washed with toluene. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles. The resultant
oil was dissolved in a minimum amount of n-hexane. The chilled
solution placed in the freezer (−30 °C) afforded brown microcrystals.
The resultant crystals were dissolved in a minimum amount of toluene
and were layered with n-hexane. The chilled solution placed in the
freezer (−30 °C) afforded white-brown microcrystals (357 mg, 0.504
mmol). Yield: 41.5%. 1H NMR (C6D6): δ 8.51 (d, 1H, J = 5.35 Hz, Ar-
H), 6.92 (d, 2H, J = 7.50 Hz, Ar-H), 6.83 (t, 1H, J = 7.50 Hz, Ar-H),
6.78 (t, 2H, J = 5.85 Hz, Ar-H), 6.72 (t, 1H, J = 7.73 Hz, Ar-H), 6.66 (t,
1H, J = 7.43 Hz, Ar-H), 6.44 (t, 1H, J = 6.45 Hz, Ar-H), 6.35 (d, 1H, J =
8.05 Hz, Ar-H), 6.24 (d, 1H, J = 7.90 Hz, Ar-H), 5.30 (sep, 2H, J = 5.68
Hz, CH(CF3)2), 4.27 (s, 2H,NCH2), 2.29 (s, 6H, Ar-CH3), 2.26 (s, 3H,
Ar-CH3).

13C{1H} NMR (C6D6): δ 159.7, 155.8, 152.9, 147.0, 138.4,
132.6, 131.8, 129.8, 128.8, 127.0, 125.9, 125.3, 124.7, 123.0 (q, 1JCF =
283.2 Hz), 122.8 (q, 1JCF = 285.1 Hz), 122.7, 120.4, 80.9 (sep, 2JCF =
32.2 Hz), 64.3, 18.3, 18.0. 19F NMR (C6D6): δ −75.87 (t, 2JFF = 6.96
Hz), −76.07. Anal. Calcd for C27H24F12N3NbO2: C, 43.62; H, 3.25; N,
5.65. Found: C, 43.55; H, 3.13; N, 5.61.

4.7. Synthesis of Nb(N-2,6-Me2C6H3)Me2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (4a). Into a toluene solution (30 mL) containing
Nb(N-2 ,6 -Me2C6H3)[OCH(CF3) 2 ] 2 [2 - (2 ,6 -Me2C6H3) -
NCH2(C5H4N)] (3a, 533 mg, 0.704 mmol) was added a toluene
solution (10 mL) containing MeMgBr (586 μL, 1.76 mmol, 3.0 M in
diethyl ether) slowly at −30 °C. The reaction mixture was warmed
slowly to room temperature, and themixture was then stirred for 1 h. To
the solution was added CH2Cl2, and the mixture was placed in a rotary
evaporator to remove the volatiles. The resultant residue was extracted
with CH2Cl2. The solution was passed through a celite pad, and the
filtercake was washed with CH2Cl2. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles. The resultant
solid was dissolved in a minimum amount of CH2Cl2 and was layered
with toluene. The chilled solution placed in the freezer (−30 °C)
afforded yellow microcrystals (177 mg, 0.390 mmol). Yield: 55.5%. 1H
NMR (CDCl3): δ 8.87 (d, 1H, J = 5.25 Hz, Ar-H), 7.97 (t, 1H, J = 7.65
Hz, Ar-H), 7.59 (t, 1H, J = 6.40 Hz, Ar-H), 7.52 (d, 1H, J = 7.95 Hz, Ar-
H), 6.88 (d, 2H, J = 7.50 Hz, Ar-H), 6.80−6.74 (m, 3H, Ar-H), 6.61 (t,
1H, J = 7.43 Hz, Ar-H), 4.87 (s, 2H, NCH2), 2.30 (s, 6H, Ar-CH3), 2.19
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(s, 6H, Ar-CH3), 0.56 (s, 6H, Nb−CH3).
13C{1H} NMR (CDCl3): δ

162.2, 155.2, 153.3, 148.0, 137.9, 135.4, 131.9, 128.1, 126.7, 124.2,
123.1, 121.6, 121.3, 64.0, 40.5, 19.2, 18.4. Anal. Calcd for C24H30N3Nb:
C, 63.57; H, 6.67; N, 9.27. Found: C, 63.48; H, 6.58; N, 9.15.
4.8. Synthesis of Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)-

NCH2(C5H4N)] (4b). Into a toluene solution (30 mL) containing
Nb(N-2 ,6 - iPr 2C6H3)[OCH(CF3) 2 ] 2 [2 - (2 ,6 -Me2C6H3) -
NCH2(C5H4N)] (3b, 400 mg, 0.492 mmol) was added a toluene
solution (10 mL) containing MeMgBr (410 μL, 1.23 mmol, 3.0 M in
diethyl ether) slowly at −30 °C. The reaction mixture was warmed
slowly to room temperature, and themixture was then stirred for 1 h. To
the solution was added CH2Cl2, and the mixture was placed in a rotary
evaporator to remove the volatiles. The resultant residue was extracted
with CH2Cl2 and the solution was passed through a celite pad, and the
filtercake was washed with CH2Cl2. The combined filtrate and wash
were placed in a rotary evaporator to remove the volatiles. The resultant
solid was dissolved in a minimum amount of CH2Cl2 and was layered
with toluene. The chilled solution placed in the freezer (−30 °C)
afforded yellow microcrystals (202 mg, 0.396 mmol). Yield: 80.6%. 1H
NMR (CDCl3): δ 8.89 (d, 1H, J = 5.15 Hz, Ar-H), 7.97 (t, 1H, J = 7.25
Hz, Ar-H), 7.59 (t, 1H, J = 6.40 Hz, Ar-H), 7.51 (d, 1H, J = 7.95 Hz, Ar-
H), 6.90−6.87 (m, 4H, Ar-H), 6.80 (t, 1H, J = 7.58 Hz, Ar-H), 6.71 (t,
1H, J = 7.50 Hz, Ar-H), 4.85 (s, 2H, NCH2), 3.82 (sep, 2H, J = 6.80 Hz,
CH(CH3)2), 2.18 (s, 6H, Ar-CH3), 1.14 (d, 12H, J = 6.80 Hz,
CH(CH3)2), 0.53 (s, 6H, Nb−CH3).

13C{1H}NMR (CDCl3): δ 162.1,
154.8, 150.7, 148.1, 145.4, 137.8, 131.8, 128.2, 124.0, 123.1, 122.2,
121.6, 121.3, 64.3, 40.8, 27.8, 24.4, 18.1. Anal. Calcd for C28H38N3Nb:
C, 66.00; H, 7.52; N, 8.25. Found: C, 65.72; H, 7.29; N, 8.02.
4.9. Synthesis of Nb(N-2-MeC6H4)Me2[2-(2,6-Me2C6H3)-

NCH2(C5H4N)] (4c). Into a toluene solution (25 mL) containing
Nb(N-2-MeC6H4)[OCH(CF3)2]2[2-(2,6-Me2C6H3)NCH2(C5H4N)]
(3c, 302 mg, 0.406 mmol) was added a toluene solution (6 mL)
containingMeMgBr (320 μL, 0.96mmol, 3.0M in diethyl ether) slowly
at −30 °C. The reaction mixture was warmed slowly to room
temperature, and the mixture was then stirred for 1 h. To the solution
was added CH2Cl2, and themixture was placed in a rotary evaporator to
remove the volatiles. The resultant residue was extracted with CH2Cl2.
The solution was passed through a celite pad, and the filtercake was
washed with CH2Cl2. The combined filtrate and wash were placed in a
rotary evaporator to remove the volatiles. The resultant solid was
dissolved in a minimum amount of CH2Cl2 and was layered with
toluene. The chilled solution placed in the freezer (−30 °C) afforded
yellow microcrystals (90 mg, 0.205 mmol). Yield: 50.4%. 1H NMR
(CDCl3): δ 8.88 (d, 1H, J = 5.20Hz, Ar-H), 7.97 (t, 1H, J = 7.70Hz, Ar-
H), 7.59 (t, 1H, J = 6.40 Hz, Ar-H), 7.53 (d, 1H, J = 7.95 Hz, Ar-H),
6.98 (t, 3H, J = 8.73 Hz, Ar-H), 6.86 (t, 1H, J = 7.48 Hz, Ar-H), 6.76 (t,
1H, J = 7.45 Hz, Ar-H), 6.70 (t, 1H, J = 7.33 Hz, Ar-H), 6.06 (d, 1H, J =
7.70 Hz, Ar-H), 4.87 (s, 2H, NCH2), 2.42 (s, 3H, Ar-CH3), 2.20 (s, 6H,
Ar-CH3), 0.50 (s, 6H, Nb−CH3).

13C{1H} NMR (CDCl3): δ 162.4,
155.7, 154.6, 147.9, 137.9, 133.9, 132.1, 129.0, 128.2, 125.6, 125.2,
124.2, 123.1, 121.8, 121.4, 64.0, 38.6, 18.8, 18.4. Anal. Calcd for
C23H28N3Nb: C, 62.87; H, 6.42; N, 9.56. Found: C, 61.95; H, 6.12; N,
9.36. Rather low C values would be due to incomplete combustion
(formation of NbC) during the analysis run.
4.10. Synthesis of Nb(N-2,6-Me2C6H3)(CH2SiMe3)2[2-(2,6-

Me2C6H3)NCH2(C5H4N)] (5a). Into a toluene solution (10 mL)
containing Nb(N-2,6-Me2C6H3)[OCH(CF3)2]2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (3a, 52 mg, 0.0686 mmol) was added a toluene
solution (5 mL) containing Me3SiCH2MgCl (162 μL, 0.164 mmol, 1.0
M in diethyl ether) at−30 °C. The reactionmixture was warmed slowly
to room temperature, and the mixture was then stirred for 1 h. To the
solution was added CH2Cl2, and the mixture was placed in a rotary
evaporator to remove the volatiles (addition of CH2Cl2 into the
solution would improve the efficiency of the subsequent extraction).
The resultant residue was extracted with CH2Cl2. The solution was
passed through a celite pad, and the filtercake was washed with CH2Cl2.
The combined filtrate and wash were placed in a rotary evaporator to
remove the volatiles. The resultant solid was dissolved in a minimum
amount of toluene and was layered with n-hexane. The chilled solution
placed in the freezer (−30 °C) afforded yellow crystals of 5a (29 mg,

0.0485 mmol). Yield: 70.6%. 1H NMR (C6D6): δ 8.75 (d, 1H, J = 5.10
Hz, Ar-H), 6.93 (d, 3H, J = 7.50 Hz, Ar-H), 6.89 (t, 2H, J = 7.28 Hz, Ar-
H), 6.81 (t, 1H, J = 7.15Hz, Ar-H), 6.72 (t, 1H, J = 7.55Hz, Ar-H), 6.65
(t, 1H, J = 6.33 Hz, Ar-H), 6.54 (d, 1H, J = 8.05 Hz, Ar-H), 4.42 (s, 2H,
NCH2), 2.55 (s, 6H, Ar-CH3), 2.21 (s, 6H, Ar-CH3), 1.99 (d, 2H, J =
10.8 Hz, CH2SiCH3), 0.53 (d, 2H, J = 10.8 Hz, CH2SiCH3), 0.085 (s,
18H, CH2SiCH3). Anal. Calcd for C30H46N3NbSi2: C, 60.28; H, 7.76;
N, 7.03. Found: C, 60.18; H, 7.67; N, 6.99.

4.11. Reaction of Nb(N-2,6-Me2C6H3)Me2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (4a) with Borate (6a). Into a Et2O solution (10 mL)
conta in ing Nb(N-2 ,6 -Me2C6H3)Me2[2-(2 ,6 -Me2C6H3)-
NCH2(C5H4N)] (4a, 20 mg, 0.0441 mmol) was added a Et2O solution
(4 mL) containing [Ph3C][B(C6F5)4] (40 mg, 0.0441 mmol) at −30
°C. The reaction mixture was warmed slowly to room temperature, and
the mixture was then stirred for 1 h. After the reaction, the solution was
placed in a rotary evaporator to remove the solvent. The residue was
dissolved in Et2O and dropped into n-hexane. Removal of the n-hexane
layer and washing by n-hexane afforded the residue (33 mg). 1H NMR
(CDCl3): δ 8.67 (d, 1H, J = 4.80Hz, Ar-H), 8.17 (t, 1H, J = 7.80Hz, Ar-
H), 7.73 (d, 1H, J = 8.05 Hz, Ar-H), 7.67 (t, 1H, J = 6.50 Hz, Ar-H),
6.94 (d, 1H, J = 7.35Hz, Ar-H), 6.90−6.82 (m, 4H, Ar-H), 6.76 (t, 1H, J
= 7.48 Hz, Ar-H), 5.24 (d, 1H, J = 21.11 Hz, NCH2), 5.16 (d, 1H, J =
21.10 Hz, NCH2), 3.80 (br s, 8H, OCH2CH3), 2.31 (s, 6H, Ar-CH3),
2.22 (s, 3H, Ar-CH3), 2.13 (s, 3H, Ar-CH3), 1.35 (s, 3H, Nb−CH3),
1.32 (t, 12H, J = 6.85 Hz, OCH2CH3).

13C{1H} NMR (CDCl3): δ
161.3, 154.2, 151.6, 148.3 (br d, 1JCF = 240.5 Hz), 146.0, 141.5, 138.3
(br d, 1JCF = 245.1 Hz), 136.3 (br d, 1JCF = 239.7 Hz), 136.1, 130.6,
129.1, 128.9, 128.7, 127.6, 126.5, 125.7, 125.0, 123.3, 68.2, 65.7, 47.9,
19.1, 18.4, 18.3, 14.9 (signals ascribed to ipso-C6F5 carbon were not
observed). 19F NMR (CDCl3): δ −132.6, −162.9 (t, 3JFF = 20.5 Hz),
−166.8 (t, 3JFF = 18.5 Hz). These NMR spectra strongly suggest the
formation of the cationic methyl complex, [Nb(N-2,6-Me2C6H3)Me-
{2-(2,6-Me2C6H3)NCH2(C5H4N)}]

+ [B(C6F5)4]
−(Et2O)2 (6a), and

the spectra are shown in the Supporting Information.
4.12. Reaction of Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)-

NCH2(C5H4N)] (4b) with Borate (6b). Into a Et2O solution (20
mL) containing Nb(N-2,6- iPr2C6H3)Me2[2-(2,6-Me2C6H3)-
NCH2(C5H4N)] (4b, 20 mg, 0.0392 mmol) was added a Et2O
solution (8 mL) containing [Ph3C][B(C6F5)4] (35 mg, 0.0392 mmol)
at −30 °C. The reaction mixture was warmed slowly to room
temperature, and themixture was then stirred for 1 h. After the reaction,
the solution was placed in a rotary evaporator to remove the solvent.
The residue was dissolved in Et2O and dropped into n-hexane. Removal
of the n-hexane layer and washing by n-hexane afforded the residue (17
mg). 1H NMR (CDCl3): δ 8.50 (d, 1H, J = 5.35 Hz, Ar-H), 8.16 (t, 1H,
J = 7.68 Hz, Ar-H), 7.72 (d, 1H, J = 7.95 Hz, Ar-H), 7.66 (t, 1H, J = 6.45
Hz, Ar-H), 6.93 (t, 5H, J = 8.30 Hz, Ar-H), 6.84 (t, 1H, J = 7.50 Hz, Ar-
H), 5.22 (d, 1H, J = 21.16 Hz, NCH2), 5.15 (d, 1H, J = 21.16 Hz,
NCH2), 3.63−3.57 (m, 2H, CH(CH3)2), 3.60 (br s, 8H, OCH2CH3),
2.24 (s, 3H, Ar-CH3), 2.14 (s, 3H, Ar-CH3), 2.13 (s, 3H, Ar-CH3), 1.33
(s, 3H, Nb−CH3), 1.30 (br s, 12H, OCH2CH3), 1.16 (dd, 12H, J = 6.98
and 9.65 Hz, CH(CH3)2).

13C{1H} NMR (CDCl3): δ 161.1, 153.8,
148.8, 148.3 (br d, 1JCF = 246.0 Hz), 146.7, 146.0, 141.5, 138.3 (br d,
1JCF = 241.5 Hz), 136.4 (br d, 1JCF = 240.0 Hz), 130.5, 129.3, 129.0,
128.9, 126.5, 126.4, 125.1, 123.3, 122.6, 66.1, 47.9, 28.4, 24.6, 24.1,
18.4, 18.0, 14.9 (signals ascribed to ipso-C6F5 carbon were not
observed). 19F NMR (CDCl3): δ −132.5, −162.8 (t, 3JFF = 20.6 Hz),
−166.8 (t, 3JFF = 18.2 Hz). These NMR spectra strongly suggest the
formation of the cationic methyl complex, [Nb(N-2,6-iPr2C6H3)Me{2-
(2,6-Me2C6H3)NCH2(C5H4N)}]

+[B(C6F5)4]
−(Et2O)2 (6b), and the

spectra are shown in the Supporting Information.
4.13. Oligomerization/Polymerization of ethylene. Ethylene

oligomerizations were conducted in a 100 mL scale stainless steel
autoclave. The typical reaction procedure is as follows. Toluene (29
mL) and the prescribed amount of MAO solid (prepared from ordinary
MMAO-3AH by removing n-hexane, AliBu3 and AlMe3) were added
into the autoclave in the drybox. The reaction apparatus was then filled
with ethylene (1 atm), and Nb(N-2,6-Me2C6H3)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (4a) (3.0 μmol) in toluene (1.0 mL) was
then added into the autoclave, the reaction apparatus was then
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immediately pressurized to 7 atm (total 8 atm), and the mixture was
magnetically stirred for prescribed time. After the above procedure,
ethylene remained was purged at −30 °C, and 100 μL of nonane was
added as an internal standard. The solution was then analyzed by GC to
determinate the activity and product distribution. In case of reaction in
the presence of [Ph3C][B(C6F5)4], a toluene solution containing
[Ph3C][B(C6F5)4] was added after injecting a toluene solution
containing catalyst (4a). After the above oligomerization procedure,
the remaining mixture in the autoclave was poured into MeOH
containing HCl, and the resultant polymer (white precipitate) was
collected on a filter paper by filtration and was adequately washed with
MeOH. The resultant polymer was then dried in vacuo at 60 °C for 2 h.
4.14. Analysis of Catalyst Solution by Solution-Phase XAS.

Nb K edge XANES measurements were carried out at the BL01B1
beamline at the SPring-8 facility of the Japan Synchrotron Radiation
Research Institute (Nb K edge analysis, 18.98 keV, proposal no.
2018B1335). The measurements were conducted at room temperature.
A Si (111) double-crystal monochromator was used for the incident
beam. Nb K-edge XAFS spectra of Nb complex samples (prepared as
toluene solution, 50 μmol/mL) were recorded in the fluorescence
mode using an ionization chamber as the I0 detector and 19 solid-state
detectors as the I detector. The X-ray energy was calibrated using Nb
foil; the XANES data were obtained by removing the background and
normalization of them to the edge height.
4.15. Crystallographic Analysis.All measurements were made on

a Rigaku XtaLAB P200 diffractometer using multilayer mirror
monochromated Mo Kα radiation. The crystal collection parameters
are listed below (Table 5). The data were collected and processed using
CrystalClear (Rigaku)31 or CrysAlisPro (Rigaku Oxford Diffraction),32

and the structure was solved by direct methods33 and expanded using
Fourier techniques. The nonhydrogen atoms were refined anisotropi-

cally. Hydrogen atoms were refined using the riding model. All
calculations were performed using the CrystalStructure34 crystallo-
graphic software package, except for refinement, which was performed
using SHELXL version 2014/7.35,36 Cif, xyz files are shown in the
Supporting Information, and the crystallographic data were deposited
to Cambridge Crystallographic Data Centre (CCDC 1887435−
1887438, and CCDC 1889600).

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.9b00017.

Additional results for reaction with ethylene using
Nb(NAr)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] [Ar =
2,6-Me2C6H3 (4a), 2,6-iPr2C6H3 (4b), 2-MeC6H4
(4c)]cocatalyst systems and selected DSC thermo-
grams and 1H NMR spectra for PE byproduced; selected
NMR spectra for prepared niobium(V) complexes and
some reactions; and structural analysis for Nb(N-2-
MeC6H4)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4c).
(PDF)
CIF and xyz files for Nb(NAr)[OCH(CF3)2]2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] [Ar = Me (3a, CCDC
1887435), iPr (3b, CCDC 1887436)], Nb(N-
2,6-iPr2C6H3)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)]
(4b , CCDC 1887437), Nb(N-2,6-Me2C6H3)-
(CH2SiMe3)2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (5a,

Table 5. Crystal Data and Collection Parameters of Nb(N-2,6-Me2C6H3)[OCH(CF3)2]2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (3a),
Nb(N-2,6-iPr2C6H3)[OCH(CF3)2]2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (3b), and Nb(N-2,6-iPr2C6H3)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (4b), Nb(N-2-MeC6H4)Me2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (4c), and Nb(N-2,6-
Me2C6H3)(CH2SiMe3)2[2-(2,6-Me2C6H3)NCH2(C5H4N)] (5a)

a

3a 3b 4b 4c 5a
formula C28H26F12N3NbO2 C32H34F12N3NbO2 C28H38N3Nb C23H28N3Nb C30H46N3NbSi2
formula weight 757.42 813.53 509.53 439.39 597.79
crystal color, habit colorless, plate colorless, plate colorless, plate colorless, prism orange, block
crystal size (mm) 0.130 × 0.110 × 0.070 0.100 × 0.070 × 0.040 0.100 × 0.080 × 0.040 0.120 × 0.080 × 0.030 0.150 × 0.150 × 0.130
crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic
space group P21/c (#14) P21/n (#14) P21/m (#11) Pna21 (#33) P21/c (#14)
a (Å) 13.395(3) 9.7083(15) 8.7168(17) 22.844(3) 16.0468(5)
b (Å) 13.755(2) 18.057(3) 14.213(2) 8.4693(12) 11.8148(4)
c (Å) 16.964(3) 19.893(3) 10.837(2) 11.0164(16) 17.5487(6)
α (deg) 90 90 90 90 90
β (deg) 98.431(4) 98.516(4) 101.165(5) 90 103.113(3)
γ (deg) 90 90 90 90 90
V (Å3) 3091.8(10) 3448.8(9) 1317.2(4) 2131.4(5) 3240.30(19)
Z value 4 4 2 4 4
Dcalcd (g/cm

3) 1.627 1.567 1.285 1.369 1.225
F000 1520.00 1648.00 536.00 912.00 1264.00
temp (K) 93(2) 93(2) 93(2) 93(2) 93(2)
μ (Mo Kα) (cm−1) 4.928 4.477 4.760 5.76 4.669
no. of reflections measured
(Rint)

total: 24 285 total: 27 600 total: 10 690 total: 11 684 total: 23 086

unique: 6463 (0.0323) unique: 7420 (0.0448) unique: 2832 (0.0225) unique: 3920 (0.0227) unique: 6516 (0.0524)
2θmax (deg) 54.9 55.1 55.0 55.0 55.0
no. of observations
[I > 2.00σ(I)]

6463 7420 2832 3920 6516

no. of variables 415 451 166 218 325
R1 [I > 2.00σ(I)] 0.0334 0.0325 0.0292 0.0316 0.0366
wR2 [I > 2.00σ(I)] 0.0966 0.0852 0.0776 0.0874 0.1035
goodness of fit 1.046 0.951 1.125 1.108 1.053
aDetailed data are shown in the Supporting Information.16
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CCDC 1887438), and Nb(N-2-MeC6H4)Me2[2-(2,6-
Me2C6H3)NCH2(C5H4N)] (4c, CCDC 1889600). The
supplemental files contain the computed Cartesian
coordinates of all of the molecules reported in this
study. The files may be opened as a text file to read the
coordinates, or opened directly by a molecular modeling
program such as Mercury (version 3.3 or later, http://
www.ccdc.cam.ac.uk/pages/Home.aspx) for visualization
and analysis (XYZ)

Accession Codes
CCDC 1887435−1887438 and 1889600 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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