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Reductions of tetravalent group 4 metatliketiminates, [M¥ Clz(nacnac)(thf)] (2a, M = Ti; 3b, M
= Zr; 3¢, M = Hf; nacnac= {N(Tbt)C(Me)CHC(Me)N(Mes)~, Tbt = 2,4,6-tris[bis(trimethylsilyl)-
methyl]phenyl, Mes= 2,4,6-trimethylphenyln = 0, 1), with 2 equiv of KG in the presence of LiCl and
tmeda afforded the metal-imido complexes=fNTbt{ C(Me)CHC(Me)N(Mes)(u-Cl).Li(tmeda)] @a,
M = Ti; 4b, M = Zr; 4c, M = Hf; tmeda= Me,NCH,CH,NMe,). The formation of imido complexes
4a—c can be explained in terms of the generation of the corresponding divalent comple%€s [M
(nacnac)(L)] (6a, M = Ti; 6b, M = Zr; 6¢c, M = Hf; L = thf or Li(tmeda), etc.), followed by the
reductive, regioselective cleavage of the=sl€ bond tethered to the Tht group. The intermediacy of the
divalent titanium compleXa was supported by the alternative formation4afin the reaction of [Li-
(nacnac)] 1) with [Ti"Cly(tmeda)]. Interestingly,4a—c reacted with HO to give the free ligand nacnacH

).

Introduction

Interest in the chemistry of divalent group 4 metal complexes,

especially in that of titanium complexes, has been stimulated

by the very diverse aspects of their chemical reactivities,
including activation of small molecules §N CO2 CO;,,3 Hp,*
etc.), reductive coupling of olefiflsand acetylene3,and the
role played in ZieglerNatta catalysi§.However, apart from
the bicyclopentadienyl systemglivalent titanium complexes
have been poorly known and only a few examples of highly
coordinated complexes have been repofted.

The chemistry off-diketiminato complexes is of much current
interest? B-Diketiminato ligands play important roles as mono-
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anionic spectator ligands by the virtue of their strong binding
ability to metals, their tunable steric and electronic demands,
and their diversity of bonding modes. They often stabilize metal
complexes in low oxidation stat®sand/or coordination num-
berd! and complexes containing a coligand that is multiply
bonded to the metdf

p-Diketiminato complexes of trivalent titanium and tetravalent
group 4 metals have already been reported by Lagpert,
Theopold!* Budzelaa® Smith 6 Mindiola,}” and so forth. The
robust nature ofj-diketiminato ligands with early-transition
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Scheme 1. Synthesis g8-Diketiminato Complexes of Group 4 Metals

Cl Cl OO

O Je® Li RV cl
TiY Tht I\ _Mes Tot SImMClg
Tbt Mes ~u” DN /N es
SN TiCly(thf), NU - MCl4(thf), SN
benzene, rt )\)\ benzene, rt /I&))\
2a 1 3b: M =Zr, 87%
92% 3c: M = Hf, 86%

metal systems has enabled them to be used as catalysts in olefiscomplexesZa, M = Ti, n=0;3b,M =Zr,n=1;3c, M =
polymerization reaction® However, divalen3-diketiminato Hf, n = 1) were prepared by the reactions of [Li(nacnad)] (
complexes of group 4 metals have not been reported so far.with MCl(thf), (M = Ti, Zr, Hf), respectively (Scheme 1). The
Recently, Mindiola et al. have reported that two-electron titanium complex2a was not coordinated by THF molecules,
reduction of tetravalent zirconiuptdiketiminates bearing 2,6-  whereas the zirconium and hafnium complegbsnd3cwere
diisopropylphenyl (Dip) substituents gave the corresponding coordinated by a THF molecule probably due to their longer
terminal zirconium-imido complexes via transformation of the  M—N bond lengths compared with that 2a.

p-diketiminato ligand® _ _ The X-ray study showed that the structure$bfind3c adopt
Meanwhile, we have already succeeded in the synthesis of aa distorted, octahedral geometry at the metal center and a
variety of low-coordinate, reactive species (ehgavy ketones?® meridional arrangement of three chorine atoms (Figure 2). Since

heay aromatics’® and heay azo compoundy containing hafnium complex3c is isomorphous, the ORTEP drawing of
heavier main group elements by taking advantage of an zirconium complexdbis depicted in Figure 2 as a representative.
extremely bulky substituent, 2,4,6-tris[bis(trimethylsilyl)methyl]-  Selected structural parameters and the crystallographic data are
phenyl (Tbt)?> We recently reported the synthesis and structure summarized in Tables 1 and 5, respectively.

of a lithium -diketiminate [Li(nacnac)]1, nacnac= {N(Tbt)C- Two independent molecules are found in the unit ceBlof
(Me)CHC(Me)N(Mes) ~, Mes= 2,4,6-trimethylphenyl) bearing 54 poth molecules have structures that are essentially identical
a Tht substituent, which was regarded as a ligand source for\ith each other. The five atoms in the backbone of the

the synthesis of transition metal compleXésThe X-ray p-diketiminato ligand, N+ C1—C2—C3-N2, are coplanar, and
structural analysis of showed that it has a monomeric structure e two sets of €N and C-C distances in the ligand skeleton

and an essentially two-coordinated lithium center without solvent 4o 3imost equivalent to each other. The bond lengths of the
coordination and interaction with the neighboring molecules in ~_N and C-C bonds are intermediate values between the
the solid state. . typical single and double bond lengths. These results strongly
Here, we report the synthesis of tetravalent group 4 metal 5 ggest the delocalization of the double bonds of the ligand.
complexes bearing a novel, extremely bulBydiketiminato The central zirconium atoms of the two independent molecules
ligand together with their reduction reactions giving the corre- geyiate from the hCs planes by 0.7544(16) and 0.7863(15) A,
sponding terminal imido complexes of group 4 metals instead regpectively. However, the ZiC(ligand backbone) distances

of the expected divalent complexes. [3.1319(14) and 3.1142(12) A (ZC1), 3.4046(13) and 3.3904-
(12) A (Zr—C2), 3.1455(12) and 3.1376(12) A (ZE3)] are
Results and Discussion too long to form real Z+C bonds. Therefore, th&diketiminato

) o ligand in3b can be considered to have thecoordinaton mode,
Reduction of Tetravalent fi-Diketiminato Complexes of  \yhich is identical with zirconium complexes reported by
Group 4 Metals. Tetravalent titanium, zirconium, and hafnium  gith16in contrast to 1.2.3 5¢- or y5-coordinateqB-diketimi-
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Table 1. Selected Bond Lengths (A) and Angles (deg)

3b 3c 7
M—N1 2.187(3) 2.168(3) 2.1785(18) 2.1619(18) 2.000(3)
M—N2 2.226(3) 2.238(3) 2.2088(18) 2.2185(18) 1.981(3)
Cl1-C2 1.396(6) 1.388(6) 1.398(3) 1.394(3) 1.396(5)
Cc2-C3 1.397(6) 1.394(6) 1.392(2) 1.402(3) 1.391(5)
C1-N1 1.367(5) 1.372(5) 1.355(3) 1.355(3) 1.351(4)
C3-N2 1.343(5) 1.326(5) 1.343(3) 1.332(3) 1.345(4)
M—CI1 2.4197(11) 2.4351(11) 2.4070(5) 2.4117(5) 2.2587(12)
M—CI2 2.4381(11) 2.4256(11) 2.4219(5) 2.4184(6) 2.2829(11)
M—CI3 2.4266(11) 2.4178(11) 2.4130(6) 2.4087(6)
M—-01 2.297(3) 2.302(3) 2.2771(15) 2.2758(15)
M---C1 3.1319(14) 3.1142(12) 3.106(2) 3.087(2) 2.981(3)
M---C2 3.4046(13) 3.3904(12) 3.389(2) 3.376(2) 3.004(3)
M---C3 3.1455(12) 3.1376(12) 3.120(2) 3.123(2) 3.310(3)
N1-M—N2 86.34(12) 86.12(12) 87.12(7) 86.92(7) 88.59(11)
Scheme 2. Reduction of-Diketiminato Complexes of Group red, red, and violet crystals, respectively, instead of the expected
4 Metals divalent complexes [MCl(nacnac)(L)] (6a, M = Ti; 6b, M =
Zr; 6¢, M = Hf; L = thf or LiCl(tmeda), etc.) (Table 2, entries
1, 3, and 5). The formation ofa—c was confirmed by the
2KCs combination ofH, 13C, and ’Li NMR spectra and X-ray
LiCl, tmeda diffraction studies.
benzene, rt

When the reduction of the titanium and zirconium complexes
2aand3b was performed in the absence of tmeda, the reaction

Tht
NG a mixtures showed complicatédi NMR spectra (Table 2, entries
C ,g'( E— 2 and 4). Addition of LiCl and tmeda to a benzene solution of

these reaction mixtures resulted in the formation of titanium-

|
Mes N c and zirconium-imido ate complexek and 4b, respectively.
VL 2KCq /HS In the hafnium case, compléc was formed by the reaction of
3c:M=Hf n=1 benzene, 1t =N 3c with 2 equiv of KG (Scheme 2, Table 2, entry 6). Similar
M Mes types of zirconium-imido complexes have been reported by
5c Mindiola et al., quite recentl}# Addition of LiCl and tmeda to
a benzene solution dfc resulted in the formation of hafnium-
Table 2. Reduction of 2a, 3b, or 3c imido ate complexic.
entry S. M. LiCl, tmeda yield/% When a mixture of [Li(nachac)llj and an equimolar amount
1 2a T 87 (4a) of TiCls(thf)s was stirred in benzene for 3 h, a dark green
2 2a - a solution was formed (Scheme 3). Recrystallization of the mixture
3 3b + 80 (4b) from toluene gave the corresponding trivalent titanium complex
g g? :L gl 0 [Ti"'Cly(nacnac)] 7). The EPR spectrum of (g, = 1.931,g9p
6 3¢ _ 82 59 = 1.949) at room temperature and the magnetic momefit of

(uett = 1.60up, determined by Evans methtfjlare consistent
with those of d paramagnetic species. For example, Mindiola

) . ) . . et al. recently reported the EPR spectrugig.(= 1.97) and the
nato ligands of zirconium complexes claimed by Mindiéknd magnetic momentus = 2.17 ug) of [Ti{ CHa(t-Bu)z} o[{ N-

Lappert®arespectively. (Dip)C(Me)} ,CHJ]. 17

The X-ray crystallography of the hafnium complég also The X-ray study of7 showed a distorted, tetrahedral geometry
showed two independent molecules in the unit cell, and both 4 the titanium center (Figure 3). Selected structural parameters
molecules have structures essentially identical with each other. 54 the crystallographic data are summarized in Tables 1 and
The two sets of €N and C-C distances in the ligand skeleton g respectively.
are almost equivalent to each other. The-N1, M—N2 ' - ;

) ' ’ The central titanium atom deviates from the(y planes by

M—01, M—-CI1, M—ClI2, and M-CI3 distances oBcare close 0.5474(36) A. However, the FiC (ligand backbone) distances

to those of3b probably due to the lanthanoid contraction. The [2.981(3) A (Ti-C1), 3.004(3) A (Ti-C2), and 3.310(3) A (Fi
central hafnium atoms of the two independent molecules deV|ateC3)] are too long to form real FiC bonds. Therefore, the

from t?_e I'\bc_?_hplagﬁf t_by_ O.t74(|)'9(27d) _aréd 0'77471(27% A p-diketiminato ligand in7 can be considered to have thé
respectively. ep-dike iminato figand Insc can aiso be coordinaton mode, which is identical with those of titanium-
cqn3|dered to have thﬁ-coordlnaton mode, which is identical (Ill) complexes reported by Budzeld&and Mindiolal’d Hence,
\_’l_vr';[gszogpgr(;fcttgﬁsg?;ngbmafeogﬁ:ﬁ;(reforfhpoogéegggy Lappert. 7 is best described as a nine-electron, electron-deficient complex.
- lect duction afa. 3b. and3cto th ' di Next, the reduction of trivalent titaniugh-diketiminate?7 to
_ ' wo-electron reduction cia, 5b, andsc 1o the corresponding corresponding divalent titanium complex was examined by
divalent complexes was examined by the use o K&heme using several reductants (Scheme 3 and Table 3).

2 and Table 2). The reactions of7 with Na, K, LiCioHg (lithium naphtha-

In the reactions ofg-diketiminato complexes of group 4 : : ;
metals2c, 3b, and 3¢ with KCs in the presence of LiCl and lenide), and K@ in the presence of LiCl and tmeda afforded

MezNCH,CH;NMe; (tmeda), imido complexes [MNTbt- "y

. R 24) (a) Evans, D. FJ. Chem Soc 1959 2003-2005. (b) Naklicki, M.
{C(Me)CHC(Me)N(Mes)(u-Cl)zLi(tmeda)] @a, M = Ti; 4b, L.;(Wr)lige,) C. A; Plante, L. L.; Evans, C. E. B.; Crutéh?ey, R.Idorg.
M = Zr; 4c, M = Hf) were quantitatively formed as yellowish-  Chem 1998 37, 1880-1885.

aThe reaction mixtures showed complicaféti NMR spectra.
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Scheme 3. Reduction of Trivalent Titaniumg-Diketiminates

cl_ Ol

Tbt\N/Li\ _Mes

U TiCly(thf)3 NU LiCl, tmeda
)\/K benzene, rt )\)\ benzene, rt
1 7

92%

Table 3. Reduction of 7

Tht /TiQN/Mes Reductant (1 eq)

4a

Table 4. Selected Bond Lengths (A) and Angles (deg)

entry reductant resufts 4a 4b 4c 5c
1 Li complicated mixture M—N1 1.717(4) 1.8534(16) 1.8427(17)  1.799(9)
2 Na 4a(quant) M—N2 2.202(4) 2.3233(17) 2.2884(18)  2.301(10)
3 K 4a(quant) M—C1 2.192(5) 2.322(2) 2.288(2) 2.293(13)
4 LiC1oHe/ THF 4a(97%)+ 1-(thf) (3%) Cc1-C2 1.339(7) 1.347(3) 1.347(3) 1.358(16)
5 KCsg 4a(quant) C2-C3 1.448(7) 1.454(3) 1.455(3) 1.453(18)
C3-N2 1.296(6) 1.301(3) 1.301(3) 1.289(15)
*Judged by théH NMR spectrum. M—Cl1 2.4185(17) 2.5429(8)  2.5078(6)  2.429(3)
M—CI2 2.4223(17) 2.5481(8)  2.5112(6)
M—-01 2.222(9)
M—-N1-C6  175.1(3) 172.44(13)  173.29(15) 166.7(7)
C1-M—-N2  75.50(16) 72.53(7) 73.59(7) 72.6(4)

Figure 3. Molecular structure of the trivalent titanium compléx
with thermal ellipsoids at the 50% probability level. H atoms and
solvent molecules are omitted for clarity. See Table 1 for selected
bond distances and angles.

Scheme 4. Reaction of Lithiumg-Diketiminate with Divalent
[TiCl o(tmeda))]

Tbt

Tt
N0 [TiClytmeda),] NI
C I S Jrieiw,

/
%CN
N
\ \
Mes Mes
1

benzene, rt
N

L = tmeda, LiCl(tmeda), etc.
6a

80%

the titanium-imido ate complefa almost quantitatively (Table
3, entries 2-5), while the reduction o using Li resulted in
the formation of a complicated mixture (Table 3, entry 1). In
addition, the reaction of with a divalent titanium complex,
[TiCl,(tmeda)}], also resulted in the formation dfa (Scheme
4).

reductive cleavage of the-N bond connecting to the bulkier
Tbt group of the intermediary divalent complexes "[84-
(nacnac)(L)] (6a—c, Scheme 5).

This unique regioselectivity may be explained in terms of
the more servere repulsion of the Tht group with the methyl
group at the 5-position in the exited state or the product in path
B compared with that in path A (Scheme 5), although it is
unclear whether this reaction is controlled thermodynamically
or kinetically.

Structures of Imido Complexes.A characteristic feature of
4a—c and5c is the 13C NMR chemical shifts for the vinylic
carbons connecting to the metal atoms, which resonated at 237.2,
237.2, 242.6, and 236.3 ppm, respectively. These values are
consistent with those of the reported group 4 metal complexes
bearing a vinyl group®

The molecular structures of imido complex¢s—c and 5¢
were determined by X-ray diffraction. Since all three metal-
imido ate complexesta—c are isomorphous, the ORTEP
drawing of hafnium compleXc is depicted in Figure 4 as the
representative (Figure 4a) together with that of THF-coordinated
hafnium5c (Figure 4b). The selected bond lengths and angles
and crystallographic data are summarized in Tables 4 and 5,
respectively.

Taking these results into consideration, we propose thatimido  The M—N1 distances ofta—c and5c [4a, 1.717(4) A;4b,

complexes4a—c and 5c are formed via the regioselective,

1.8534(16) A;4c, 1.8427(17) A;5¢c, 1.799(9) A] are close to

Scheme 5. Possible Mechanism for the Formation of Metal-Imido Complexes 4& and 5c via Divalent Complexes 6ac

Tt
[ ¢l
AN
L =
(Gt
\
Mes

6a: M =Ti, 6b: M =Zr, 6¢: M = Hf
L = thf, LiCl(tmeda), etc.

Path B

—> N '/‘l\]'MeS—>

Path A
— §N—4‘/Tbt —
N
N

MVCI(L),

Mes

MVCI(L), N
MeCI(L),

—

—)CTbt

4'a-c

AN

Tht

less stable
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Table 5. Crystal Data and Structure Refinement Details for 3b,c, 4ac, 5c, and 7

3b-0.25GH14 3c0.25GH 14 4a 4 CeHa4
empirical formula QngsClgNzOSk‘,Zl“O.ZSQHM C45H85C|3HfN 2055~0.25QH14 C47H93C|2LiN 4Si5Ti C47H93C|2LiN 4SieZl"C5H 14
fw 1057.80 1145.07 1008.53 1138.03
cryst syst triclinic triclinic triclinic triclinic
space group P1 (#2) P1 (#2) P1 (#2) P1 (#2)
a(A) 11.6646(2) 11.65970(10) 12.724(5) 12.718(3)
b (A) 18.3088(2) 18.3005(2) 12.781(6) 15.788(4)
c(A) 28.9532(7) 28.9162(3) 19.884(8) 19.011(5)
o (deg) 74.582(5) 74.6796(8) 85.729(15) 99.7567(19)
p (deg) 82.573(6) 82.5888(4) 72.206(12) 108.1972(17)
y (deg) 77.117(6) 77.1249(5) 87.540(15) 102.239(2)
V (A3) 5794.67(18) 5785.06(10) 3070(2) 3427.8(15)
z 4 4 2 2
Dcalc (g cn3) 1.213 1.315 1.091 1.103
cryst dimens 0.5 0.20x 0.02 0.30x 0.30x 0.30 0.50x 0.30x 0.20 0.60x 0.20x 0.20
6 range (deg) 2.6325.0 1.18-25.0 2.29-25.0 2.33-25.0
abs coeff (mm?) 0.485 2.099 0.375 0.376
no. of reflens collcd 48 307 48 984 25376 28098
no. of unique reflens 20236 20 242 10719 11929
no. of params 1118 1119 550 686
Ri, WR, (for | > 20(1))? 0.0607, 0.1246 0.0204, 0.0477 0.0848, 0.1558 0.0330, 0.0795
goodness-of-fit 1.121 1.069 1.181 1.062
largest peak, hole (e/%) 0.819,—0.398 0.657,-0.454 0.461;-0.543 0.701,-0.275
4c-CgH1a 5¢CgH14 7
empirical formula G7H93C|2HfLiN 4Si6'C5H14 C45H85C|HszOS'k;'CGH14 C41H77C|2sti5Ti
fw 1250.30 1052.63 885.39
cryst syst triclinic triclinic monoclinic
space group P1 (#2) P1 (#2) C2/c (#15)
a(h) 12.6966(17) 9.5578(18) 47.617(3)
b (A) 15.754(2) 12.345(2) 9.5808(5
c(A) 19.249(3) 25.424(6) 23.4963(16)
o (deg) 72.090(5) 87.842(10)
f (deg) 69.348(4) 82.127(12) 101.676(3)
y (deg) 77.721(6) 71.02(2)
V (A3) 3404.6(8) 2809.9(10) 10497.3(11)
z 2 2 8
Dealc (g cnTd) 1.195 1.244 1.120
cryst dimens 0.3 0.20x 0.10 0.50x 0.30x 0.10 0.60x 0.20x 0.15
6 range (deg) 2.7425.0 2.96-25.0 2.3+25.00
abs coeff (mm?) 1.749 2.063 0.429
no. of reflens collcd 29 459 16 469 42 496
no. of unique reflens 12 554 8329 9188
no. of params 686 528 545
Ry, WR (for | > 20(1))2 0.0225, 0.0487 0.0786, 0.1337 0.0688, 0.1669
goodness-of-fit 1.062 1.097 1.104
largest peak, hole (e/&) 0.742,—0.449 2.564;-1.669 0.960;-0.623

aRy = S||Fo| — |Fcll/|Fol; WRe = [SW(Fo2 — FA)¥IW(F2)?2 Y2, wherew = 1/[0%(Fo2 + (aP)2 + bP], P = (F2 + 2F:2)/3, anda andb are constants given
in the Supporting Information.

those of the reported imido complexes of group 4 metals=(Ti
N, 1.67-1.73 A12217.257r=N, 1.83-1.93 A1826 and HF=N,
1.82-1.86 A20.2% and much shorter than the-MN2 distances
[4a, 2.202(4) A;4b, 2.3233(17) A#c, 2.2884(18) A5c, 2.301-
(10) A]. The M—N1 distance of4c is close to that of4b

probably due to the lanthanoid contraction and longer than that

of 5¢. Complexesta—c and5c have a nearly linear N—C6
alignment. These characteristics4#—c and5c are similar to
those for the reported imido complex@&17.18:2527 |n addition,

the ring M—C1-C2—-C3—N2 is almost planar.

Hydrolysis of Imido Complexes.The reactions of the group
4 metal-imido complexeda—c and 5¢ with H,O resulted in
the quantitative formation of the free ligand nacna@) \(ia
the reconstruction of the-diketiminato ligand (Scheme 6). The

(25) (a) Wilson, P. J.; Blake, A. J.; Mountford, P.; Sttheo, M. J.
OrganometChem 200Q 600, 71-83. (b) Adams, N.; Arts, H. J.; Bolton,
P. D.; Cowell, D.; Dubberley, S. R.; Friederichs, N.; Grant, C. M;
Kranenburg, M.; Sealey, A. J.; Wang, B.; Wilson., P. J.; Cowley, A. R;;
Mountford, P.; Schirder, M. Chem Commun2004 434-435. (c) Stewrat,

P. J.; Blake, A. J.; Mountford, FOrganometallicsl998 17, 3271-3281.

regeneration of the3-diketiminato ligand is a fascinating
process, although the mechanism for the hydrolysis is unclear
at present.

Conclusion

We presented here the systematic studies on the synthesis of

the imido complexes of group 4 metals f¥NTht{ C(Me)CHC-

(26) (a) Zuckerman, R. L.; Bergman, R. Grganometallics200Q 19,
4795-4809. (b) Thorman, J. L.; Guzei, I. A;; Young, V. G., Jr.; Woo, L.
K. Inorg. Chem 1999 38, 3814-3824. (c) Krska, S. W.; Zuckeman, R.
L.; Bergman, R. GJ. Am Chem Soc 1998 120 11828-11829. (d) Profilet,
R. D.; Zambrano, C. H.; Fanwick, P. E.; Nash, J. J.; Rothwell, InBrg.
Chem 199Q 29, 4362-4364. (e) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.
Organometallics1998 17, 846-853. (f) Ong, T.-G.; Wood, D.; Yap, G.
P. A.; Richeson, D. SOrganometallics2002 21, 1-3. (g) Blake, A. J;;
Collier, P. E.; Gade, L. H.; Mountford, P.; Lloyd, J.; Pugh, S. M.; Schubart,
M.; Skinner, M. E. G.; Tfsch, D. J. M.Inorg. Chem 2001, 40, 870-877.
(h) Walsh, P. J.; Hollander, F. J.; Bergman, RJGAmM Chem Soc 1988
110 8729-8731. (i) Arney, D. J.; Bruck. M. A.; Huber, S. R.; Wigley, D.
E. Inorg. Chem 1992 31, 3749-3755. (j) Breen, T. L.; Stephan, D. W.
Am Chem Soc 1995 117, 11914-11921.

(27) (a) Zambrano, C. H.; Profilet, R. D.; Hill, J. E.; Fanwick, P. E.;
Rothwell, I. P.Polyhedron1993 12, 689-708. (b) Castillo, I.; Tilley T.
D. J. Organomet Chem 2002 643—644, 431-440.
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Figure 4. Molecular structures of the hafnium-imido complexes
4c (a) and5c (b) with thermal ellipsoids at the 50% and 30%
probability levels, respectively. H atoms and solvent molecules are
omitted for clarity. The titanium and zirconium analoguéa &nd

Hamaki et al.

according to the methods in the literaturédd. NMR (300 MHz),

13C NMR (75 MHz), and’Li NMR (116 MHz) spectra were
recorded on a JEOL JNM AL-300 spectrometer. The NMR
chemical shifts were reported with reference to the internal residual
CHCl; (7.25 ppm) or @DsH (7.15 ppm). Thé*C NMR chemical
shifts were reported with reference to the carbon-13 signakbgC
(128.0 ppm). Multiplicity of signals in'3C NMR spectra was
determined by DEPT techniques. THd NMR chemical shifts
were reported with reference to the external standards, LiCl (O ppm).
The X-band EPR spectrum was recorded on a Bruker EMX
spectrometer. Melting points were determined on a Yanaco micro
melting point apparatus and are uncorrected. Elemental analyses
were carried out at the Microanalytical Laboratory of the Institute
for Chemical Research, Kyoto University. Multiple attempts to
obtain a satisfactory elemental analysis of comple2&sind 3b
were unsuccessful due to their extremely high moisture sensitivity.
El- and FAB-mass spectra (matrix: 3-nitrobenzyl alcohol or
2-nitrophenyl octyl ether) of all complexes indicated that the highest
mass fragment was observedlt 766 (nacnacH@) or 767 (B +

H]™), suggesting hydrolysis during the measurements. The purity
of all complexes was confirmed by thel NMR spectra. ThéH
NMR spectra of all complexes are depicted in Figures-S1T in

the Supporting Information.

Synthesis of [TiCk(nhacnac)] (2a).A solution of [Li(nacnac)]

4b) are isomorphous. See Table 5 for selected bond distances and1, 80.3 mg, 103«mol) in benzene (1 mL) was added to a slurry

angles of4a—c and5c.

Scheme 6. Reaction of Metal-Imido Complexes with kD

T|bt
1] Tbt _Mes
/ I\I/I“’CI(L),, H,0 (excess) NH N
—N CgDsg )\/U\
\
Mes 8
uant
M = Ti, Zr, Hf q
4a-c, 5¢

(Me)N(Mes} (u-Cl).Li(tmeda)] (M= Ti, Zr, Hf, 4a—c) by the
reduction of the tetravalent or trivalent group 4 m¢aliketim-
inates [MVCly(nacnac)(thf)] (M = Ti, Zr, Hf, 23, 3b, and3c)

or [Ti""Cly(nacnac)] 7) in the presence of LiCl and tmeda. As
another hafnium complex, THF-coordinated complex=fHf
NTbt{ C(Me)CHC(Me)N(Mes)Cl(thf)] (5¢) was also formed
by the reaction of3c with 2 equiv of KG. In addition, the
reaction of [Li(nacnac)]X) with a divalent titanium complex,
[TiCl(tmeda)], resulted in the formation ofa. The formation

of the imido complexeda—c is most likely explained in terms
of the initial generation of the corresponding divalent complexes
[M!"Cl(nacnac)(L)] (M = Ti, Zr, Hf; L = thf or Li(tmeda),
etc.,6a—c) followed by the regioselective, reductive cleavage
of the C=N bond tethered to the Tbt group. Interestingly, the
reactions ofd4a—c with H,O resulted in the quantitative
formation of the free ligand, nacnacB)( via the reconstruction
of the -diketiminato ligand.

Experimental Section

General Considerations.Unless otherwise stated, all operations
were performed in an MBRAUN Labmaster glovebox under an
atmosphere of purified argon. Celite was activated atZDQnder
vacuum for 1 day. [Li(nacnac)]l,?® [MCl(thf),] (M = Ti, Zr,
Hf),28 [TiCl,(tmeda)],82 LiCioHg,?® and KG* were prepared

(28) Manzer, L. Elnorg. Synth 1982 21, 135-140.

(29) Suga, K.; Watanabe, S.; Kamma,®an J. Chem 1967, 45, 933~
937.

(30) Schwindt, M.; Lejon, T.; Hegedus, L. Srganometallics199Q 9,
2814-28109.

of TiCl,(thf), (34.5 mg, 103:mol) in benzene (1 mL), causing the
development of a dark red color. The reaction mixture was stirred
for 3 h, and the solvent was removed under reduced pressure.
Toluene was added to the red residue, and the filtration through
Celite gave a dark red solution. The filtrate was dried under vacuum,
and the product was recrystallized from toluene-40 °C, yielding
the almost pure product as dark red crystals. [J(i@lcnac)] Ra,
86.3 mg, 92%): mp 184187 °C (dec).'H NMR (300 MHz,
CsDg): 0 0.17 (s, 18 H, ¥e;), 0.22 (s, 18H, es), 0.37 (s, 18H,
SiMes), 1.31 (s, 3HMe), 1.49 (s, 1H, Thip-benzyl), 1.73 (s, 3H,
Me), 2.03 (s, 3HMe), 2.27 (s, 6H, Me®-Me), 2.61 (s, 1H, Tht
o-benzyl), 2.81 (s, 1H, Tht-benzyl), 5.79 (s, 1H, 3-8), 6.56 (br
s, 1H, Thtm-H), 6.68 (s, 2H, Mesn-H), 6.70 (br s, 1H, Thin-H).
13C NMR (75 MHz, GDg): 0 1.2 (g, SMe;3), 2.6 (g, SMe3), 2.8
(q, SMes), 20.5 (g,Me), 20.9 (q, Meo-Me), 22.6 (d, Thto-benzyl),
23.2 (d, Tbto-benzyl), 23.6 (qMe), 29.8 (q,Me), 30.3 (d, Tht
p-benzyl), 110.1 (d, 3H), 124.4 (d, TbtC,), 128.3 (d, Me<y,),
129.1 (d, ThtCyy), 129.2 (s), 131.2 (s), 138.8 (s), 139.5 (s), 141.7
(s, Mes G), 146.2 (s), 147.8 (s), 166.6 (€(N)), 176.6 (s,C(N)).
Synthesis of [ZrClz(nacnac)(thf)] (3b). A solution of [Li-
(nacnac)] ¢, 79.8 mg, 103imol) in benzene (1 mL) was added to
a slurry of ZrCl(thf), (39.0 mg, 103umol) in benzene (1 mL),
causing the development of a yellow color. The procedure similar
to that in the preparation &a afforded the almost pure product as
yellow crystals. [ZrC)(nacnac)(thf)] 8b, 92.9 mg, 87%): mp 189
192°C (dec).*H NMR (300 MHz, GDg): 6 0.22 (s, 9H, SVie;),
0.30 (s, 9H, 9Vles), 0.33 (s, 9H, Me;), 0.49 (s, 9H, Me;), 0.53
(s, 9H, SMe3), 0.57 (s, 9H, le;), 1.14 (br, 4H, thf3-H), 1.37 (s,
3H, Me), 1.47 (s, 3HMe), 1.55 (s, 1H, Tbp-benzyl), 2.09 (s, 3H,
Me), 2.25 (s, 3HMe), 2.34 (s, 3HMe), 2.86 (s, 1H, Thb-benzyl),
3.26 (s, 1H, Tbto-benzyl), 3.82 (br, 4H, thj3-H), 5.49 (s, 1H,
3-CH), 6.64 (br s, 1H, Tbin-H), 6.72 (br, 2H, Mesn-H), 6.86 (br
s, 1H, Thtm-H). 3C NMR (75 MHz, GDg): 0 1.3 (q, SMe3), 1.4
(9, SMe;), 2.8 (g, SMe3), 3.0 (g, SMe;), 3.58 (g, SMes), 3.63 (q,
SiMe3), 20.1 (q,Me), 20.6 (g,Me), 20.9 (q,Me), 22.2 (d, Tht
o-benzyl), 23.2 (d, Tbb-benzyl), 24.6 (qMe), 25.0 (t, thf G),
30.5 (g,Me), 30.6 (d, Thtp-benzyl), 76.1 (t, thf ¢), 107.1 (d,
3-CH), 125.1 (d, TbtCyy), 129.1 (d, ThtCy), 129.8 (d, MeLy),
130.1 (d, Me<Cy), 134.0 (s), 135.5 (s), 139.2 (s), 140.3 (s), 140.8
(s), 141.9 (s), 142.7 (s), 145.3 (s), 170.3Q&N)), 171.7 (sC(N)).
Synthesis of [HfCk(nacnac)(thf)] (3c). A solution of [Li-
(nacnac)] ¢, 80.1 mg, 103:tmol) in benzene (1 mL) was added to
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a slurry of HfCl(thf), (48.0 mg, 103umol) in benzene (1 mL),
causing the development of a pale yellow color. The procedure
similar to that in the preparation &a afforded the almost pure
product as yellow crystals. [Hfghacnac)(thf)] 8¢, 99.5 mg,
86%): mp 196-199°C (dec).!H NMR (300 MHz, GD¢): 6 0.23
(s, 9H, SMe3), 0.30 (s, 9H, V&), 0.34 (s, 9H, Mes3), 0.50 (s,
9H, SiMe;), 0.534 (s, 9H, es3), 0.58 (s, 9H, Mes), 1.07 (br,
4H, thf 8-H), 1.33 (s, 3HMe), 1.45 (s, 3HMe), 1.55 (s, 1H, Tht
p-benzyl), 2.09 (s, 3HMe), 2.26 (s, 3H,Me), 2.35 (s, 3H,Me),
2.94 (s, 1H, Tbto-benzyl), 3.31 (s, 1H, Tbb-benzyl), 3.82 (br,
4H, thf 8-H), 5.37 (s, 1H, 3-€El), 6.63 (br s, 1H, Tbim-H), 6.72
(br, 2H, Mesm-H), 6.86 (br s, 1H, Tbm-H). 13C NMR (75 MHz,
CeDsg): 0 1.0 (g, SMes3), 1.3 (q, SMes), 2.8 (g, SMe3), 3.0 (q,
SiMe3), 3.6 (g, SMe3), 3.7 (g, SMej3), 20.1 (q,Me), 20.5 (q,Me),
20.7 (q,Me), 22.1 (d, Thto-benzyl), 23.0 (d, Thb-benzyl), 24.8
(9, Me), 25.0 (t, thf G), 30.4 (d, Tbtp-benzyl), 30.9 (qMe), 77.2
(t, thf Cy), 106.8 (d, 3€H), 125.1 (d, ThtCy), 129.1 (d, TbtCy,),
129.8 (d, MeCy), 130.1 (d, Me<Cy), 134.5 (s), 135.4 (s), 139.2

(s), 140.2 (s), 141.2 (s), 142.4 (s), 142.6 (s), 144.9 (s), 170.9 (s,

C(N)), 173.1 (s,C(N)). Anal. Calcd for GsHgsN,OSkClsHf: C,
48.11; H, 7.63; N, 2.49. Found: C, 48.33; H, 7.86; N, 2.36.
Reduction of [TiCls(nacnac)] (2a).A reductant [LiGoHg/THF
solution (1.0 M, 52uL, 52 umol) or KC; (7.0 mg, 52umol)] was
added to a benzene suspension (1 mL) of [Li(nacnd¢}@.0 mg,
51.7 umol) and TiCl(thf), (17.2 mg, 51.7umol) in the presence
of tmeda (10QuL, 100 umol), causing the development of a dark
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0.68. Anal. Calcd for GHgsLiN 4SisCloZr: C, 53.67; H, 8.91; N,
5.33. Found: C, 53.42; H, 9.12; N, 5.04.

Reduction of [HfCl3(nacnac)(thf)] (3c).A reductant [LiGoHgs/
THF solution (1.0 M, 21QuL, 210 umol) or KCg (36.0 mg, 266
umol)] was added to a benzene suspension (1 mL) of [Li(nacnac)]
(1, 79.8 mg, 103«mol) and HfCl(thf), (48.3 mg, 103«mol) in
the presence of tmeda (220, 200umol), causing the development
of a violet color. The procedure similar to that in the preparation
of 4a afforded the almost pure produét as violet crystals. [Hf
NTbt{ C(Me)CHC(Me)N(Mes)(u-Cl),Li(tmeda)] @c, 95.0 mg,
81%): mp 173-176°C (dec).*H NMR (300 MHz, GDg): 6 0.31
(s, 18H, SMe3), 0.42 (s, 36H, e3), 1.48 (s, 3HMe), 1.49 (s,
1H, Tbt p-benzyl), 1.90 (br s, 4H, tmedaH3), 1.96 (br s, 12H,
tmedaMe), 2.16 (s, 3H,Me), 2.25-2.45 (br s, 6H, Me-Me),
3.01 (d,*Jyn = 1.5 Hz, 3H,Me), 3.75 (s, 2H, Thb-benzyl), 6.63
(br s, 2H, Thtm-H), 6.83 (s, 2H, Mesn-H), 6.86 (9,*Jyny = 1.5
Hz, 1H, vinylH). 3C NMR (300 MHz, GDg): ¢ 1.3 (q, SMe3),

1.8 (g, SMe3), 20.2 (g,Me), 20.8 (d, Thto-benzyl), 20.9 (g, Mes
0-Me), 21.4 (g,Me), 29.4 (d, Thip-benzyl), 32.9 (qMe), 45.7 (q,
tmedaMe), 56.8 (t, tmedaCH,), 128.3 (d, TbiCy,), 129.1 (d, Mes
Cm), 129.9 (s), 132.3 (s), 135.1 (s), 135.3 (d, vig), 137.5 (s),
143.1 (s), 154.0 (s, THips0), 182.6 C(N)), 242.6 (HfC). "Li NMR

(rt, 116 MHz, GDe): 6 0.57. Anal. Calcd for ¢HoaLiN 4SisCl,-

Hf: C, 49.56; H, 8.23; N, 4.92. Found: C, 49.59; H, 8.49; N, 4.53.

Reduction of [HfClz(hacnac)(thf)] (3c) in the Absence of

red color. The reaction mixture was stirred for 1 day, and the solvent tmeda. KCg (35.9 mg, 266umol) was added to a benzene
was removed under reduced pressure. Toluene was added to théuspension (1 mL) of [Li(nacnac)]L( 80.2 mg, 51.7umol) and
dark red residue, and filtration through Celite gave a dark red HfCly(thf), (48.1 mg, 103umol), causing the development of a
solution. The filtrate was dried under vacuum, and the product was dark violet color. The procedure similar to that in the preparation

recrystallized from hexane at°C, yielding yellowish-red crystals
of 4a. [Ti=NTbt{ C(Me)CHC(Me)N(Mes)(u-Cl).Li(tmeda)] @a,
45.4 mg, 87%): mp 164166 °C (dec).'H NMR (300 MHz,
CsDg): 0 0.24 (s, 18H, Vle;3), 0.41 (s, 36H, Ies), 1.45 (s, 1H,
Tbt p-benzyl), 1.48 (s, 3HMe), 1.67 (br s, 4H, tmedald,), 1.90
(br s, 12H, tmed#e), 2.20 (s, 3HMe), 2.20-2.40 (br s, 6H, Mes
0-Me), 3.02 (d2Jun = 1.4 Hz, 3H,Me), 3.94 (s, 2H, Tho-benzyl),
6.45 (br s, 2H, Thim-H), 6.59 (q,*Jsn = 1.4 Hz, 1H, vinylH),
6.84 (s, 2H, MesmH). 13C NMR (75 MHz, GDg): 9 1.2 (q,
SiMes), 1.9 (g, SMe3), 19.7 (g,Me), 20.1 (g, Mesn-Me), 20.7 (q,
Me), 20.9 (d, Thto-benzyl), 30.2 (d, Tbp-benzyl), 33.9 (gMe),
45.7 (q, tmedaVe), 56.4 (t, tmedaCH,), 128.3 (d, TbtCy,), 128.6
(d, MesCy), 130.5 (s), 132.6 (d, vinyC), 134.2 (s), 134.5 (s),
139.7 (s), 145.5 (s), 160.5 (s, T6sq), 180.8 C(N)), 237.2 (Ti-
C). ’Li NMR (116 MHz, CsD¢): 6 0.81. Anal. Calcd for GHoz-
LiN4SisCl,Ti: C, 55.97; H, 9.29; N, 5.56. Found: C, 55.72; H,
9.52; N, 5.80.

Reduction of [ZrCl 3(nacnac)(thf)] (3b). A reductant [LiGoHg/
THF solution (1.0 M, 21QuL, 210 umol) or KCs (35.9 mg, 266
umol)] was added to a benzene suspension (1 mL) of [Li(nachac)]
(1, 79.8 mg, 103tmol) and ZrCj(thf), (39.1 mg, 103:mol) in the
presence of tmeda (2Qd_, 200 umol), causing the development
of a dark red color. The procedure similar to that in the preparation
of 4a afforded the almost pure produdb as red crystals. [Z¢
NTbt{ C(Me)CHC(Me)N(Mes)(u-Cl),Li(tmeda)] @b, 86.7 mg,
80%): mp 207210°C (dec).'H NMR (300 MHz, GDg): 6 0.28
(s, 18H, SMes), 0.41 (s, 36H, iles), 1.48 (br, 4H, Tbip-benzyl
+ Me), 1.85 (br s, 4H, tmedald,), 1.95 (br s, 12 H, tmedile),
2.17 (s, 3HMe), 2.22-2.35 (br s, 6H, Me®-Me), 2.97 (d Jyn =
1.5 Hz, 3H,Me), 3.76 (s, 2H, Tbb-benzyl), 6.57 (br s, 2H, Tbt
m-H), 6.78 (q,*Jus = 1.5 Hz, 1H, vinylH), 6.83 (s, 2H, Mesn-H).
13C NMR (75 MHz, GDg): 6 1.2 (g, SMe3), 1.8 (g, SMe3), 20.1
(g, Me), 20.3 (g, Men-Me), 20.9 (q,Me), 21.4 (d, Tbto-benzyl),
29.7 (d, Thtp-benzyl), 32.7 (qMe), 45.6 (q, tmedaMe), 56.5 (t,
tmedaCH,), 128.3 (d, TbCy), 128.5 (d, Me<Ly,), 129.7 (s), 131.1
(s), 135.0 (s), 135.7 (d, viny), 137.0 (s), 143.0 (s), 153.8 (s, Tht
Cipso), 183.2 C(N)), 237.2 (Zr€). "Li NMR (116 MHz, GiDg): 6

of 4a afforded the almost pure produst as violet crystals. [HE
NTbt{ C(Me)CHC(Me)N(Mes)CI(thf)] (5¢c, 87.8 mg, 82%): mp
143-145°C (dec).'H NMR (300 MHz, GDg): ¢ 0.31 (s, 18H,
SiMes), 0.42 (s, 36H, e;), 1.48 (s, 3HMe), 1.49 (s, 1H, Tht
p-benzyl), 1.90 (br s, 4H, tmedaHy), 1.96 (br s, 12H, tmedisle),
2.16 (s, 3HMe), 2.25-2.45 (br s, 6H, Me®-Me), 3.01 (dJyn =
1.3 Hz, 3H,Me), 3.75 (s, 2H, Thb-benzyl), 6.63 (br s, 2H, Tbt
m-H), 6.83 (s, 2H, MesnH), 6.86 (q,*Jun = 1.3 Hz, 1H, vinyl-
H). 13C NMR (75 MHz, GDg): 6 0.9 (g, SMe3), 1.2 (q, SMe3),
1.8 (g, SMe3), 20.4 (g,Me), 20.9 (q, Meso-Me), 21.6 (q,Me),
21.9 (d, Tbto-benzyl), 25.0 (t, thf ¢), 29.4 (d, Tbip-benzyl), 30.8
(g, Me), 75.0 (t, thf G), 129.1 (d, TbtCy,), 129.8 (d, MesCy,),
130.5 (s), 130.7 (s), 131.3 (s), 135.5 (s), 136.7 (s), 137.1 (d, vinyl
C), 153.8 (s, TbiCipso), 183.8 C(N)), 236.3 (HfC). Anal. Calcd
for CssHgsN,OSKCIHf: C, 51.35; H, 8.14; N, 2.66. Found: C,
51.61; H, 8.29; N, 2.72.

Synthesis of [TiCh(nacnac)] (7).A solution of [Li(nacnac)] L,
80.0 mg, 103«mol) in benzene (1 mL) was added to a slurry of
TiCls(thf); (38.3 mg, 103«umol) in benzene (1 mL), causing the
development of a dark green color. The procedure similar to that
in the preparation o?a afforded the product as dark green crystals.
[TiCly(nacnac)] 7, 82.1 mg, 90%): mp 268273 °C (dec). EPR
(benzene, rtg, = 1.931,g7 = 1.949. A 10 mM GDs solution
(2.00 mL) of 7 (18.4 mg) was measured B NMR spectroscopy
at 26.6°C. The magnetic moment @fwas determined by Evans’
method l(leff = 1.60/43).24 Anal. Calcd for GiH77N.SigCl,Ti: C,
55.62; H, 8.77; N, 3.16. Found: C, 55.33; H, 8.95; N, 2.96.

Reduction of [TiCly(nacnac)] (7).A reductant [Li (0.4 mg, 50
umol), Na (1.2 mg, 5@cmol), K (2.0 mg, 52umol), LiCigHs/THF
solution (1.0 M, 52uL, 52 umol), or KGg (7.0 mg, 52umol)] was
added to a benzene suspension (1 mL) of [Li(nacnd¢c}@.0 mg,
51.7 umol) and TiCk(thf); (19.2 mg, 51.7«mol) in the presence
of tmeda (10QuL, 100 umol), causing the development of a dark
red color. The procedure similar to that in the preparatior2af
afforded the produata. In the reactions of with Na, K, LiC;oHs,
and KG, titanium-imido complex [F=NTbt{ C(Me)CHC(Me)N-
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(Mes})} (u-Cl),Li(tmeda)] @a) was quantitatively formed, but the  4a—c, 5¢, and7 were collected on a Rigaku/MSC Mercury CCD
reduction of7 using Li resulted in the formation of a complicated diffractometer with graphite-monochromated MaKadiation ¢
mixture. =0.71071 /3\) to Pmax = 50° at 93 K. The structures &b,c, 4a—
Reaction of [Li(nacnac)] (1) with TiCl(tmeda). A solution of ¢, 5¢, and 7 were solved by direct methods (SIRS?)AIl
[Li(nacnac)] @, 40.0 mg, 51.7mol) in benzene (1 mL) was added  crystallographic data were refined by full-matrix least-squares
to a slurry of TiCh(tmeda) (15.8 mg, 67.2umol) in benzene (1 procedures oif? for all reflections (SHELXL-97§2 All the non-
mL), causing the development of a dark red color. The procedure hydrogen atoms a3b,c, 4a—c, 5¢, and7 were placed using AFIX

similar to that in the preparation @fa afforded a mixture o#la instruction.

and 1 (8:2). The product ratio was determined By NMR ) )
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18H, SMe;3), 0.23 (s, 18H, Ies), 1.44 (s, 1H, Thp-benzyl), 1.57 . . .

(s, 3H,Me)), 1.81 ((s, 3HMe), 2?15 (s, (3H,Me), 2P17 (s,y2)H, Tht Supporting Information Available: H NMR spectra of2a_

o-benzyl), 2.26 (s, 6H, Mes-Me), 4.84 (s, 1H, 3-@), 6.57 (br s 3b,c, 4a—c, and 5¢, EPR spectrum of7, and crystallographic

oH Tbtrr;-H) 6 Sé (s,2H Mesrlw-H) 11 ’50 (’s 1H ’"ﬂ) 23a information files for3b,c, 4a—c, and5c. This material is available
X-ray Crystallography. Single crystals oBb,c were grown by free of charge via the Internet at http://pubs.acs.org.

the slow evaporation of the saturated toluene/hexane solution atomM0509948

40 °C. Single crystals ofla—c, 5¢, and7 were grown by the slow .

evaporation of their saturated hexane solutions atCO The (31) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;

: . . .. Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
preparation of all samples consisted of coating the crystal with R. J. Appl. Crystallogr 1999 32, 115.

silicon grease, mounting it on a glass fiber, and placing it under a  (32) Sheldrick, G. MSHELX-97 Program for the Refinement of Crystal
cold stream of Mon the diffractometer. The intensity data3id,c, Structures University of Gatingen: Gdtingen, Germany, 1997.




