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Abstract 

Abstract 

This present research work focuses on the coordination chemistry of three 

different types of anionic nitrogen-containing ligands, namely the bulky arylamido 

ligands [N{C6H3R2-2,6)(CH2Bu^)r (R = Me, Pr'), the benzamidinato ligand 

[PhC(NC6H3Pr'2-2,6)(NSiMe3)r, and the 2-pyridylamido ligand [NlCeHaPr'z-l^G) 

(2-C5H3N-6-IVIe)]". 

Chapter 1 gives a brief introduction to metal complexes supported by amido 

and amidinato ligands. 

Chapter 2 describes the synthesis, structural characterization, and reactivity of 

Group 4 metal complexes of the bulky /V-alkylated arylamido ligands 

[N(C6H3R2-2,6)(CH2Bu^)r [R = Me (L^), Pr' ( L 勺 D i r e c t reactions of MCI4 (M = Zr, Hf) 

with [LiL"(tmeda)] [n = 1 (5), n = 2 (6)] afforded heterobimetallic complexes 

[M(l/")2CI("-Ci)2Li(tmeda)] [M = Zr, n = 1 (8), n = 2 (9); M = Hf, n = 1 (10), n = 2 (11)]. 

Neutral, mononuclear bis(amide) complexes [M(L^)2Cl2] [M = Ti (12), Zr (13), Hf (14)] 

were obtained by treatment of MCl4(thf)x (M = Ti, x = 2; M = Zr, Hf, x = 0) with the 

tmeda-free lithium salt LiL^(thf)2 (7). Ligand substitution reactions of 13 and 14 

with LiNMe2 afforded the corresponding tetra(amido) complexes [M(L2)2(NMe2)2] 

[M = Zr (15)； Hf (16)]. Subsequent reactions of complexes 15 and 16 with methyl 

iodide led to a mixture of the corresponding monoiodide (17 and 19) and diiodide 

(18 and 20) complexes. The bis(amido) dimethyl complexes [M(L^)2Me2] [M = Zr 

(21), Hf (22)] were prepared by the reactions of 13 and 14 with LiMe. Ti(lll) 

amide-chloride complexes [Ti(L^)2(/i-CI)2Li(tmeda)] (23) and [Liltmedalzl^miL^lzCb]" 
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(24) were also synthesized by the reactions of TiCl3(thf)3 with lithium reagents 5 and 

6, respectively. 

Chapter 3 reports on the synthesis, structure, and reactivity of Ti(lll), Ti(IV), 

Zr(IV) and Hf(IV) complexes containing the unsymmetrical benzamidinate ligand 

[PhC(NC6H3Pr'2-2,6}(NSilVle3)r (L勺.Reaction of TiClalthfls with [LiL^(thf)2] (29) 

gave the Ti(lll) complex [Ti(L^)2CI] (31). Treatment of 31 with LiMe led to the 

corresponding methyl derivative [Ti{L^)2Me] (32). The reaction of TiCl4(thf)2 with 

[LiL^(tmeda)] (28) led to [Ti{L^){NC6H3Pr'2-2,6)(ju-CI)2Li(tmeda)] (33). Treatment of 

MCI4 (M = Zr, Hf) with complex 28 yielded the corresponding neutral complexes 

[1VI(l3)2CI2] [M = Zr (34), Hf (35)]. Ligand substitution reaction of 34 with LiMe gave 

the bis(methyl) complex [Zr(L^)2!Vle2] (36). The nnono(benzyl) complex 

[Zr(L^)2(CH2Ph)CI] (37) was obtained via the reaction of 34 with PhCHzMgCI. 

Chapter 4 describes the coordination chemistry of the 2-pyridylamido ligand 

[N(C6H3Pr'2-2,6)(2-C5H3N-6HVIe)]— (L*) with divalent lanthanide ions [Sm(ll), Eu(ll) 

and Yb(ll)]. Metathetical reactions of Lnl2(thf)2 (Ln = Yb, Eu) with potassium amide 

[{KL4(OEt2}}2] (42) led to divalent lanthanide complexes [Yb(L4)2(thfh] (44) and 

[Eu(L4)(p-L4)2(thf)2] (45), respectively. On the other hand, treatment of Sml2(thf)2 

with 42 led to the homoleptic Sm(lll) derivative [Sm{L^)3] (46). Oxidation of 44 and 

45 with Iodine yielded Ln{lll) complexes [Yb(L^)2{l){thf)] (47) and [Eu{l%] (48), 

respectively. Yb(lll) complex 47 was also prepared by the reaction of 44 with Cul. 

Reactions of 44 with PhEEPh (E = S, Se, Te) resulted in the isolation of Yb(lll) 

tris(amido) complex [丫叫〜](49). Treatment of complex 47 with KOBi/ also gave 

[Yb(L4)3] (49) as the only isolable product. 

ii| 



摘要 

摘要 

本項研究主要針對具有立體位阻的芳胺基配體[N(CsH3R2-2,6)(CH2Bi/)r (R 

=Me, Pr')�不對稱的笨肺基配體[PhC(NC6H3Pr'2_2,6){NSiMe3)r及2-吼唤胺基配 

體[N(C6H3Pr'2—2,6)(2-CsH3N-6-Me)]—的配位化學。 

第一章概括介紹胺基和脒基配體，以及由它們所衍生的金屬配合物。 

第二章描述具有立體位阻的芳胺基配體[N(C6H3R2-2,6)(CH2Bi/)r [R = Me 

Pr'{L')]所衍生的第四族金屬配合物的合成、結構表徵和反應性能。通過無 

水四氯化物 IVICLi {M = Zr, Hf)和胺基裡[L iL"{tmeda)] [n = 1 (5), n = 2 (6)]的反應： 

雙核配合物[M(Ln)2CI(/i-a)2Li{tmeda)] [M = Zr, n = 1 (8), n = 2 (9); M = Hf, n = 1 (10), 

n = 2 (11)]成功被合成。利用不含四甲基乙二胺的胺基鍾LiL'(thf)2 (7)，中性單 

核的雙胺基金屬配合物[1\/1(1?)2(：丨2] [M = Ti (12), Zr (13), Hf (14)]亦可由上述反應 

製備。中性的雙胺基金屬配合物[M(L2)2Cy [M = Zr (13), Hf (14)]與二甲胺基鍾 

的配體取代反應生成相應的四胺基金屬配合物[M(L2)2(NiVle2)2] [M = Zr (15), Hf 

(16) ]。進一步把四胺基金屬配合物 IS和16與換代甲烧反應，可得出相應包含 

單取代破配合物和雙取代破配合物的混合物。通過雙胺基金屬配合物[M(L2)2a2] 

[M = Zr(13), Hf(14)]與甲基鍾的反應，雙取代甲基-胺基金屬配合物[M(L2)2Me2] 

[M = Zr(21), Hf(22)]被成功合成。三價鈦配合物 [Ti (L ih{n-ahU(tmeda)] ( 2 3 ) 和 

[Li(tmeda)2]lTi(L^)2Cl2]~(24)亦由 TiCMthf)3 和相應的胺基鍾[LiL"(tmeda)] [n = 1 

(5), n = 2 (6 ) ]的反應成功製備。 

第三章闡述由不對稱的笨脉基配體[PhC(NC6H3Pr '2-2,6)(NSiMe3)r ( L ' ) 所 

衍生的第四族金屬配合物的合成、結構表徵和反應性能。通過T i a 3 ( t h f )3和 

[LiL3(thf)2] (29)的反應，成功合成三價鈦配合物[Ti(L3)2a] ( 3 1 ) � 配 合 物 3 1 與 甲 

基 鍾 的 反 應 生 成 相 應 的 甲 基 配 合 物 [ T i ( L 3 ) 2 M e ] ( 3 2 ) �通 過 T i a 4 ( t h f h 和 

til 
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[LiL'(tmeda)] (28)的反應，成功製備[Ti(L3)(NC6H3Pr'2-2,6)(Ai-ClhLi(tmeda)] (33)。 

中性配合物[M{L勺2<：丨2] [M = Zr {34), Hf ( 3 5 ) ] 則由 MCi* (M = Zr, H f ) 與 化 合 物 28 

的反應成功合成。胺基鉄配合物[ZR(L3)2CL2] (34)和甲基鍾的配體取代反應得到 

雙取代甲基配合物[ZR(L/HME2] (36)。通過[ZR(L3)2CB] (34)和格氏試劑节基氯鎂 

的反應 ’單节基配合物�Zr(L勺2(CH2Ph)A] (37 )成功被製備。 

第四章描述2-吼咬胺基配體[N(C6H3Pr'2-2,6)(2-C5H3N-6-Me)]— ( L ^ )對於 

二價鑭系金屬離子(釤、銷和鏡）的配位化學，以及由L 4
配體所衍生的二價鋼系 

金屬配合物的反應化學。通過Lnl2(thf)2 (Ln = Yb, Eu)和_配合物 [ {KL 4 (OEt2 ) }2] 

( 4 2》的反應，成功合成相應的二價鋼系金屬配合物 [ Y b ( L 4 ) 2 ( t h f ) 2 ] ( 4 4 ) 和 

[Eu(L4)(/i-L4)2(thf)2] (45)。另一方面，Smb(thf )2與42的反應則得出三價配合物 

[Sm(L4)3] (46)。用破把二價鑭系金屬配合物44和45氧化，可以得到相應的三價 

鋼系金屬配合物[Yb(L4h(L)(thf)] (47)和 [EU(L 4 K I (48)。配合物47亦可由二價鏡 

配 合 物 4 4 和 埃 化 亞 銅 的 反 應 製 備 。 另 外 ’ 二價镱配合物44與二苯基琉族化合 

物 P h E E P h � E = S, Se, Te)的反應則可以得到三價鏡配合物 [Yb(L 4 )3] ( 4 9 ) � 而 镱 配 

合物47和叔丁醇卸的反應亦生成三胺基三價镱配合物49。 

IV 
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Chapter 1 

Chapter 1 

An Overview on 

Amido and Amidinato Ligands 

Amide and amidinate are nitrogen-containing ligands with the general 

formula of [Nfhr ond [RC(NR')(Nfr)r (R, /?； R" = H, oikyi, oryl or silyl), respectively. 

As alternatives to the ubiquitous metaflocenes, metal complexes derived from these 

ligands hove received considerable attention in past decodes. The work described 

in this thesis is focused on Group 4 metal and lanthanide complexes supported by 

sterically demanding amido and amidinato ligands. In this introductory chapter, a 

brief account on amido and amidinato ligands is given. 
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Background 

In the last century, studies of complexes containing metal-carbon bonds have 

been a popular topic in organometallic chemistry.i® On the other hand, complexes 

containing metal-nitrogen bonds have received relatively less attention. In the 

70s and 80s, tremendous efforts were devoted to the chemistry of cyclopentadienyl 

ligands. The reactivity of metal-cyclopentadienyl complexes, with alkene 

polymerization in particular, was extensively investigated. After an exhaustive 

study on cyclopentadienyl and related complexes, the development for alternative 

ligand systems for cydopentadienides has attracted an increasing research interest. 

Among various cyclopentadienyl alternatives, nitrogen donating ligands such as 

amidesia—f'l and amidinates^®"' have been extensively studied due to their unique 

properties. 

There are two advantages for using amido and amidinato ligands in 

coordination chemistry: (i) the electronic and steric requirements of these ligands 

1H—K 

can be readily modified to tailor properties of interest, “ and (ii) nitrogen-based 

ligands are kinetically more robust than halide, hydride or a Iky I ligands, thereby 

affording metal complexes with definite reaction sites without dissociation of the 

supporting ligands/^'® 
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Amido Ligands 

A. General Features 

Amido ligands are generally represented by the formula of -NRR'； in which R 

and R' can be a H, a Iky I, aryl, silyl or boryl group {Chart By virtue of the 

possibility of double substitution, the steric and electronic properties of amido 

ligands can be readily modified. The diversity of ligand design accounts for the 

good compatibility of amido ligands with a wide range of metal ions. 

\
 N

0
 

/
 

R
 

Chart 1-1 

B. Development 

The first metal amide, Zn(NEt2)2, was synthesized by Frankland in 1856.2 

After the report of the first transition metal amide, namely [Ti(NPh2)4]/ by Dermer 

and Fernelius in 1934,8a ^^^ chemistry of transition metal amides remained 

stagnant for more than a decade. Until 1959, Bradley initiated a systematic study 

on transition metal dialkylamides/^ Later in the 70s, the chemistry of lanthanide 

metal amides was e x p l o r e d . 

The foundations of metal amide chemistry were laid by the pioneering work of 

Burger； Wannagat, Bradley and Lappert/^"^ Over the past decades, a variety of 

amido ligands have been developed for supporting various metal ions. The ligands 

of interest are usually bulky and free of jS-hydrogen. Apart from monodentate 
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amides, multidentate amido ligands such as 2-pyridylamides have also been 

developed. 

C. The Bis(trimethylsilyljamido Ligand — [NiSiMesjzf 

The chemistry of bis(trimethylsilyl)amido ligand, [N(SilVle3)2]: has been 

extensively studied over the past decades. ‘ ~ The [N{SiMe3)2]~ ligand is an 

extremely versatile ligand. It can provide a great steric protection and is also 

electronically compatible with a variety of metal ions. 

Early in 1960s, bis{trimGthylsilyl)amido complexes of the types ML3 [M = Al, 

Ga, Cr, Fe; L = N(SiMe3)2], ML2 (M = Be, Mn, Co, Ni, Zn, Cd, Hg) and ML {M = Li, Na, 

Cu) were reported by Burger and Wannagat? 

In 1973, trivalent rare-earth complexes [LnLa] (Ln = Sc, X La, Ce, Pr, Nd, Sm, Eu, 

Gd, Ho, Yb, Lu) were isolated by Bradley^^ and Hursthouse.北 Later, monomeric 

lanthanide(ll) complexes of the type [LnLzX�] {Ln = Sm, Eu, Yb; X = thf, EtzO, dme) 

were reported by the groups of Za ik in产 Andersen^* "̂̂  and E v a n s ? These divalent 

lanthanide silylamides served as valuable starting materials for other 

organolanthanide(ll) compounds. 

Using the [N(SiMe3)2r ligand, Bradley and Andersen have reported a few 

early transition metal amides of the types [ML3] (M = Ti, V产 and [ML3X] (M = Zr, Hf; 

X = CI, Me),6 respectively. The chemistry of the [N(SiMe3)2r ligand has attracted 

an increasing attention since the reports of the low-coordinate late transition metal 

complexes [!V!{N(SiMe3)2}3] and [IVi{M(SilVle3)2}2]2 (M = Mn, Co)/ 
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D. Arylamido Ligands 

Arylamido ligands contain one or two aryl substituent(s) attached to the 

amido nitrogen (Chart 1-2). There are two advantages of using arylamido ligands 

in the studies of metal amide complexes. It is noteworthy that derealization of 

the lone-pair electron density on the amido nitrogen onto the aryl substituents may 

enhance the stability of the metal complexes.if Moreover, ligand modification is 

easy as a wide variety of aryl substituents with different steric and electronic 

properties are readily available. 

1. Anilides 

A few examples of anilido ligands are shown in Chart The first metal 

anilide, [Ti{NPh2)4], was prepared in 1934产 Over the years, a number of 

main-group, transition m e t a 广 a n d lanthanide^^ anilido complexes have been 

synthesized and structurally characterized. 

15 

n 
e 

R = H, Bu�CH(Bu% 
SiMes 

R 

R = Me, Pr' 
H, CĤ Bû  SiMe, 

0 

R = Bu〜Ad, CMe(CD3) 

CPh(CD3)2, 

Chart 1-2 

e 

R/R' = H/H, Pr'2-2,6/F-2 
F5/F5, F̂ /SiMeg 

A number of studies on Group 4 metal anilides have been reported due to 

their potential applications as catalysts in olefin polymerization 9—12 For example, 

Ti(IV), Zr(IV) and Hf(IV) complexes supported by the [N(C6H3Pr,2-2,6)(SilVle3)]— ligand 

were shown to be active catalysts towards polymerization of ethylene The 
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reducing property of Ti(lll) anilides have also been investigated.^'^^ A detailed 

discussion on Group 4 metal anilides is given in Chapter 2. 

Stabilization of late transition metal amides, in which a n-conflict exist 

between the d electrons of the metal ions and the amido nitrogen, was regarded as 

a challenge in the past decades/^'^ It is believed that the n-conflict can be relieved 

by using arylamido Itgands because of the delocalization of the lone-pair electron 

density on the nitrogen onto the aromatic ring/f Recently, the coordination 

chemistry of the [N(R){C6H3RV2,6)r (R = SiMes, CH2B1/, CgPs； IV = Me, PK) ligands 

towards the first-row late transition metal has been examined by our research 

group (Chart 1-3).^^ 

� r O 

IVI = IVin, Fe, Co, Ni 
X = CI, Br. 1, Me, N, 

^ = SiMea, CĤBû  
M = Mn, Fe, Co 

X = CL Me 

M = Mm, Fe, Co 

9c ,SilVie, 

MejSi CO I 
Co 

CH,Bt/ 

Fe 

BûĤ  

M = Mn, Co 
< =thf , tmeda 

Lee e t a / M 

Chart 1-2 

Successful isolation of coordinatively unsaturated complexes has also been 
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achieved by using sterically very bulky arylamido iigands. Power and co-workers 

have reported a few quasi-t\NQ-coordmate Mn(ll)i4a and Fe(ll)i4b complexes, as well 

as a stable one-coordinate Tl(l) complex产 of very bulky terphenyl amido Iigands. 

By using the bulky [N(CH2Bi/)(C6H3pr'2-2,6)r Mgand, a two-coordinate Fe(ll) complex 

has also been prepared by our research group (Chart 1-3)严 

Stabilization of large lanthanide ions by anilido Iigands has been reported/^ 

For example, neutral Y{ill), Nd(lll) and Yb(lll) complexes of the [NH{C6H3Pr'2—2,6)r 

ligand were reported by Evans and co-workers in 1996.̂ ^^ Furthermore, 

monomeric divalent lanthanide complexes derived from the 

[N(SiMe3)(C6H3Pr'2-2,6)]— ligand have been reported by Schumann and co-workers 

in 1997‘ish More recently, Sm(ll) and Yb{ll) complexes of the less bulky 

[N(Ph){SiMe3)r Iigands were synthesized in Shen's laboratory through reduction of 

the corresponding trivalent precursors/^' All of these complexes are heteroleptic 

and contain solvent molecules coordinated to the metal centers. 

2. 2-Pyridylamides 

The coordination chemistry of 2-pyridylamido Iigands has attracted much 

attention due to their flexible binding modes/^'^®^ They can act as monodentate, 

A/,A^'-chelating or A/,A/'-bridging Iigands {Chart 1-4), leading to metal complexes with 

interesting structures. 

M人丨 

\ / 

M MZ 

M M M M' 

A/,W-chelating Monodentate N,N-bridging 

Chart 1-4 
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The steric properties and solubility behavior of 2-pyridylamido ligands can be 

readily modified by introduction of various R and R' substituents (Chart 1-5). The 

first A/,A^'-chelating pyridylamido complex, [RLi{NPh(Py)}2{PPh3)2], was reported by 

Cotton and co-workers in To date, there are a number of reports on metal 

pyridylamides focusing on various issues 16-21 

、 人 N , ' 
㊀ 

R = H, Me-4, Me-6 
R' 二 H, Me, Ad,SiMe3, 

SiBi/Me〗，SiBi/Phj 

f 1 1 /fl 

e 

R = H, Me, CgHsMej—2A CgH2Pr'3-2,4,6 
R'，H, Pr̂ —2, Pr'2-2,6, 

Mej-IA, IVle2-3,5, Mea—2,4,6, 
Pr'-2,6, Me:.-2,4,6 

Chart 1-5 

The coordination chemistry of the bulky [N(SiBi/Me2)(2-C5H3N-6-IVIe)]-

ligand has been studied by our research group. A series of main-group, transition 

metal and lanthanide complexes was prepared and characterized (Chart 1-6).^^ In 

most of the cases, this ligand coordinated to metal ions in a A/,A/'-chelating manner. 

Nevertheless, they could also act as bridging ligands as in heterobimetallic l\/ln(ll) 

and Co(ll) complexes.^^^ 



o ĵ Me. 

；Ti 
N 
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M = IT, Hf; R = CI, H, Me 

MenBû Si. C !l 

v 
Fe 

M̂e, 

I , � � 
Ci——M 

IN 

�N——SiBû Me, 

M̂e, 

M 

/ Y 
'Me. 

�SiBi/Mei 

Me.Bu^Si—N" 

�Me, 

M ^ Fe, Co 

C � J 、 
'Mej 

SiBu^Me, 

V 
Mn -

X T �SiBi/Me， 

j O 
八 八 r 

v \ c r v 
MSjBû Si' 

1 八���SiButMe2 

- W o Q 

N �义 
���’V：^' 

Lee et at. 

Chart 1-

Group 4 metal complexes supported by 2-pyridylamiclo ligands have been 

examined because of their potential applications in alkene polymerization/^ For 

instance, a Ti(lV) complex of the [N(SiMe3)(2—C5H3N—4—Me)]"" ligand has been 

M = Y, Cr, In, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb 

.N 

N 

一

 7
、
 

V
N
 

SiBû Me, 

MejBi/Si. 
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shown to be active catalyst for polymerization of propene and l-butene/^*^ 

Controlled polymerization activity of a Zr(lV) complex derived from the 

[N{Ar)(2-CsH3N-6-AK)r (Ar = CeHsPr'z-l^S, Ar' = CgHzPrW^A^e) iigand was also 

reported recently/^' 

A number of transition metal complexes with rnteresting structures have been 

prepared by using the tridentate di(pyridyl)amido iigand (dpa). For example, 

metal ion chains of the type M3(dpa)4X2 [M = Cr尸日“̂  Ni,— Ru/®' Rh严' 

C u 严 L = N{2-C5H3N)2; X = uninegative anions] feature short metal-to-metal 

distances. A short Cr-Cr distance was also observed in a di{chromium) complex 

derived from the bidentate [N{Ar)(2-C5H3N-6-Ar')]" (Ar = CsHzMeg-ZAS, k f = 

C6H2Pr'3-2,4,6) ligand.^°P 

Synthesis and reactivity of late transition metal complexes have also been 

reported.20e-x Examples of these complexes include Ni(ll) and Pd(ll) derivatives of 

the [N(SilVle3) {2-CsH3N-4-Me)]— Iigand, which were shown to be active catalysts 

for Suzuki reaction and hydrosilane polymerization严 On the other hand, late 

transition metal complexes supported by the [N(SiMe3)(2—CsHsN)]— and 

[NR(2-C5H3N-6-Me)r (R = SiMes, SiBu^Me2, CH2B1/) ligands have also been 

synthesized by our research group (Chart 1 -6)产 

Stabilization of the large di- and trivalent lanthanide ions using pyridylamido 

ligands has been reported.^^ Heterobimetallic complexes featuring d-f 

interactions have been reported by Kempe's group, by virtue of the bridging 

coordination mode of pyridylamido ligands. (Chart 1 - 7 ) 产 M o r e o v e r , a series 

of homoleptic lanthanide(lll) complexes derived from the bulky 

10 
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[N(SiBu^Me2){2-C5H3N-6-Me)r ligand have been prepared in our laboratory (Chart 

1_7) i8g"h More recently, a few lanthanide{ll) complexes supported by the 

stericaliy very demanding [N{Ar)(2-C6H5N-6-ArO]" (Ar = CeHsPr'z-l.B, 

C6H2Me3-2,4,6, Z-CsHgN-G-Me; Ar' 

been reported.̂ ^^"" 

CeHaPr's-lAS, C6H3Me2-2,6) ligands have 

、 人 

’ V J 
NZ 

Me.Si-

SiMe， 

，Si \ 力 
/ 

Me^Si 

j
D
 

\
/
 

—
刊
—
 

0〜SiMe- MejSi 

• SiMe 

Chart 1-7 

E. Fluorine-containing Amido Ligands 

Incorporation of fluorine-containing substituents to amido ligands is a recent 

trend of ligand m o d i f i c a t i o n ， i o b ' i 2 U 3 c u s d - e piuoro-substituted ligands have the 

following potential advantages. First of all, the electronic property of the ligand is 

11 

i
 M
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tuned by the highly electronegative fluorine atoms, thus offering the possibility of 

activity modification. Secondly, fluorine atoms are weakly coordinating, thus 

providing an additional coordination to the metal center. The labile M - F bond can 

stabilize and activate the metal centers via bond association and dissociation, 

respectively (Scheme 1-1). In order to facilitate the additional coordination, 

fluorine groups are usually located at the ortho positions of the phenyl rings 

attached to the amido nitrogen, which are close to metal centers upon 

complexation of the ligand. 

-M. 

M-F bond dissociation 

M-F bond association 

� RoCi F 
n 

vacant site 
for 

reactions 

-M, 

stabilization activation 

Scheme 1-1 

Recently, the coordination chemistry of the [NCCeFslfSiMes)]"^^^ and 

[N{C6H3pr'2)(C6F5)ri3d ligands has been studied by our research group. Weak 

metal-fluorine interactions were observed in the complexes [CofNKCsHsPr'zMCsFs)}� 

{CI)U�thf)3] and ICo{N(C6H3Pr'2)(C6F5)}2{OMe)Li{tmeda)].^^^ A few examples of 

complexes containing metal-fluorine interactions are shown in Chart 1-8. 

12 
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, SiMeg , 

1 \ / 

； 

Eisen et al?^^ M=2r, Hf 

^ F CI F 

彻a喊f 
r / I '^H^ j r ^ 

CsFs 

Watkin etol. 

HN 
thf——Sm 

0 o F I \ ^ 
f y ^ ^ w H thf 

Watkin et aV 

Lee e t a l . ^ 

Chart 1-8 
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A m i d i n a t e L i g a n d s 

A General Features 

Amidinates, with the genera! formula of [RC(NR')(NR")r (R. R: R" : H, alkyt, 

aryl, siiyi), are nitrogen analogues of carboxylate anions)''� Closely related are 

guanidinates, with an amino group attached to the central carbon atom of the NCN 

moiety (Chart 1-9). 

(a) R (b) R 

0各0 〜各NZRII 

(c) 

Carboxylate 

e 
Amidinate 

MRj 

l - ^ N -

Guanidinate 

Chart 1-9 

Amidinate ligands exhibit a rich coordination chemistry due to their flexible 

coordination modes (Chart 1-10). 

(a) R 

、N人 N Z 
.JL.�•‘ 
\/ 

M 

A/.A/'-chelating 

(b) R 

人 
M 

Monodentate 

(c) 

人 mzR' N , � N 

M M' 

A/,A/'-bridging 

Chart 1-10 

It has been suggested that adoption of different binding modes of amidinate 

ligands may depend on the orientation of the lone pairs on the nitrogen donors, 

which is influenced by the steric bulkiness of the substituents on the nitrogen and 

14 



A/,A/'-chelattng A/,A/'-briclging 

Chart 1-11 

Amidinate ligands have been employed to stabilize a wide range of metal 

ions.22-29 An efficient steric protection to the metal center can be provided by 

incorporation of bulky substituents to the nitrogen and/or carbon atoms on the 

amidinate backbone. 

B. Amidinate Ligands with Bulky N-substituents 

Sterically demanding a Iky I； ary! or silyl substituents are usually incorporated 

to the nitrogen atoms of the NCN amidinate backbone in order to provide steric 

protection to the corresponding metal complexes (Chart 

R � N 各N-

R = Pr'•； R, = Me, Et, Pr', Bi/, Ph 
R = Bû - R’ = Me, Et, Ph 

=Cy; R_ = H, Me, Bu", Bi/, Fc, Ph, 
C6H2(CF3}3-2,4,6 

M e 3 S i � M < ^ N Z 删 e3 

R = Bi/, Ph, C6H40Me-4, 
C6H4CF3-4 

R 

N备N 
R 

R = H; R' = H, Me 
R = Me; R' = H, Ph 

R = Pr''; R' = H, Me, Bu^ Ph, 
C^H.IVle-2, CH.Me-4, 

Chart 1-12 
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carbons atoms (Chart i-n).22-23 
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Group 4 metal complexes supported by bulky amidinato ligands such as 

[PhC{N(SiIVIe3)}2]- and [RCfNCylz]" (R = Me, Bu )̂ (Chart 1-14) have been 

reported.24-25 Some of these complexes were shown to be active catalysts for 

alkene polymerizations and even dinitrogen activation. The chemistry of Group 4 

metal amidinates will be discussed in more details in Chapter 3. 

Bulky amidinate ligands have been proved to be capable of supporting metal 

complexes with unusual geometries. The four-coordinate metal centers in 

[Cr{MeC(NBi/)2}2严a and [Fe{PhC{NAr)2}2] (Ar = C6H3Pr'2-2,6产b were shown to be 

tetrahedral and square planar, respectively. Tetrahedral and square planar 

geometries are uncommon for high-spin Cr(ll) and Fe(ll) ions, respectively. 

Recently, unsymmetrical amidinate ligands containing both trimethylsilyl and 

ortho-disubstituted aryl rings on the nitrogen atoms have been developed by our 

research group. Late transition metal complexes of the (PhC(NSiMe3) 

(NCsHsMez—2,6)]- ligand were synthesized and characterized (Chart 

16 I 
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Chart 1-13 

In recent years, the chemistry of lanthanide(lll) tris(amidinate) complexes has 

attracted much attention because of their high activity towards ring-opening 

polymerization of e-caprolactone and trimethylene carbon a t e O n the other 

hand, reports on lanthanide(ll) amidinates are still rare.̂ ^̂ '̂ "̂ '̂ ^ By using the 

[PhC{NSiMe3)(NC6H3Pr'2-2,6)r ligand, a series of di- and trivalent lanthanide 

derivatives have been synthesized and structurally characterized by our research 

group (Chart 1 - 1 4 严 2 8 The catalytic properties of the lanthanide(lll) amidinates 

towards the ring-opening polymerization of e-caprolactone have also been 

investigated .isd 
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C. Terphenyl Amidinates 

Incorporation of a bulky terphenyl group on the central amidinate carbon 

atom is another approach to offer sufficient steric protection to the metal 

18 

Chapter 2 

\ .N： 

lJ Pr / 

Ln=Y, Eu, Er, Lu 

N
三
：
：
 

O
r
\
 

.o>�N\SitV 
-
K
 

/
/
^
-
-
-
-
r
m
N
 ¥ MegSi 

Ph 

I r 

Ph 

)VH 

Cy 

MêS 
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center.ih'29 Unusual three-coordinate Li complexes derived from sterically very 

bulky terphenyl substituted amidinate ligands have been reported (Chart 1 - 1 5 严 

One noteworthy feature of these complexes is the uncommon monodentate 

coordination mode of the ligands严° 

5 N-

Li 
,
N
<
N
,
 

c
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Objectives of This Work 

As described in the earlier sections of this chapter, the chemistry of Group 4 

metal amides was dominated by complexes derived from silylated amido ligands. 

Group 4 metal complexes supported by monodentate AZ-alkylated amido ligands 

have received relatively less attention. One objective of our research work was 

focused on synthetic and structural studies of Group 4 metal complexes supported 

by A/-alkylated arylamido ligands [N(C6H3R2-2,6)(CH2Bl/)]- (R = Me, Pr') (Chapter 2). 

The catalytic properties of Group 4 metal amides towards alkene polymerization 

have been extensively studied. On the other hand, studies of their reaction 

chemistry with various a Iky I or amide reagents are relatively rare. Therefore, the 

reaction chemistry of the Group 4 metal amides prepared in this work was 

examined. In addition, the chemistry of Group 4 metal complexes derived from 

the related amidinato ligand [Ph(NC6H3Pr'2-2,6}(NSiMe3)r was also studied 

(Chapter 3). Results of our studies may give some insights to the reactivity of 

Group 4 metal complexes supported by these monodentate and bidentate ligands. 

The chemistry of lanthanide complexes is an active area in organometallic. 

The majority of the work reported in the literature has been focused on trivalent 

lanthanide complexes. Recently, lanthanide(ll) chemistry has been a very topical 

area and a lot of related chemistry has been reported. Accordingly, the 

coordination chemistry of a bulky 2-pyridylamido ligand, 

[N(C6H3Pr'2-2;6)(2-C5H3N-6-Me)]~ towards divalent lanthanide ions was studied in 

this work (Chapter 4). The reaction chemistry of these lanthanide(ll) complexes 

was also examined. 
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Chapter 2 

Group 4 Metal Complexes 
Supported by A/-alkylated 
Arylamido Ligands 

The first part of this chapter gives a brief review on the chemistry of Group 4 

metal complexes derived from arylamido ligands. The second part of this chapter 

covers the results of our work on synthesis and structures of Group 4 metal 

complexes supported by the bulky [陣6_-16)((：曰281/)!~ [R = Me (l}), /V (L^)] 

ligands. In addition, ligand substitution reactions of our current Group 4 metal 

amide complexes are also reported. 
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Introduction 

An Overview on Group 4 Metal Arylamido Complexes 

k. Common Preparation Methods for Metol Amides 

Over the past decades, various synthetic methods have been developed for 

the preparation of metal amides. The most commonly used synthetic routes 

include alkane elimination, hydrogen elimination, ammonium halide elimination, 

transamination, and transmetallation/ 

Alkane elimination involves the reaction of a metal a Iky I with an amine. 

Therefore, its applications are limited to metal ions with readily available alkyi 

derivatives. For example, Zn(NEt2)2，the first metal amide, was prepared by the 

reaction of ZnEta with HNEta, in which ethane was eliminated (Scheme 2-1)/ 

ZnEtj + 2 HNEt2 Zr(NEt)2 + ZC^Hg 

Scheme 2-1 

Hydrogen elimination is another method using amines as starting materials 

(Scheme 2-2). This method involves the reaction of a metal hydride with an amine. 

This is a clean reaction as hydrogen is the only by-product. Nevertheless, it is less 

widely applied than other synthetic methods as many metal hydrides are not readily 

available. 

L̂ MH + HNR̂  L„MNR2 + H? 

Scheme 2-2 
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The ammonium halide elimination method involves the nucleophilic attack on 

a metal halide by an appropriate amine, yielding the corresponding metal amide 

with elimination of an ammonium halide salt (Scheme 2-3). As metal halides are 

more easily accessible than metal a Iky Is, this method has been widely used in 

amidometal chemistry. Ammonium halide elimination works particularly well with 

metal halides with a higher covalent character, rendering these metal halides more 

susceptible to necleophilic attack. However, this synthetic method cannot be 

extended to the heavier /j-block or transition elements because of a relatively high 

ionic character of the metal-halide bonds in the latter halide complexes. 

Moreover, halide complexes of the heavier p-block and transition elements readily 

form stable adducts with amines. 

gvix + 2HNR2 — L , M N R 2 + [RzNHJlXr 

Scheme 2-3 

Transamination involves the reaction of a metal amide with an amine (Scheme 

2-4). This type of reaction is usually controlled by volatility. The more volatile 

amine is eliminated from the reaction. 

L,MNR2 + HN(R')2 LnlVlN(R')2 + HNR2 

Scheme 2-4 

Transmetallation, otherwise named salt metathesis, involves the reaction of a 

metal halide with a ligand-transfer reagent, the latter is usually a Group 1 metal 

amide (Scheme 2-5). It is applicable to a wide range of elements and is therefore 

a commonly employed synthetic method. 
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MX M'NRR' ,IV1NRR' + M'X 

Scheme 2-5 

6. Group 4 Metal Arylamides Reported in the Literature 

The first Group 4 metal arylamide, [Ti(NPh2)4], was reported in 1934产 It was 

until 1990s that the molecular structures of this Ti(IV) complex^'' and its Zr(IV广 and 

Hf(IV) counterparts^'^ were reported. These complexes display a similar molecular 

structure in which four [NPha]" ligands coordinate to the metal(IV) center, forming a 

tetrahedral geometry around the metal ion. 

The catalytic properties of Group 4 metal amides towards olefin 

polymerization have been extensively studied. For example, Ti(IV), Zr(IV) and Hf(IV) 

complexes supported by the A/-silylated arylamido ligands [N(C6H3R2-2,6)(SiMe3)]— 

(R = Me, Pr') (Chart 2-1) were shown to be active catalysts for ethylene 

polymerization.5 

oc z SiMe 

CI 

Nomura et ol.^^ 

SiMea 
y SiMe, 

M. 
义'"X 

X 

M = Zr, Hf; X = F, CI, Me 
Roesky et 

Chart 2-1 

Besides, the chemistry of Group 4 metal complexes supported by the related 

31 



Chapter 1 

A/-alkylated arylamido ligands [NRArf (R = qCDalzMe, Bu^ CHBu、，Ad; Ar = Ph, 

CeHslVlez—3A C6H4PPh2-3) has also been studied. A series of Ti{lll), Ti(IV) and Zr(IV) 

complexes have been reported (Chart 2-2).^"^ It is noteworthy that n-stacking of 

aryl rings and H - C I hydrogen bonding were observed in [Ti{N(CHBuS)Ar'}2Cl2]/ 

y
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Q
 Q
 

D
3
 \

 F
 

c
 

>
1
 

S
 A

j
 

Y-CD3 \ y-cD3 

-CH 

� • “ SiMe, 

But ) 1 �But 

人 L l >CD3 r x UCD3 

A N 人 ？ 从产CD3 从�3 
7 CD3 CD, 丨 CDg I 

人 火 T 丨 D 3 C 火 T i 

Z = NMê , 0(CsH3Pr'2_2,6) Y = NMe》，1 X = NCCMe�，N3, NCPh 

Cummins et g / , 

乂7 W i A / 

Gambarotta et al： 
Love et al.' 

Chart 2-2 

The reaction chemistry of the Ti(lll) complexes [Ti(NBi/Ar)3] (Ar = Ph, 

C6H3Me2-3;5) has been examined by Cummins and co-workers.^ Treatment of 

[Ti(NBi/Ar)3] (Ar = Ph, CeHsMea-S^S) with CO2 led to the di-titanium(lll) complexes 

[Ti(NBi/Ar)(/j2-02CNBuW)2]2 (Chart 2-3).^' Activation of dinitrogen was 

32 I 



Chapter 2 

demonstrated by [Ti(NBi/Ph)3] together with [Mo(NRAr)3], from which a 

heterobinuclear dinitrogen complex was obtained， One-electron reduction 

reactions of [Ti(NRAr)3] (R = qCDalzMe, Ar = C3H6Me2-3,5) with [V(0)(0Pr')3] and 

[Mo(N)(OBu%] afforded the heterobimetallic ju-oxo complexes [(Pr'OjaV-O-

Ti(NRAr)3f'and [(Bi/0)2(N)Mo-0-Ti(NRAr)3]: respectively. 9d 

Bi/ 

, 0 ^ 0 
BU\ s / M , 

N——Ti Ti——N 
Ar 

Ar Bi/ 

Bi/ 

.Bû  R, ,Ar 

Ph 

P h s N , N'\ 
\ 

,Ti——N=N=Mo 
一 z y \ 

> Ar 

Ar 

Ar� 

Ar-

Ti—0—V, 

Ar—N 
丫 

Ar� 

Ar-

Ti一0—Mo 

Ar-

:qCDgljMe, Ar = (：6明62-3,5 
Cummins et al.^ 

Chart 2-2 
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Results and Discussion 

Group 4 Metal Complexes Derived from the 

[N(C6H3R2-2,6)(CH2Bu')r (R = Me, Pr') Ligands 

A. Preparation of Ligond Precursors and the Corresponding Lithium Derivatives 

The precursor amines [HN(C6H3R2-2,6)(CH2Bl/)] [HL": n = 1, R = Me (3); n = 2, 

R = Pr' (4)] were prepared according to procedures previously developed in our 

laboratory with minor modifications (Scheme 2-6)/° 

R 
NH-

Bi/COCI, EtsN 

CH2CI2 
reflux, 2h 

o 
人 Bû  

R = Me 
R = Pr'' 

LiAlH, 

1,4-Dioxane 
reflux, 5d 

v s Bu' 
R 

3: R = Me 58% 
4: R = Pr' 66% 

Scheme 2-6 

Treatment of H2N(C6H3R2-2,6) (R = Me, Pr') with trimethylacetyl chloride and 

triethylamlne gave compounds 1 and 2. Reduction of compounds 1 and 2 by LIAIH4 

in 1,4-dioxane under reflux for 5 d yielded the /V-alkylated arylamines 3 and 4 in 

overall yields of 58% and 66%, respectively. 

Lithiation of ligand precursors 3 and 4 with LiBu" in the presence of tmeda 

afforded [LiL"(tmeda}] [n = 1 (5), n = 2 (6)] in excellent yields of 99% and 98% 

respectively (Scheme 2-7). In the absence of tmeda, lithiation of compound 4 in 
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Etp 
0�C to r.t, 2h 

R 
N 八 But 

Li 

W \ 

5: R = Me 99% 
6: R = Pr' 98% 

R = Pr' 
LiBu" 

thf 
CrC to r.t. 2h 

LiL2(thf)2 

7 99% 

Scheme 2-7 

B. Synthesis of Ti(IVl Zr{IV) and Hf(IV) Amido Complexes 

Salt metathesis reactions of an appropriate anhydrous MCU (M = Zr, Hf) with 

two molar equivalents of lithium reagents 5 and 6 in toluene yielded the 

heterobimetallic ote-complexes [M{L")2Cl(^-C!)2Lj(tmeda)] [M = Zr, n = 1 (8), n = 2 

(9); M = Hf, n = 1 (10), n = 2 {11)] (Scheme 2-8). The Zr(IV) (8 and 9) and Hf(IV) (10 

and 11) complexes were isolated as pale yellow and colorless crystals, respectively. 

Complexes 8-11 are readily soluble in commonly organic solvents except hexane. 
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thf gave the thf-adduct LiL^{thf)2 (7) in 99% yield. Lithium reagents 5-7 were used 

as Hgand-transfer reagents in the following complexation reactions. 

Bu: 八
 N

H
 

3:R = Me 
4: R = Pr̂  



R 
N-^Bu^ 

Li 
\ / \ z 

N N 

MCI4 

toluene 
0°C to r.t.. Id 

R = Me 
R = Pr'" 

8 
9 

10 
11 

R = Me, M = Zr 40% 
R = Pr'', M = Zr 35% 
R = Me, M = Hf 33% 
R = Pr>, M = Hf 28% 

Scheme 2-8 

It is believed that the tmeda ligand helps to stabilize complexes 8-11 as 

LiCI-adducts. In order to prevent the formation of the LiCI-adducts, we have also 

employed the tmeda-free lithium complex LiL^{thf)2 (7) as a ligand-transfer reagent. 

Treatment of the appropriate MCl4(thf)x {M = Ti, x = 2; M = Z r , Hf, x = 0) with two 

equivalents of compound 7 gave the neutral, four-coordinate metal(IV) bis(amicle) 

complexes [MfL^jzClz] [M =Ti (12), Zr (13), Hf (14)] (Scheme 2-9). 

2 LiL2(thf). 

7 

(M = Ti, 

MCl4(thf>x 
=2; M = Zr, Hf,x = 0) 

Pr' Bi/ 
J 

Pr' 

Et̂ O (M = Ti) or toluene (M = Zr, Hf) 
0�C to r.t.. Id CI 

12: M = Ti 36% 
13: M = Zr 61% 
14: M = Hf 44% 

Scheme 2-9 
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Interestingly, the Zr(IV) ote-complex [Zr{L^)2CI(ju-CI)2Li(thf)2] (13a) was 

observed in the crude product but was absent after recrystallization of the crude 

product from toluene.* Conceivably, complex 13a was an initial product of the 

reaction. When the crude product was dried under vacuum during work-up, the 

coordinated thf molecules were removed leading to the detachment of the 

"UCI(thf)2" moiety and the isolation of 13 as a final product (Scheme 2-10). 

ft 
Pr' N — Z r . 

But 
Pr, CI ( p, f ^ P r - Buf 

"、 、认 J 

ZrCI^ J 
2 LiL2(thf)2 Bu 

、：：^ P r ' ^ ^ ,.� Pr" � C j (i) vacuum 
toluene C! (ii) recrystallized ^^ 
——… - V I \\ 

& 
Zr.‘.„,. + LiCi 

°C to r . t , I d from toluene Pr'. 

o 
13 

Scheme 2-10 

We envisaged that the neutral, four-coordinate complexes 13 and 14 are more 

reactive than the ote-complexes 8-11. Therefore, subsequent reactions of 13 and 

14 with alkyi, amide and alkoxide reagents, as well as reducing agents, were studied 

in this work {vide infra). 

Physical Characterization of Complexes 8-14 

The formulation of complexes 8-14 has been confirmed by elemental analysis, 

NMR spectroscopy, and single-crystal X-ray diffraction analysis. Table 2-1 

summarizes some of the physical properties of compounds 8-14. 

The presence of 13a in the crude product was confirmed by a single-crystal X-ray diffraction study. 
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Table 2-1 Some physical properties of compounds 8-14. 

Compound Appearance M.p. r c ) 

[Zr(L^)2CI{/i-Ct)2Li{tmeda)] (8) Pale yellow crystals 169-174 

[Zr(L\CI(/i-CI)2Li(tmeda>] (9) Pale yellow crystals 190-193 (dec) 

[Hf(L')2C!(/i-ClhLi(tmeda)] (10) Colorless crystals 176—178 

[Hf(L\Cl(/i—CI}2Li(tmeda>] (11) Colorless crystals 319-324 (dec.) 

_ A l (12) Red crystals 241-245 

[Zr(L\Cb] (13) Pale yellow crystals 214-219 

IHf(L\Cl2] (14) Colorless crystals 222-227 

NMR Spectra of Complexes 8-14 

1. [M(L")2Ct(/i-Cl)2Li(tmeda)] [M = Zr, n = 1 (8), n = 2 (9); M = Hf, n = 1 (10), n = 2 (11}] 

NMR spectra of complexes 8-11 are shown in Figures A3-1 to A3-8 {see 

Appendix 3). The ^H and ^̂ C NMR spectra of these complexes showed resonance 

signals assignable to a pair of L̂  ligands and one coordinated tmeda molecule. 

Only one set of resonance signals assignable to the L! ligand were observed, 

indicating that the two L! ligands in each complex are equivalent with a plane of 

symmetry containing the three chloride ligands present in the molecule (Figure 2-9). 

The methylene protons of the L̂  ligand appear as one singlet (at 3.84 ppm for 8 and 

3.80 ppm for 10). The two methyl substituents of the aryl ring are isochronous, as 

indicated by the occurrence of only one singlet (at 2.80 ppm for 8 and 2.81 ppm for 

10) assignable to the methyl protons. 
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Ar-QHsMej-Z.G 
R = CH.Bu' 

Equivalent 
Me groups 

Equivalent 
methylene protons 

Figure 2-9 

The ^H and ^̂ C NMR spectra of complexes 9 and 11 showed one set of 

resonance signals assignable to the L̂  iigands and tmeda molecule in a ratio of 2:1. 

The two 1_2 Iigands in each complex are equivalent (occurring as one set of 

resonance signals), suggesting the presence of a symmetry plane in the molecule 

(Figure 2-10). The isopropyl methine protons appear as a broad signal (at 4.29 

ppm for 9 and 4.11 ppm for 11), presumably as a result of overlapping of two 

septets, and the isopropyl methyl protons occur as two doublets (at 1.47 and 1.64 

ppm for 9, and 1.51 and 1.62 ppm for 11). These indicate that the two isopropyl 

substituents of the L̂  ligand are chemically nonequivalent. Apparently, a restricted 

rotation about the N-C,pso bond locks the aryl ring at a position that the isopropyl 

substituents are not interchangeable. 

Ar = Cc,H3lVlei-2,6 
R = CH,Bu' 

NRAr 

F
 

-
f
-
T
/
 

D
L
F
/
 

Nonequivalent 
Pr'groups 

due to a restricted rotation 
about the N - C群 bond 

Equivalent 
methylene protons 

Figure 2-10 
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The NMR spectra of the complexes 9 and 11 showed one singlet at -1.68 

and -1.92 ppm, respectively. 

2. [IVI(l2)2CI2] IM = Ti (12), Zr (13), Hf (14)] 

The ^H and ^̂ C NMR spectra of complexes 12-14 (Figures A2-9 to A2-14) 

showed one set of resonance signals assignable to the I? ligand, indicating that the 

two L^ligands in each complex are equivalent. The isopropyl substituents in each 

complex are equivalent, as only one septet (at 3.91 ppm for VI, 3.88 ppm for 13 and 

3.92 for 14) assignable to the methine protons is observed in their ^H NMR spectra. 

Despite the equivalence of the two isopropyl substituents of the L̂  ligand, the 

isopropyl methyl protons occur as two doublets {at 1.42 and 1.60 ppm for 12, 1.43 

and 1.56 ppm for 13, and 1.45 and 1.54 ppm for 14) in the ^H NMR spectra, it is 

inferred that the geminal methyl groups of the isopropyl substituent are 

diastereotopic (Figure 2-11).^^ 

Equivalent 
Pr' groups 

Diastereotopic 
Me groups 

Two-fold ^ ^ The two L̂  ligands 
are equivalent axis 

Figure 2-11 
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Crystal Structures of Complexes 8-14 

Single crystals of 8'0.5PhMe, 9, 10«PhMe, 11, 13, 13a and 14 were obtained 

from toluene, whereas those of 12 were obtained from hexane. The solid-state 

structures of these complexes were elucidated by X-ray crystallography. Selected 

crystallographic data are listed in Appendix 2. 

1. [M{L")2CI(iu-CI)2Li(tmeda)] [M = Zr, n = 1 (8), n = 2 (9); M = Hf, n = 1 (10), n = 2 (11)] 

and [Zr(L2)2a(iU-a)2Li(thf)2] (13a) 

Figures 2-12 to 2-16 show the molecular structures of the heterobimetallic 

complexes 8-11 and 13a, respectively. Selected bond lengths and angles are 

presented in Tables 2-2 to 2-6. 

Crystals of 8.0.5PhMe and lO.PhMe belongs to the tridinic space group PI, 

whereas complexes 9 and 11 crystallize in the monoclinic space group PXjn. The 

related 13a crystallizes in the monoclinic space group Cc. The Group 4 metal 

center in each complex is coordinated by two amido ligands L", one terminal 

chloride ligand, and two bridging chloride ligands. The ！alters act as bridging 

ligands, connecting the Group 4 metal ion to the lithium ion. The geometry around 

the metal(IV) center is best described as distorted trigonal bipyramidal, with the 

terminal chloride ligand [Cl(l)] and one of the bridging chloride ligands [ C I � ] 

occupying the axial positions. The sum of angles around the metal(IV) center on 

the N(l)-N(2)-Cl(3) plane is close to 36(r. 

The Zr(IV) complexes 8, 9 and 13a have similar structural parameters. The 

observed Zr-N distances in 8, 9 and 13a are 2.022(6卜2.024(6), 2.041(2)-2.061(2) 
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and 2.046(4)-2.060{4) A, respectively. The slightly longer Zr-N distances in 9 and 

13a can be attributed to the sterically more demanding L̂  ligand. The Zr-N bond 

lengths in complexes 8, 9 and 13a are comparable to those of 2.0393(3)-2.063(5) A 

in [{Li(thf)4}{Zr(NMe2)3(SiBi/Ph2)2}]iib and 2.040(2)-2.010(3) A in [Zr{N(SiHMe2)2}2(CI) 

(iU-CI)]2.iic They are shorter than those of 2 , 1 0 2 � - 2 . 1 7 9 ( 2 ) A in [{KtCyHsh} 

{Zr[N(C6F5)2]3Cl2}L where the Zr(IV) center has a five-coordinate ligand 

environment/^' The terminal Zr-CI distances in 8 [2.469(1) A], 9 [2.469(9) A] and 

13a [2.435(1) A] are similar to those of 2.4468{8)-2.4882{8) A in 

[{K(C7H8)2}{Zr[N(C6F5)2]3Cl2}]/ia but Slightly longer than that of 2.392(1) A in 

[Zr{N(S旧Me2)2}2(CI)0LM：�2.11c j ^ e bridging Zr-CI bond lengths of 2.541(1) and 

2.578(1) A in 8, 2.529(9) and 2.566(9) A in 9, and 2.523(1) and 2.533(1) A in 13a are 

shorter than the corresponding distances of 2.599(1)-2.628{1) A reported for 

[Zr例 S 旧 Me2)2}2(CI)(i^-CI)]2.iic 

The Hf(!V) complexes 10 and 11 have similar structural parameters. The Hf~N 

bond lengths in 10 are 2.014(4) and 2.024(5) A, whereas the corresponding 

distances in 11 are 2.037(3) and 2.042(3) A. The marginally longer Hf-N distances 

in 11 can be attributed to the larger steric requirement of the L^ ligand. The Hf-N 

distances in complex 10 and 11 are slightly shorter than those of 2.04(l)-2.063(5) A 

reported for the five-coordinate [{Li(thf}4}{Hf(NMe2)3(SiBi/Ph2)2}].iid The terminal 

Hf-CI distances of 2.439(1) A in complex 10 and 2.416(1) A in 11 are slightly longer 

than those in the four-coordinate [Hf{N(C6H3Pr'2-2,6)(SiMe3)}2Cl2] [2.344(1) and 

2 . 3 8 3 � 
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Figure 2-12 Molecular structure of [Zr(L�CI0j-ClhU(1:nnecla)].O.SPhMe {8-0.5PhMe). 

The solvated PhMe molecule is omitted for clarity. 

Table 2-2 Selected bond lengths (A) and angles (deg.) for compound 8*0.5PhMe. 

[Zr(L')2CI{/i-C!)2Li(tmeda)]-0.5PhMe{8.0.5PhlVIe) 

2r(l)-N{l) 2.022(6) Li(l)-N � 2.054(1) 

Zr{l)-N(2) 2.024(6) U( lhN � 2.058(1) 

Z r � -C I � 2.469(1) Li{l)-CI(2) 2.335(1) 

Zr(l)-CI(2) 2.578(1) Li(l)-CI(3) 2.342(1) 

Zr � -C l ( 3 ) 2.541(1) N(l)-C(l) 1.451(9) 

N(1)-C(9) 1.51(1) 

N{l)-Zr(l)-N{2) 112.6(2) Cl(l)-Zr(l)-CI(2) 159.9(7) 

N �- Z r �- C I � 130.4(1) C(l)-N(l)-Zr(l) 132.3(5) 

N(l)-Zr(l)-CI(3) 116.4(1) C(9)-N(l)-Zr(l) 107.9(5) 

Cl(2)-Li �- C l ( 3 ) 88.7(4) C(l)-iM{l)-C(9) 115.0(6) 

N(3)-Li(lhN(4) 89.6(6) 
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Figure 2-13 Molecular structure of [2r(L̂ )2Ct(/i-CI)2U(tmeda)] (9). 

Table 2-3 Selected bond lengths (A) and angles (deg.) for compound 9. 

[Zr(L')2CI(̂ -CI)2U(tmeda)] (9) 

Zr �- N { 1 ) 2.061(2) Li(l)-N(3) 2.068(7) 

Zr{l)-N{2) 2.041(2) Li(l)-N(4) 2.062(7) 

Zr(l)-CI(l) 2.469(9) Li(l)-Cl{2) 2.331(6) 

Zr{l)-CI(2) 2.566(9) L i ( lK I (3 ) 2.302(6) 

Zr(l)-CI � 2.529(9) N(l)-C(l) 1.447(4) 

N{1)-C(13) 1.490(4) 

N(l)-Zr �- N ( 2 ) 112.5 � Cl(l)-Zr(l)-CI(2) 161.5(3) 

N �- Z r { l H : i � 120.6(7} C �- N ( l ) - Z r ( l ) 135.5(1) 

N(l)-2r(l)-CI(3) 118.7(7} C(13)-N(l)-2r(l) 103.7(1) 

CI(2Ki(l)-CI(3) 89.7(2) C(l)-N(l)-C(13) 117.8(3) 

N⑶一 U ⑴ - _ 90.2(3) 
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Figure 2-14 Molecular structure of [Hf(L')2CI(^-CI)2Li(tmecla)].PhMe (lO.PhMe) 

The solvated PhMe molecule is omitted for clarity. 

Table 2-4 Selected bond lengths (A) and angles (deg.) for compound lO.PhMe. 

{Hf(L^)2CI(Ai-CI)2Li(tmeda)]'PhMe(10'PhMe) 

H f �- N � 2.014(4) Li �- N ( 3 ) 2.07(1) 

Hf(l)-N(2) 2.024(5) L i �- N � 2.08(1) 

H f �- C l ( l ) 2.439(1) Li(l)-CI(2) 2.33(1) 

Hf(l)-CI{2) 2.541(1) Li(l)-C!(3) 2.32(1) 

Hf(l)-CI(3) 2.526(1) N(l)-C(l) 1.422(7) 

N(1)-C(9) 1.482(7) 

N(l)-Hf(lhN(2) 110.5(1} Cl(l)-Hf(l)-Cl(2) 159.8(6) 

N(2)-Hf(l)-CI(3) 116 6(1) C{l)-N(l)-Hf(l) 129.1(3) 

N(l)-Hf(l)-Cl(3) 132.4(1) C �- N �- H f ( l ) 111.9(3) 

Cl(2)-Li{l)-Cl(3) 115.1(5) C � -N ( 1 K : ( 9 } 118.8(4) 

N(3)-Li(l)-N(4) 88.2(4) 
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Figure 2-15 Molecular structure of [Hf(L^)2CI(^i-CI)2Li(tmecla)] (11). 

Table 2-5 Selected bond lengths (A) and angles (deg.) for compound 11. 

[Hf(L')2CI(/i-CI)2Li(tmeda)] (11) 

Hf{l)-N(l) 2.037(3) U(l)-N(3) 2.05(1) 

Hf(l)-N(2) 2.042(3) Li(l)-N(4) 2.07(1) 

_ - C I � 2.416(1) Li(l)-CI(2) 2.345(9) 

Hf(l)-CI(2) 2.493(1) L i { lK I {3 ) 2360(9) 

Hf(l)-CI(3) 2.488(1) N(l)-C(l) 1.444(5) 

N(l)-C(13) 1.475(5) 

M(lhHf �- N ( 2 ) 113.3(1} CI{l)-Hf(l)-CI(2) 165.3(1) 

N(2)-Hf(l}-CI(3) 124.7(1) C(l)-N(l)-Hf(l) 126.7(2) 

N(l)-Hf(l)-CI(3) 121.9(1) C(13)_N �- H f ( l ) 114.9(2) 

Cl(2)-Li{l)-CI{3) 86.8(3) C{l)-N(l)-C{13) 116.5(3) 

N(3)-Li(l)-N(4) 90.9(4) 
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Figure 2 - 1 6 Molecular structure of [Zr(L^)2CI(A/~Cl)2Li(thf)2] (13a) 

Table 2 -6 Selected bond lengths {A) and angles (deg.) for compound 13a. 

[Zr(L2hCI(/i-a)2Li(thfh] (13a) 

Zr(l)-N(l) 2.046(4) Li(l)-0(1) 1.87(1) 

2r(l)-N(2) 2.060(4) Li{l)-0(2) 1.88(1) 

Z r �- C I � 2 435(1) Li(l)-C!(2) 239(1) 

Zr(l)-Cl(2) 2.533(1) Li(l)-Cl(3) 2.36(1) 

Zr(l)-CI(3) 2.523(1) N �- C ( l ) 1.443(6) 

N(l)-C(13) 1.465(7) 

N(l)-2r(l)-N(2) 113.5(1) C I ( l ) -Zr ( lK I {2) 163.0(1) 

N(2)-Zr( lKI(3) 124.4(1) C(l)-N(l)-Zr( l) 129.4(3) 

N( l ) -Z r ( lK I (3 ) 121.9(1) C{13)-N(l)-Zr(l) 112.4(3) 

Cl(3)-Li(l)-Ct(3) 89.7(2) C(l)-N(l)-C(13) 117.1(4) 

N �- L i �- N � 90.2(3) 
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2. [M(L勺2Cb] [M = Ti (12), Zr (13), Hf (14)] 

Molecular structures of the neutral bis(amido) M(IV) dichloride complexes 

12-14 are shown in Figures 2-17 to 2-19. Selected bond distances and angles are 

summarized in Tables 2-7 to 2-9. 

Complexes 12-14 are isostructural. They crystallize in the orthorhombic space 

group P2i2i2i. The Group 4 metal ion is coordinated by two arylamido ligands and 

two chloride ligands； with a C^-axis passing through the metal center. The 

coordination geometry around the metal center can be described as pseudo 

tetrahedral. 

The Ti-N distances in 12 [1.889(1) and 1.891(2) A] are comparable to the 

corresponding distances reported for Ti(IV) bis(amido) complexes [Ti{NBi/Ph}2Cl2] 

[1.888(1) and 1.894(1) A]^ and [TKlNKSiMeshhCb] [1.877(2) and 1.882(2) A]尸a 

tris(amido) complex [Ti{NBu'{C6H3Me2-3,5)}3CI] [1.922(4)-1.929(4) A]产 as well as 

tetra{amido) complexes [Ti{NPh2)4] [1.926(3)-1.948(3) A 产 and [Ti(NMe2)4] 

[1.897(2)—1.924� A].i2b The Ti-CI bond distances in 12 [2.2396(9) and 2.2451(8) 

A] are comparable to those observed in [TiiNBu'PhjzCb] [2.2493(6) and 2.2530(6) 

A],7 [Ti{N(SiMe3)2}2Cl2] [2.231(1) and 2.239(9) A]/^' and [Ti{NBu'(C6H3Me2-3,5)}3CI] 

[2.281(2)].6a 

The Zr-N bonds of 2.020(3) and 2.025(3) A in complex 13 are similar to those of 

2.029(2) and 2.030(2) A reported for the four-coordinate [Zr{N(C6H3Pr'2-2,6} 

(SiMe3)}2Cl2].5a However, they are marginally shorter than those reported for the 

five-coordinate [Zr{N(SiMe3)2}2Cl2(thf)] [2.040(3) and 2.051(3) A]/^' and shorter than 

those reported for the six-coordinate [Zr{N(C6H3Pr'2-2,6)(C6H4F-2)}2Cl2] [2.116(1) 
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and 2.130(1) A].^^' The Zr-CI distances in compound 13 [2.371(1) and 2.379(1) A] 

are shorter than those in [Zr{N(SiMe3)2}2Cl2(thf)] [2.460(1) and 2.482(1) A]}^^ They 

are similar to that of 2.380(1) in pr{N(C6H3Pr'2-2,6)(SiMe3)}2Cl2]/a but marginally 

longer than those of 2.3491(7) and 2.3648(7) A reported for 

[Zr{N(C6H3PiV2,6}(C6H4F-2)ha2].i2c 

The Hf-N distances of 2.003(3) and 2.006(3) A in 14 are slightly shorter than 

the corresponding distances reported for the four-coordinate [Hf{N(C6H3pr'2-2,6) 

(SiMe3)}2Cl2] [2.018(3) and 2.028(3) A广 and the five-coordinate [Hf{N(SiMe3)2}2Cl2 

_ ] [2.042(5) and 2.033(6) A]/^' and much shorter than those reported for the 

six-coordinate [Hf{N(C6H3Pr'2-2,6)(C6H4F-2}}2Cl2] [2.114(3) and 2.117(3) A]/^' The 

Hf-C! bond lengths in 14 [2.345(1) and 2,353(1) A] are comparable to those in 

[Hf{N(SiMe3h}2Cl2(thf}] [2.439(1) and 2.449(1) A]/^' [Hf{N(C6H3Pr'厂2,6)(SiMe3)}Cl2] 

[2.344(1) and 2.350(1) A产 and [Hf{N(C6H3Pr'2-2,6)(C6H4F-2)}2Cl2] [2.334(1) and 

2.336(1) 
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Figure 2-17 Molecular structure of [Ti(L\ci2] (12). 

Table 2-7 Selected bond lengths (A) and angles (deg.) for compound 12. 

[Ti(L^)2a] (12) 

Ti(l)-N(l) 1.889(1) • n �- C I � 2.245(1) 

Ti ⑴一 N(2) 1.891(2) Ti �- a ( 2 } 2.240(1) 

N �- C ( l ) 1.447(3) N(1)-C(13) 1.485(3) 

N(l)-Ti(l)-N{2) 114.42(8) C(l)-N(l)-Ti( l) 125.8 � 

N ( l ) - T i ( l K f ( l ) 111.35(6) C(13)-IM(1)-Ti(l) 116.8(1) 

CI � -T i �- C K 2 ) 111.78(4) C � 116.8(1) 
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Figure 2-18 Molecular structure of [Zr(L hCb] (13). 

Table 2-8 Selected bond lengths (A) and angles (deg.) for compound 13. 

[Zr(LVl2] (13) 

Zr(l)-N(l) 

Zr(l)-N(2) 

N(l)-C(l) 

N(l)-Zr(l)-N(2) 

N(l)-Zr(l)-CI(l) 

a ⑴一Zr(l)-CI(2) 

2.020(3) 

2.025(3) 

1.440(4) 

112.9(1) 

103.4(8) 

112.2(4) 

Z r { l K ! ( l ) 

Z r ( lK I (2 ) 

N �- q i 3 > 

C(l)-N(l)-Zr(l) 

C(13)-N(l)-2r(l) 

C{l)-N(l)-C{13) 

2.371(1) 

2.379(1) 

1.489(4) 

125.9(2) 

115.8(2) 

117.6(3) 
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Figure 2- Motecular structure of [HfiL^jjCh] (14). 

Table 2-9 Selected bond lengths (A) and angles (deg.) for compound 14. 

[HffL 'hai (14) 

Hf(l)-N(l) 2.006(3) Hf �- C l ( l ) 2.345(1) 

H f �- N � 2.003(3) Hf(l)-C!(2) 2.353(1) 

N(l)-C(l) 1.441(4) N(1)-C(13) 1.486(4) 

N(lhHf(l}-N(2} 111.3(1) C(l)-N(l)-Hf(l) 124.5(2) 

N(l)-Hf(l)-Cl(l) 104.2(7) C(13)-N(l)—Hf � 118.4(2) 

CI(l)-Hf(l)-CI(2) 112.52(4) C � -N �- C ( 1 3 ) 116.5(3) 
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C. Synthesis of Mixed-amido Zr(IV) and Hf(IV) Complexes 

As depicted in Scheme 2-11； mixed-ligand tetra(amido) complexes 15 and 16 

were obtained as colorless crystals by reacting complexes 13 and 14, respectively, 

with two equivalents of LiNMe^ in toluene. Complexes 15 and 16 are readily 

soluble in toluene but only sparingly soluble in hexane. 

Pr' Buf 
J 

Pr' 

Pr 

M 

V v P r ' � 

u 

13: M = Zr 
14 M = Hf 

2 equiv LiNMej 

'CI toluene 
0 ° C t o r t . Id 

Pr' Buf 
J 

Pr' 

Pr' 

M. 
y"NMe2 

Pr' 
NMe， 

15: M = Zr 74% 
16: M = Hf 47% 

Scheme 2-11 

Reactions of 15 and 16 with excess methyl iodide were studied in this work. 

Two products were isolated in each case, which were identified to be the 

2-12). The monoiodide complexes 17 and 19 were isolated as colorless crystals, 

whereas the diiodide complexes 18 and 20 were obtained as yellow crystals. In the 

case of zirconium, the diiodide complex 18 was found to be the major product, 

whereas the monoiodide compound 19 was the major product in the case of 

hafnium. The two products in each reaction could be separated by fractional 

crystallization from hexane, in which the major product was obtained in the first 

fraction. 
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Pr' Bû  
J 

Pr' 

Bi/-

Pr丨 

.M, 

N 

Pr' 

\ ‘ ' ' _ e j 
NMe, 

15: M = Zr 
16: M = Hf 

excess Mel 

toluene 
0°C to r.t.. I d 

Pr'' Bû  
J 

Pr' 

.M, 

P r ' �‘ ‘ \ / ’f 
V V P r ' Q 

17: M = Zr 5% 
19: M = Hf 44% 

J 
Pr' 

Pr' 

'•"J I 

Pr'-

18: M = Zr 54% 
20: M = Hf 5% 

Scheme 2-12 

Physical Characterization of Complexes 15-20 

Complexes 15-20 have been characterized by elemental analysis, melting point 

determination, NMR spectroscopy, and X-ray crystallography. Table 2-2 shows some 

of the physical properties of complexes 15-20. 

Table 2-10 Some physical properties of compounds 15-20. 

Compound Appearance M.p. (°C) 

[Zr(L2)2(NMe2)2] (15) 

[Zr{L')2(NIVIe2)(l)] (17) 

[Zrd'hbldS) 
[Hf(L2)2(lsJMe2}(l)] (19) 

Colorless crystals 

Colorless crystals 

Yellow crystals 

Colorless crystals 

238-240 (dec.) 

210-211 (dec.) 

228-230 

200-205 

NMR Spectra of Complexes 15-20 

[M(L2}2(NMe2)2] [M = Zr (15), Hf (16)] 

The ^H and ^̂ C NMR spectra of complexes 15 and 16 are shown in Figures 

A2-15 to A2-18. Only one set of resonance signals assignable to the L̂  ligand 
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were observed in their NMR spectra, indicating that the two L̂  ligands in each 

complex are equivalent. The two NMez ligands in the complex are also equivalent 

as only one resonance signal (at 2.69 ppm for 15 and 2.67 ppm for 16 in the ^H NMR 

spectra) assignable to the NMe2 ligand was observed in each spectrum. In the ^H 

NMR spectrum, the occurrence of only one septet signal assignable to the isopropyl 

methine protons suggests that the two isopropyl substituents of the L̂  ligand are 

equivalent (Figure 2-20). There are two doublets assignable to the isopropyl 

methyl protons in the ^H NMR spectrum, showing that the geminal methyl groups of 

the isopropyl substituent are diastereotopic. 

Diastereotopic 
Mo groups 

Equivalent 
Pr'groups 

H H 
( ^ M NMe, 

B"̂  ；TVH \ 
隱 2 Two-fold K 

^ Y � axis ^ 

Figure 2-20 

The two ligands are 
equivalent 
The two NMe> ligands 
are equivalent 

2. [M(L2)2(NMe2)(l)] [M = Zr (17), Hf (19)] 

The 1h and ^̂ C NMR spectra of 17 (Figure A2-19 and A2-20) and 19 (Figures 

A2-23 and A2-24) showed resonance signals assignable to the L̂  ligand and the 

NMez ligands in a ratio of 1:1. The occurrence of two septets (at 3.62 and 4.42 

ppm for 17, and 3.72 and 4.34 ppm for 19) assignable to the isopropyl methine 
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protons of the L̂  ligand indicates that the two isopropyl substituents of the L̂  ligand 

are nonequivalent. This is probably due to a restricted rotation about the N - C _ 

bond so that the aryl ring is locked at a position that the two isopropyl substituents 

are not interchangeable. This also leads to the nonequivalence of (i) the two 

o-aromatic carbons, and (ii) the two rn-aromatic carbons, which are reflected by a 

total of six resonance signals assignable to the aromatic carbons in the ^̂ C NMR 

spectrum. The diastereotopic isopropyl methyl groups occur as four doublets in 

the ^H NMR spectrum. Moreover, the methylene protons of the neopentyl 

substituent occur as two doublets (at 4.08 and 4.19 ppm for 17, and 3.97 and 4.11 

ppm for 19), indicating that they are diastereotopic (Figure 2-21). 

Nonequivalent 
Pr' groups 

due to a restricted rotation 
about the N-Cp；^ bond 

Diastereotopic 
Me groups 

Diastereotopic 
methylene protons 

Figure 2-21 

3. [M(L^)2l2] [M = Zr (18), Hf (20)] 

The ^H and ^̂ C NMR spectra of 18 and 20 are shown in Figures A2-22 and 

A2-22, and A2—25 and A2-26. Each spectrum showed one set of resonance 

signals assignable to the L̂  ligand, indicating the equivalence of the two L̂  ligands in 

each complex. In the ^H NMR spectrum, only one septet assignable to the 
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isopropyl methine protons is observed, showing that the two isopropyl substituents 

of the ligand are equivalent. Two doublets assignable to the isopropyl methyl 

protons are observed. This indicates that the geminal methyl groups of the 

isopropyl substituent are diastereotopic (Figure 2-22). 

Equivalent 
Pr'groups 

Diastereotopic 
Megroups 

Two fold The two L̂  ligands 
axis are equivalent 

Figure 2-22 

Crystal Structures of Complexes 15-20 

1. [M(L2)2(NMe2)2] [M = Zr (15), Hf (16)] 

The solid-state structures of complexes 15 and 16 are shown in Figures 2-23 

and 2-24, respectively. Selected bond distances and angles of the complexes are 

summarized in Tables 2—11 and 2—12. 

Complexes 15 and 16 are isostructural. They crystallize in the monoclinic 

space group P2i/c. The metal center in each complex is coordinated by two L̂  

ligands and two _ e 2 ligands. The coordination geometry around the metal 

center can be described as distorted tetrahedral. 
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The observed Z r - N — distances in 15 are 2.080(3) and 2.102(2) A. They are 

slightly longer than those of 2.020(3} and 2.025(3) A in the dichloride precursor 

complex 13. This can be attributed to the more bulky ligand environment of 

complex 15 as compared to that of 13. The Z r - N應d i s t a n c e s of 2.024(3) and 

2.039(3) A in 15 are close to the corresponding distances reported for the 

four-coordinate [Zr{N(SiMe3)2}2(NIVIe2}(a)] [2.024(3) A]^ '̂' and the binuclear 

[Zr{N(SiMe3)2KNMe2)2(CI)]2 (2.030(1) and 2.036(1) A].^^' 

The Hf-Haryi distances of 2.059(3} and 2.082(3) A in 16 are slightly longer than 

the corresponding distances in the dichloride precursor complex 14 [2.003(3) and 

2.006(3) A]. The Hf-N^Me, distances in 16 are 2.011(4) and 2.019(4) A. 

slightly shorter than those of 2.019(3) and 2.036(3) A in the 

[Hf{N(SiMe3)2}(NMe2)2(iU-CI)]2.i2a 

They are 

binuclear 
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Figure 2-23 Molecular structure of [Zr(L\(NMe2)2] (IS)‘ 

Table 2 -11 Selected bond lengths (A) and angles (deg.) for compound 15. 

[Zr(L\(NMe2)2] (15) 

Zr(l}-N(l) 2.080(3) 2.024(3) 

2r(l)-N{2) 2.102(2) Z r { l h _ 2.039(3) 

N(l)-C(l) 1.439(4) N(3)-C(35) 1.462(5) 

N(l)-C(13) 1.469(4) N(3)-C(36) 1.460(5) 

N(l)-Zr(l)-N(2) 112.8(1) C �- N � -Z r � 127.8(2) 

N �- Z r ( l h N � 114.1(1) C(13)-N{l)-Zr(l) 112.1(1) 

N(3)—Zr � - _ 104.5 � C(lhN(l)-C(13) 118.5(3) 

Zr( l ) -N(3K(35) 107.6(2) C{35)-N(3)-C(36) 110.4(3) 

Zr(l)-N(3)-C(36) 141.8(3) 
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Figure 2-24 Molecular structure of [Hf(r)2(NMe2)2] (16). 

Table 2-12 Selected bond lengths (A) and angles (deg.) for compound 

[Hfd'MNMe^y (16) 

Hf(l)-N(l) 2.059(3) Hf �- N ( 3 ) 2.011(4) 

Hf(l)-N(2) 2.082(3) Hf(l)-N(4) 2.019(4) 

N(l)-C(l) 1.442(4) N(3)-C(35) 1.462(6) 

N �- C ( 1 3 ) 1.489(5) N(3)-C{36) 1.459(6) 

N(lhHf(l)-N(2) 112.3(1) C(l)-N �- H f ( l ) 127.4(2) 

N(l)-Hf(l)-N{3) 113.9(1) C(13)-N(l)-Hf(l) 113.5(2) 

N �- H f �- N ( 4 ) 105.1(1) C(lhN(l)-C(13) 117.5(3) 

Hf( l)-N(3K{35) 108.4(3) �- C ( 3 6 } 110.3(4) 

Hf(lhM(3) - C{36} 141.1(3) 
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2. [M(L2)2(NMe2)(l)] [M = Zr (17), Hf (19)] 

The molecular structures of complexes 17 and 19 are shown in Figures 2—25 

and 2-26. Selected bond lengths and angles of these complexes are listed in 

Tables 2-13 and 2-14. 

Crystals of 17 and 19 belong to the monoclinic space group P2i/n. These two 

complexes are isostructural. The metal center in each complex is coordinated by a 

pair of ligands, one NMez ligand and one iodide ligand. The coordination 

geometry around the metal center can be described as distorted tetrahedral. 

The observed Zr-N distances in 17 are 2.046(2) and 2.053(2) A (Zr-N—, and 

2.009(3) A {Zr-N/v/weJ. The Zr-Nary/ distances are shorter than those of 2.080(3) and 

2.102(2) A in [Zr(L2)2_e2)2] (15). The Zr-I distance of 2.8221(4) A in complex 17 

is slightly shorter than the corresponding distances in [Zr(Cp")2l2] [2.8258(8) and 

2.8454(8) and the terminal Zr-I distance in the binuclear [Zr(NEt2)2KH)]2 

[2.8544{9)].i4b 

The observed Hf-N distances in 19 are 2.032(3) and 2.043(2) A (Hf-iVw), and 

1.996(3) A (Hf-N/vMe,). The Hf-Na,j,/ distances are only slightly shorter than the 

corresponding distances in [Hf(L2)2(NMe2)2] (16) [2.059(3) and 2.082(3) A]. The 

Hf-I distance of 2.7837(4) A in complex 19 is comparable to the Hf-I distance in 

[Hf(Cp")2l2] [2.7890(8} A]/4a but shorter than those of 2.884(1) in 

[(CpMe)2Hf(l)(/i-N2)(Me)Hf(CpMe)2].i4e 
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Figure 2-2S Molecular structure of [Zr(L^)2(NIVIe2)l] (17). 

Table 2-13 Selected bond lengths (A) and angles (deg.) for compound 17. 

[Zr(L\(NMe2)l] (17} 

Zr(l)-N(l) 2.053(2) Zr{l)-N � 2.009(3) 

Zr(l)-N{2) 2.046(2) Z r ( l H ( l ) 2.8221(4) 

N(1)-C{1) 1.453(4) N �“ C ( 3 5 ) 1.460(5) 

N(l)-C(13) 1.471(4) N �- C { 3 6 } 1.453(5) 

N{l)-2r(l)-N(2) 112.42(9) C(l)-N(l)-2r(l) 126.7(1) 

N(l)-Zr(l)-N � 109.0(1) C{13)-N(l)-Zr(l) 114.3(1) 

N(l)-Zr(l)-I( l) 102.87(6) C{l)-N(l)-C(13) 116.3(2) 

N{3)-Zr{ lH(l) 105.96(9) Zr(l)-N(3)-C(35) 134.5(3) 

Zr �-IVJ(3)-C(36) 114.0(2) C(3S)—N �- C ( 3 6 ) 111.2(3) 
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Figure 2-26 Molecular structure of [Hf{L\(iMMe2)l] (19). 

Table 2-14 Selected bond lengths (A) and angles (deg.) for compound 

[Hf(L')2(NMe,)l] (19) 

Hf �- N ( l ) 2.043(2) H f �- N � 1.996(3) 

Hf{l)-N(2) 2.032(3) Hf(l)-I(l) 2.7837(4) 

N(l)-C(l) 1.446(4) N{3)-C(35) 1.459(5) 

N(1)-C(13) 1.470(4) N � -C ( 3 6 ) 1.451(5) 

|VJ(:U-Hf⑴一N(2} 116.2(1) C(l)-N{l)-Hf(l) 126.4(1) 

N(l)-Hf(l)-N(3) 109.1(1) C{13)-N{l)-Hf(l) 114.8(2) 

IM(l)-Hf(lH{l) 103.65(7) C(lhN(l)_C(13> 116.1(3) 

N(3)-Hf(l)-I(l) 106.62(9) Hf( l ) -N(3K{35) 113.8(3) 

Hf(l)-N(3)-C(36) 134.8(3) C(35)-N(3)-C{36) 111.1(3) 
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3. pra 'h iz ] (18) 

The solid-state structure of complex 18 is shown in Figure 2-27, with selected 

bond distances and angles summarized in Table 2-15. Complex 18 crystallizes in 

the orthorhombic space group P l { l { l x . The tetrahedral Zr(IV) center is 

coordinated by two L̂  ligands and two iodide ligands. The complex contains a 

C2-axis passing through the metal center. 

The observed Zr-N distances in 18 are 2.003(4) and 2.009(4) A, which are 

shorter than those of 2.020(3) and 2.025(3) A in the dichloride derivative [Zr{L^)2Cl2] 

(13), though iodide ligands are more bulky than chloride ligands. This may be 

attributed to a difference in electronic properties of chloride and iodide anions. As 

iodide ligands are less basic than chloride ligands, the Zr(lV) center in 18 receive less 

electron density from the iodide ligands and thus form stronger bonds with the L̂  

ligands. The Zr-I distances of 2.7256(7) and 2.7587(7) A in complex 18 are shorter 

than those of 2.8221(4) A in the monoiodide complex 17. This may be due to the 

sterically less congested ligand environment in complex 18. The Zr-I distances in 

18 are shorter than those in [Zr(Cp"}2l2] (Cp" = /7^-13-di-tert-butyl 

cyclopentadienyl) [2.8258(8) and 2.8454(8) A]/"^' and the terminal Zr-I distance in 

the binuclear [Zr(NEt2)2l("-l)]2 [2.8544(9}]. 
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Figure 2-27 Molecular structure of [ZrfL^jjb] (18). 

Table 2-15 Selected bond lengths (A) and angles (deg.) for compound 18. 

[Zr(L〜h] (18) 

Zr(l)-N(l) 2.003(4) Zr(lH � 2.7256(7) 

Z r �- N � 2.009(4) Zr( lH � 2.7587(7) 

N d K d ) 1.469(7) N(1)-C(13) 1.459(7) 

N{l)-Zr{lhN(2) 114.5(1) C(lhN(l)-Zr( l) 123.2(3) 

N{ l ) -Zr( lH( l ) 109.2(1) C(13)-N{l)-Zr(l) 117.1(3) 

l( l)-Zr(lH{2) 112.46(2) C{1)-N(1K(13) 118.6(4) 
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D. Synthesis of Bis(amido) Zr(IV) and Hf(IV) Dimethyl Complexes 

Synthesis of metal-alky I complexes have attracted much attention because 

they are believed to be highly reactive pre-catalysts and key intermediates in 

polymerization reactions/^ 

As depicted in Scheme 2-13, treatment of 13 and 14 in toluene with two 

equivalents of LiMe led to [MlL^jzMez] [M = Zr (21), Hf (22)]. Complexes 21 and 22 

were isolated as colorless crystals from hexane. They are highly soluble in 

common organic solvents. Being extremely sensitive to air and moisture, the 

crystalline complexes turned quickly to a sticky brown solid upon exposure to air. 

Pr' Buf 
J 

Pr" 

M 
2 equiv- LiMe Pr' 

B u � n Z \ �C I 
M 

Pr' 
CI 

toluene 
0°C to r t . I d 

B 让 " - X Z 乂、e 
Pr' 

Pr' 
Me 

1 3 : M = Z r 
14: M = Hf 

21: M = Zr 66% 
22: M = Hf 65% 

Scheme 2-13 

The successful isolation of the dimethyl complexes 21 and 22 prompted us to 

prepare other a Iky I derivatives. Unfortunately, attempts to isolate other a Iky I 

derivatives of 13 and 14 have been unsuccessful Reaction of 13 with EtMgBr only 

led to a yellow intractable oil. Treatment of 13 with LiBu" and gave an orange 

intractable oil. Moreover, reaction of 13 with LiC=CSiMe3 resulted in a pale brown 

solid, whose Ĥ NMR spectrum showed resonance signals assignable to the ligand 
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precursor HiA Attempts to prepare a Hf(IV) alkyi complex by treatment of 14 with 

LiChbSilVles have also been unsuccessful. Only a pale yellow intractable oil was 

obtained after the reaction. During the course of these reactions, the reaction 

mixtures darkened when they were allowed to warm from 0 to room 

temperature. An unidentified white powder was isolated after the reactions. 

Conceivably, the desired metal species were formed at low temperatures, but they 

readily decomposed when the reaction mixtures were brought to ambient 

conditions. 

Physical Characterization of Complexes 21 and 22 

Complexes 21 and 22 have been characterized by elemental analysis, melting 

point determination, NMR spectroscopy, and X-ray crystallography. Results of 

elemental analysis were consistent with the formulation of the two complexes as 

shown in Scheme 2-13. Some of the physical properties of compounds 21 and 22 

are listed in Table 2-16. 

Table 2-16 Some physical properties of compounds 21 and 22. 

Compound Appearance M.p. (T ) 

[Zrd'l^Me^] (21) Colorless crystals 160-164 

[啤2)舞2] (22) Colorless crystals 182-183 

NMR Spectra of Complexes 21 and 22 

The 1H and ^̂ C NMR spectra of complexes 21 and 22 are shown in Figures 

A3—27 to A3—30. The NMR spectra showed one set of resonance signals assignable 
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to the and methyl ligands. This indicates that the two L̂  ligands are equivalent 

and the two methyl ligands are also identical to each other, suggesting the existence 

of a C2-axis bisecting the N-M-N and CI-M-CI angles in the molecule. 

The two isopropyl substituents of the L̂  ligand in 21 are chemically equivalent, 

and the geminal methyl groups of the isopropyl substituents are isochronous, as 

indicated by the occurrence of one septet at 3.90 ppm and one doublet at 1.40 ppm 

in the ^H NMR spectrum. 

On the other hand； the isopropyl substituents of the L̂  ligands in 22 occur as 

one septet at 3.95 ppm and two doublets at 1.39 and 1.43 ppm in the ^H NMR 

spectrum. This spectroscopic behavior indicates that the two isopropyl 

substituents of the L̂  ligand are equivalent, but the geminal methyl groups of each 

isopropyl substituent are diastereotopic (Figure 2-28). 

Diastereotopic 
Me groups 

Equivalent 
Pr' groups 

z - z H f � � " M e 
B u t ) H \ \ 

Two-fold ,_t^ The two L̂  ligands 
axis a � e equivalent 

Figure 2-28 
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Crystal Structures of 21 and 22 

Molecular structures of complexes 21 and 22 are shown in Figures 2-29 and 

2-30, respectively. Selected bond lengths and angles are listed in Tables 2-17 and 

2 - 1 8 . 

Complexes 21 and 22 crystallize in the orthorhombic space groups P2i2i2i and 

Pnma, respectively. These two complexes have similar molecular structures with 

the metal center being coordinated by two L̂  ligands and two methyl ligands. Both 

complexes contain a C^-axis passing through the metal center. 

The observed Zr-N bond distances of 2.046(2) A and 2.048(3) in 21 are slightly 

longer than those of 2.020(3) and 2.025(3) A in the dichloride precursor complex 13, 

though methyl ligands are less bulky than chloride ligands. This may be attributed 

to a difference in the basicity of the methyl and chloride ligands. Because the 

methyl ligand is more nucleophilic as compared to the chloride anion, it binds 

strongly to the Zr(IV) center and, thus, weakening the Zr-N bonds. 

The Zr-N distances in complex 21 are shorter than the corresponding distances 

reported for [Zr{N(C6H3Pr'2-2,6)(SiMe3)}2Me2] [2.056(3) and 2.066 A f and 

[Zr{N(C6H3Pr'2-2,6MC6H4F—2)}2Cl2] [2.143(3) and 2.151(3) A]}^' The Zr-Me bond 

lengths of 2.217 and 2.243 A in 21 are slightly shorter than those in 

[Zr{N(C6H3Pr'2-2,6)(SilVle3)}2lVle2] [2.224(4) and 2.327(3) A]/^ but marginally longer 

than those reported for [Zr{N(C6H3Pr'’2-2,6)(C6H4F-2)}2Me2] [2.216(5) and 2.228(5) 

A 广 
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The and methyl ligands around the Hf(IV) center in complex 22 are two-fold 

disordered. The Hf-N distances [2.015 and 2.03(1)A] in complex 22 are slightly 

longer than the corresponding distances [2.003(3) A and 2.006(3)] in the dichloride 

precursor complex 14. Compared with other Hf(IV) methyl complexes, the Hf-N 

distances in 22 are shorter than those of 2.147(3) and 2.149(3) A in the 

six-coordinate amidophosphine complex [Hf{N2p2)Me2] [N2P2 = 

PhP(CH2SiMe2NSiiVle2CH2)2PPM.i76a On the other hand, the Hf-Me distances in 22 

[2.20(1) and 2.22(1) A] are slightly shorter than those of 2.263(1) and 2.277(1) A in 

[Hf(N2P2)Me2]/®' and 2.237 A in [Hf(Cp)2{NH2B(C6F5)3}(IVle)]•他 
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Figure 2-29 Molecular structure of [Zr fL^Mej ] (21). 

Table 2-17 Selected bond lengths (A) and angles (deg.) for compound 21. 

[Zr(L2>2lV Ie2] (21) 

2r(l)-N(l) 2.048(3) Zr �- C ( 3 5 ) 2.217(3) 

Zr(l)-N(2) 2.046(2) Zr(l)-C{36) 2.243(4) 

N(1K(1) 1.437(4) N(l)-C(13) 1.470(4) 

N{l)-2r(l)-N{2) 116.8(1) C(l)-N(l)-Zr(l) 121.8(2) 

N(l)-Zr(l)-C(35) 108.5(1) C(13)-N(l)-Zr(l) 118.1(1) 

C(35)-Zr(l)-C(36) 109.3(1) C(l)-N(l)-C(13) 118.2(2) 
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Figure 2-30 Molecular structure of [HflL^ljMej] (22). 

The and methyl ligands are two-fold disordered. Only one set of ligand orientation is shown. 

Table 2-18 Selected bond lengths (A) and angles (deg.) for compound 22. 

[Hf(L̂ )2lVle,] (22) 

Hf �- N ( l ) 2.03(1) Hf(l)-C(35) 2.20(1) 

H f �- N � 2.015(8) H f ( l K { 3 6 ) 2.22(1) 

N(l)-C(l) 1.44(1) N(l)-C(13) 1.48(1) 

N �- H f ( l ) - N ( 2 ) 109 4(3) C(l)-N(l}-Hf(l} 122.7(8) 

N(l)-Hf(l)-C(35) 107.8(5) C(13)-N(l)~Hf(l) 118.3(8) 

C(3SHHf(lhC(36) 109.5(6) C(1)-N(1K(13) 117(1) 
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E. Other Attempted Reactions of Complex 13 

1. Attempted Reactions of 13 with NaOR (R = Me, Bu )̂ and NaNa 

Compound 13 was found to be unreactive towards NaOMe, NaOBu^ and NaNs 

at room temperature. Moreover, no reaction of 13 with NaOMe was observed 

even at an elevated temperature of 40 "C. Complex 13 was recovered after the 

reactions, as concluded from NMR spectroscopic analysis. 

2. Attempted Reactions of Complex 13 with Reducing Agents 

Reactions of complex 13 with various reducing agents such as KCs, K, Na and 

UAIHa were examined in this work. Unfortunately, complex product mixtures were 

obtained after these reactions； and characterization of the product mixtures was 

difficult to carry out. 

3. Catalytic Properties of Complexes 13, 21 and 22 

Attempted study on the catalytic properties of complex 13 and 21 have also 

been carried out. Unfortunately, both complexes 13 and 21 [with BlCeFsjs as a 

co-catalyst] were found to be inactive towards polymerization of styrene or 

1-hexene (monomer to initiator ratio = 200:1). Complexes 13 and 22 were also 

found to be inactive towards the ring-opening polymerization of e-caprolactone 

{monomer to initiator ratio = 200:1). 

F. Synthesis of Ti(lll) Amido Complexes 

Transmetallation reactions of 丁iCl3(thf)3 with lithium amides 5 and 6 in thf 

yielded yellowish-green, crystalline Ti(lll) complexes [丁丨(1_1)2("-CI)2Li(tmeda)] (23) 
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and [Li(tmeda)2]+[Ti(L2)2Cl2r (24), respectively (Scheme 2-14). Complexes 23 and 

24 are readily soluble in thf and toluene, but only sparingly soluble in diethyl ether 

and hexane. They are extremely sensitive to air and moisture, turning quickly to 

black solids. 

N 八 Bui K 
R = Me 

R= Pt̂ . 

:Me 

"nci3(thf)3 
thf 

0°Cto r.t‘，Id 

R =Pr ' V: 
Li 

23 39% 

P— Buf 

Pr' 

CI… 
iTi-

/ 
CI P— 

•Bu 

Pr' 

Scheme 2-14 

Physical Characterization of Complexes 23 and 24 

Complexes 23 and 24 have been characterized by elemental analysis, 

melting-point measurement, and single-crystal X-ray crystallography. Table 2-19 

summarizes some of the physical properties of compounds 23 and 24. Results of 

elemental analysis were consistent with the formulation of these complexes as 

shown in the Scheme 2-3. No assignable signals were observed in the ^H NMR 

spectra of the paramagnetic complexes 23 and 24. On the other hand, a 
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solid-state EPR spectrum of 24 was obtained at 60 K, which showed a nearly 

isotropic signal at g = 1.94. 

Table 2-19 Some physical properties of compounds 23 and 24. 

Compound Appearance M.p. (°C) 

[Ti(L\(/i-C!)2Li(tmeda)] (23) Yellowish-green crystals 186-189 

[U{tmeda)2][Ti{L')2Cl2] (24) Yellowish-green crystals 184-185 (dec.) 

Crystal Structures of 23 and 24 

The molecular structures of the Ti{lll) complexes [Ti(L】)2("-CI)2Li(tmeda)] (23) 

and [Li(tmeda)2]'^[Ti(L^)2Cl2]~ (24) are shown in Figures 2-31 and 2-32, respectively. 

Selected bond distances and angles are summarized in Tables 2-20 and 2-21. 

Complex 23 crystallizes in the monoclinic space group P2i/n. The pseudo 

tetrahedral Ti(lll) center is bonded to two L̂  ligands and two bridging chloride 

ligands. The observed Ti-N distances are 1.929(3) and 1.933(3) A, whereas the 

Ti-Cl distances are 2.386(1) A. The two bridging chloride ligands link up the Ti(lll) 

ion and the Li ion. Coordination of a tmeda ligand to the Li ion completes a 

distorted tetrahedral geometry around the alkali metal center with Li-N distances of 

2.078(6) A and Li-CI distances of 2.371(6) and 2.372(6) A. 

Cummins and co-workers have reported a three-coordinate Ti(lll) complex, 

[Ti{N(C6H3Me2-3,5)(C(CD3)2Me)}3] [Ti-N distances = 1.933⑶一2.005� A]产 Using 

a highly electronegative [華6戸5)2]- ligand, Watkin and co-workers have also 

prepared the [Na(thf)2]+[Ti{N(C6F5)2}4r complex [Ti-N distances = 2.039(3) A]/^' 

Compared with these complexes, the observed Ti-N distances in complex 23 are 
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slightly shorter, probably due to a less congested ligand environment around the 

Ti{lll) center in 23. 

Complex 24 crystallizes in the monoclinic space group Cc. The crystal 

structure of the complex consists of an ion pair. The Ti(lll) ion is bound by two L̂  

ligands and two chloride ligands, whereas the Li ion is coordinated by two chelating 

tmeda ligands. Both metal ions adopt a distorted tetrahedral geometry. The 

observed Ti-N distances in 24 are 1.949(5) and 1.960(4) A. They are slightly 

shorter than those of 1 .933�-2.005(3) A reported for [Ti{N(C6H3Me2-3,5) 

(C(CD3)2lVle)}3产 and 2.039(3) A in [Na(thf)2]lTi{N(C6F5)2}4]" The observed Ti-Cl 

distances in 24 are 2.334(1) and 2.342(1) A. 
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Figure 2 -31 Molecular structure of [Ti(L^)2(^-CI)2Li(tmeda)] (23). 

Table 2-20 Selected bond lengths (A) and angles (deg.) for compound 23. 

[Ti(L勺2(/i-a)2Li(tmeda)l (23) 

T i d h N d ) 1.929(3) Li(lhN(3) 2.078(6) 

T i �- N � 1.933(3) Li � — _ 2.078(6) 

T i d K K D 2.386(1) Li{l)-CI(l) 2.371(6) 

T i ( l K I ( 2 ) 2.386(1) L i �- C I � 2.372(6) 

N(l)-C(l) 1.429(4) N(1K(9) 1.476(4) 

N{l)-Ti(l)-N(2) 126.1(1) C �- N ( l H i � 125 9(2) 

N(l)-Ti(l)-CI{l) 108.3(1} C(9)-N(l)-Ti(l) 114.5(2) 

Cl(l)-Ti(l)-CI(2) 93.4(1) C{l)-N(l)-C(9) 118.9(3) 

CI �-Li( l )—Cl(2) 94.1(1) N{3)-Li(l)-N(4) 89.2(2) 
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Figure 2-32 Molecular structure of [LKtmedajjlTifL^ljCbf (24). 

Table 2-21 Selected bond lengths (A) and angles (deg.) for compound 24. 

[Li(tmeda)]lTi(L\ci2]-{24) 

Ti(l)-N(l) 1.949(5) Li(l)-N(3) 2.28(1) 

Ti(l)-N{2) 1.960(4) U(lhN(4} 2.19(1) 

T i �- C I � 2.334(1) Li(l)-N(5) 2.08(1) 

Ti{l)-Cl(2) 2.342(1) Li(l)-N(6) 2.13(1) 

N �- C { 1 ) 1.444(7) N(1)-C(13) 1.46(7) 

N(l)-Ti(l)-N(2) 116.1(1) C(l)-N(l)-Ti( l) 126.1(4) 

N(l)-Ti(l)-CI{l) 104.8(1) C{13)-N(l)-Ti(l) 117.1(3) 

CI(l)-Ti(l)-CI(2) 111.4(1) C �- N ( 1 K ( 1 3 ) 115.6 � 

N(3)-Li(l)-N(4) 82.1(6) N(5Ki( l)-N(6) 92.3(7) 
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Summary 

A series of Group 4 metal complexes supported by the A/-alkylated arylamido 

ligands [N(C5H3R2-2,6)(CH2Bu')r (L^ R = Me, L :̂ R = Pr') have been synthesized and 

structurally characterized. Metathetical reactions of IVICI4 (M = Zr, Hf) with two 

molar equivalents of [LiL"(tmeda)] [n = 1 (5), n = 2 (6)] gave the heterobimetallic 

complexes [M(L")2CI(A(-CI)2Li(tmeda)] [M = Zr, n = 1 (8), n = 2 (9); M = Hf, n = 1 (10), n 

= 2 (11)]. Neutral complexes [MtL^lzCb] [M = Ti (12), Zr (13), Hf (14)] were isolated 

by the reactions of MCUlthfjx (M = U x = 2; M = Zr, Hf, x = 0) with the tmeda-free 

lithium reagent [LiL^(thf)2] (7). 

The [M(L2)2CI2] [M = Zr (13), Hf (14)] complexes underwent ligand substitution 

reactions, leading to a series of alkyi, amido and iodo derivatives. Reactions of 

complexes 13 and 14 with LiNMez afforded the corresponding tetra(amido) 

complexes [l\/l(L^)2(NMe2)2] [M = Zr (15), Hf (16)]. Subsequent reactions of 

complexes 15 and 16 with methyl iodide led to a mixture of the corresponding 

monoiodide (17 and 19) and diiodide (18 and 20) complexes. In the case of 

zirconium, the diiodide complex [Zr(L^)2l2] (18) was found to be the major product, 

whereas the monoiodide compound [Hf(L^)2(NIVIe2)(l)] (19) was the major product in 

the case of hafnium. The bis(amido) dimethyl complexes [M(L^)2Me2] [M = Zr (21), 

Hf (22)] were prepared by the reactions of the corresponding dichloride complexes 

13 and 14 with two equivalents of LiMe. 

Ti(lll) amide-chloride complexes [Ti(L^)2(iU-Cl)2Li(tmeda)] (23) and 

[Li(tmeda)2]+[Ti(L2)2Cl2r (24) have also been synthesized by the reactions of 

TiCl3(thf)3 with the lithium reagents 5 and 6, respectively. 
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Results of our studies have demonstrated that the A/-alkylated arylamido ligands 

and L̂  are suitable supporting ligands for a series of Ti(lll), Ti(IV), Zr(丨V) and Hf{lV) 

complexes. The bis(amido) M(IV) dichloride complexes [M = Zr (13), Hf (14)] were 

also shown to be good starting materials for mixed-amido, -iodo and -methyl 

complexes. 
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Experimental for Chapter 2 

Materials 

Anhydrous TiCIs, TiCl4(thf)2, ZrCU and HfCU (Strem), LiMe {1.6 M in EtsO) (Acros), 

LiNMe2 (Alfa Aesar) and Mel (Acros) were used as received. The ligand precursors 

HL" [n = 1, R = Me (3); n = 2, R = Pr' (4)], and the lithium reagents [LiL"(tmeda)] [n = l 

(5), n = 2 (6)] and LiL^(thf)2 (7), were prepared according to published procedures/� 

General procedure for the synthesis of [M{L")2CI(只一CI)2Li(tmeda)� [M = Ir,n = l f8|, 

n = 2 (9); M = Hf, A? = 1 (10), n = Z (11)]. 

To a Schlenk flask charged with MCI4 and toluene (15 ml) at 0 °C was added 

dropwise a solution of [LiL"(tmeda)] in toluene (20 ml). The reaction mixture was 

stirred at room temperature for 1 d, filtered and concentrated to ca. 5 ml. 

Standing the solution at room temperature for 1 d gave the desired product as a 

crystalline solid. 

Synthesis of [Zr(l/)2C:i(ju-CI)2Li(tmeda)] (8). 

ZrCl4： 0.62 g, 2.67 mmol; [LiL�(tmeda)]: 1.62 g, 5.15 mmol. Product: pale 

yellow, block-shaped crystals. Yield: 0.77 g, 1.03 mmol, 40%. M.p.: 169-174 

1H NMR (300.13 MHz, CeDg)： 6 7.01 (d, J = 6.0 Hz, 4H, m-ArH), 6.90 (t, J = 6.0 Hz, 2H, 

p-ArH), 3.84 (s, 4H, CHzCMeg), 2.80 (s, 12H, ArMez), 1.82 (s, 12H, N/Wez), 1.68 (s, 4H, 

NCHz), 0.98 (s, 18H, CMes). ^̂ C NMR (75.47 MHz, CgDe)： 6 150.5, 133.5, 129.5, 

124.4, 57.0, 56.0, 45.2, 36.2, 29.1, 21.5. Anal.: Calc. for Css.sHsoCbLilNUZr: Q 57.05; 

H, 8.09: N, 7.50%. Found: C, 57.47: H, 8.31; N, 7.44%. 
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Synthesis of [Zr(L^)2CI(iu-CI)2Li(tmeda)] (9). 

ZrCU： 0.77 g, 3.28 mmol; [LiL^(tmeda)]: 2.38 g, 6.44 mmol. Product: pale 

yellow, block-shaped crystals. Yield: 0.93 g, 1.15 mmol, 35%. M.p.: 190-195 °C 

(dec.). 1h NMR (300.13 MHz, CsDe): 6 7.18-7.08 (m, lOH, ArH), 4.29 (br. sept 4H, 

CHMe2), 4.19 (s, 4H, CHzCMes), 1.72 (s, 12H, NMez), 1.64 (d, J = 6.5 Hz, 12H, CHMej), 

1.58 (s, 4H, NCH2), 1.47 (d, J : 6.5 Hz, 12H, CH/We?), 1.01 (s, 18H, CMea). ^̂ C NMR 

(75.47 MHz, CeDe)： 6 148.5, 144.6, 125.6, 125.3, 58.6, 56.3, 45.3, 37.2, 29.5, 28.2, 

26.9, 26.0. \ i NMR (155.44 MHz, CgDe): 6 -1,68 (s). AnaL: Calc. for 

C4oH72Cl3LiN4Zr: C, 59.05; H, 8.92; N, 6.88%. Found: C, 58.95; H, 9.04; N, 7.05%. 

Synthesis of [Hf(L�)2CI(/i-ClhLKtmeda)] (10�. 

HfCU： 0.99 g, 3.03 mmol; [LiL^(tmeda)]: 2.23 g, 6.05 mmol. Product: colorless, 

block-shaped crystals. Yield: 0.67 g, 0.76 mmol, 33%. M.p.: 176-178 "C. ^H 

NMR (400.13 MHz, CeDe): 6 7.04 (d, J = 6.0 Hz, 2H, m-ArH), 6.90 (t, J = 6.0 Hz, 2H, 

p-ArH), 3.79 (s, 4H, CHzCMes), 2.81 (s, 12H, ArMez), 1.75 (s, 12H, NMe〗)，1.55 (s, 4H, 

NCH2), 0.98 (s, 18H, CMes). ^̂ C NMR (100.64 MHz, CgDe)： 6 150.7, 134.4, 129.4, 

124.1, 57.5, 56.0, 45.1, 36.3, 29.2, 21.5. Anal.: Calc. for CsaHssCbLilNUHf: C, 48.74; H, 

7.16; N； 7.10%. Found: C, 46.73; H, 7.25; N, 7.17%/ 

Synthesis of [Hf(L^)2Cl(/ii-CI)2Li(tmeda)] (11). 

HfCU： 0.99 g, 3.03 mmol; [LiL^(tmeda)]: 2.23 g, 6.05 mmol. Product: colorless, 

block-shaped crystals. Yield: 0.78 g, 0.87 mmol, 28%. M.p.: 319-324 °C (dec.). 

1H NMR (300.13 MHz, CeDe)： 6 7.18-7.07 (m, 6H, ArH), 4.29 (s, 4H, CHzCMes), 4.11 

(br, 4H, CHMezh 1.70 (s, 12H, NMezh 1.62 (d, J = 6.3 Hz, 12H, CH/Wez), 1.58 (s, 4H, 

Satisfactory elemental analysis data for this compound could not be obtained. 
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NCH2), 1.51 (d, J = 6.3 Hz, 12H, CH/Wes), 1.04 {s, 18H, CMe^). ''C NMR (75.47 MHz, 

CeDe)： 6 149.3, 145.1, 125.1, 124.0, 60.0, 56.4, 45.3, 37.3, 29.5, 28.7, 27.1, 26.0. \ i 

NMR (116.64 MHz, CeDg)： 6 -1.92 (s). Anal.: Calc. for CAoHyzCbLilSUHf: Q 53.33; H, 

8.06; N, 6.22%. Found: Q 53.02; H, 8.24; N, 6.26%. 

Synthesis of [TiiL^jzClz] (12) 

To a slurry of TiCMthflz (0.77 g, 2 3 0 mmol) in diethyl ether (10 ml) at 0 was 

added dropwise a solution of LiL^(thf)2 (1.70 g, 4.28 mmol) in the same solvent (10 

ml). After stirring for 1 d at room temperature, the brown reaction mixture was 

filtered. All the volatiles were removed in vacuo and the residue was extracted 

with hexane (20 ml). The solution was filtered and concentrated to co. 5 ml. 

Standing the solution at room temperature gave red, block-shaped crystals of 12. 

Yield: 0.49 g, 0.81 mmol, 36%. M.p.: 241-245 °C. ^H NMR (300.13 MHz, CgDe): 6 

7,24-7.20 (m, 2H, p-ArH), 7.17-7.13 (m, 4H, m-kxH), 4.54 (s, 4H, CWzCMe]), 3.91 

(sept, J = 6.7 Hz, 4H, CHMez), 1.60 (d, J = 6.7 Hz, 12H, CHMez), 1.42 (d, J = 6.7 Hz, 

12H, CHMez), 0.93 (s, 18H, CMes). ^̂ C NMR (75,47 MHz, CgDe)： 6 151.9, 141.4, 

125.5, 124.0, 67.3, 36.3, 29.0, 28.9, 26.5, 24.7. Anal.: Calc. for CsdHssClaNaTi: C, 

66.77; H, 9.23; N, 4.58%. Found: C, 66.69; H, 9.40; N, 4.84%. 

General procedure for the synthesis of [MiL^jzClz] [M = Zr (13), Hf (14)]. 

A solution of LiL^(thf)2 in toluene {20 ml) was added to a slurry of MCI4 in the 

same solvent (15 ml) at 0 ° C The reaction mixture was stirred at room 

temperature for 1 d. All the volatiles were removed in vacuo. The resulting 

residue was redissolved toluene； filtered and then concentrated to co. 5 ml. The 

desired products were obtained as a crystalline solid at room temperature. 
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Synthesis of [ZrCL^jzClz] (13). 

ZrCU： 0.49 g； 2.09 mmol; L!L {̂thf)2： 1.66 g, 4.18 mmol. Product: pale yellow, 

block-shaped crystals. Yield: 0.83 g, 1.27 mmol, 61%. M.p.: 214-219 ^H 

NMR (300.13 MHz, CeDg)： 6 7.25-7.22 (m, 2H, p-ArH), 7.17-7.15 (m, 4H, m~/krH), 

4.00 (s, 4H, CHzCMea)； 3.88 (sept, J = 6.8 Hz, 4H, CHMez), 1.56 (d, J = 6.8 Hz, 12H, 

CHMej), 1.43 (d, J = 6.8 Hz, 12H, CHMej), 0.93 (s, 18H, CMe^). ^̂ C NMR (75.47 

MHz, CeDe)： 6 144.6, 143.9, 127.3, 125.5, 63.6, 35.7, 28.9, 28.7, 26.7, 24.9. Anal.: 

Calc. for C34H56Cl2N2Zr: C, 62.35; H, 8.62; N, 4.28%. Found: C, 61.87; H, 8.79; N, 

4.42%. 

Synthesis of [Hf(L^)2Cl2l (14). 

HfCU： 0.64 g, 2.0 mmol; LiL^(thf)2： 1.59 g, 4.0 mmol. Product: colorless, 

block-shaped crystals. Yield: 0.65 g, 0.88 mmol, 44%. M.p.: 222-227 °C ^H 

NMR (300.13 MHz, CeDg)： 6 7.24-7.21 (m, 2H, p-ArH), 7.20-7.16 (m, 4H, m-ArH), 

3.99 (s, 4H, CHjCMes), 3.92 (sept, J = 6.8 Hz, 4H, CHMe!), 1=54 (d, J = 6.8 Hz, 12H, 

CHMei), 1.45 (d, J = 6.8 Hz, 12H, CHMezh 0.94 (s, 18H, CMes). ^^C NMR (75.47 

MHz, CeDe)： 6 144.6, 144.4, 127.1, 125.5, 63.8, 36.0, 28.9, 28.8, 26.8, 24.8. Anal.: 

Calc. for CsAHseClzNzHf: Q 55.05; H, 7.60; N, 3.77%. Found: C, 54.39; H, 7.70; N, 

3.80%. 

General procedure for the synthesis of [M(L勺^(NMezh] [M = Zr (15), Hf (16)]. 

To a slurry of LiNMez in toluene (10 ml) at 0 X was added a solution of 

[IVI(l2)2CI2] in toluene (20 ml). The reaction mixture was stirred at room 

temperature for 1 d, filtered and then concentrated to ca. 5ml. Standing the 

solution at room temperature yielded the desired products as colorless, 

block-shaped crystals. 
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Synthesis of 帥 2 ) 2 _ 6 2 ) 2 � ( 1 5 ) . 

[Zr(L2)2Cl2]: 1.44 g, 2.19 mmol; LiNMez： 0.23 g, 4.51 mmol. Yield: 1.09 g, 1,62 

mmol, 74%. M.p.: 2 3 8 - 2 4 0 � C (dec.). ^H NMR (300.13 MHz, CeDe)： 6 7.21=7.10 

{m, 6H, Ar), 3.88 (s, 4H, CHzCMesh 3.85 (sept, J = 6.8 Hz, 8H, CHMez), 2.69 (s, 12H, 

NMez), 1.51 (d, J = 6.8 Hz, 12H, CHMezl 1.33 (d, J = 6.8 Hz, 12H, CHMez), 0.99 (s, 

18H, CMes). 13c NMR (75.47 MHz, CgDe)： 6 148.7, 144.0, 124.6, 124.3, 64.0, 42.1, 

35.2, 29.2, 28.5, 25.7, 25.3. Anal.: Calc. for CssHsslNUZr: C, 67.90; H, 10.20; N, 8.33%. 

Found: C, 67.84; H, 10.44; N, 8.61%. 

Synthesis of [Hf(L2)2(NMe2)2] (16). 

[Hf(L2)2Cl2] (6): 1.25 g, 1.69 mmol; LiNMez： 0.17 g, 3.38 mmol. Yield: 0.60 g, 

0.79 mmol, 47%. ^H NMR {300.13 MHz, CeDg)： 6 7.16-7.05 (m, 6H, Ar), 3.83 (sept, J 

=6.8 Hz, 8H, CHIVIez)； 3.80 (s, 8H, CHaCMes)； 2.67 (s, 12H, NMei), 1.46 {6,J = 6.8 Hz, 

12H, CHMe2), 1.29 {d, J = 6.8 Hz, 12H, CH/WezL 0.93 (s, 18H, CMe^). ^̂ C NMR 

(75.47 MHz, CeDe)： 6 148.8, 144.5, 124.6, 124.5, 63.5, 41.8, 35.3, 29.2, 28.4, 25.8, 

25.4. Anal.: Calc. for CssHesNiHf: C, 60.10; H, 9.02; N, 7.37%. Found: C, 60.01; H, 

9.25; N, 7.48%. 

General procedure for the synthesis of [M{L^)2(NMe2)(l)l [M = Zr (17), Hf (19)] and 

[M{L')2l2] [M = Zr(18h Hf(20)]. 

Methyl iodide was slowly added to a solution of [M(L^)2(NMe2)2] in toluene (35 

ml) at 0 The reaction mixture was stirred at room temperature for 1 d to give a 

pale yellow suspension. All the volatiles were removed in vacuo and the residue 

was extracted with hexane, filtered, and concentrated to ca. 5 mL A crystalline 

solid was obtained upon standing the solution at room temperature. 
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Synthesis of [Zr{L^)2(NMe2){l)] (17) and [Zr{L^)2l2] (18). 

[Zr(L2)2(NMe2)2] (15): 1.18 g, 1.76 mmol; Mel: 0.85 ml, 13.7 mmol. Yellow, 

block-shaped crystals of 18 were isolated as the major product. Yield: 0.80 g, 0.95 

mmol, 54%, M.p.: 228-230 ^H NMR {300.13 MHz, CeDg)： 6 7.14-7.06 {m, 6H, 

m-ArH), 3.95 (s, 4H, CHzCMeg), 3.91 (sept, J = 6.8, 4H, CHMez), 1-52 (d, J = 6.8 Hz, 

12H, CHMea), 1.36 (d, 12H, J = 6.8 Hz, CHMes), 0.86 (s, 18H, CMes). ^̂ C NMR 

(75.47 MHz, CgDsK): 6 145.3, 143.1, 127.5, 125.7, 61.4, 35.7, 29.1, 28.9, 26.7, 25.3. 

Anal.; Calc. for Cs^HsshN^Zr: C, 48.74; H, 6.74; N, 3.34%. Found: C, 48.59; H, 6.83; 

N, 4.25%.* Complex 17 was isolated as colorless crystals from the second batch of 

the crystalline product. Yield: 0.06 g, 0.08 mmol, 5%. M.p.: 210=211 °C (dec). 

1H NMR (300.13 MHz, CeDe)： 6 7.26-7.14 (m, 6H, Ar), 4.42 (sept, J = 6.6 Hz, 2H, 

CHMez), 4.19 (d, J = 12 Hz, 2H, CW2CMG3). 4.08 (d, J = 12 Hz, 2H, CHzCMes), 3.63 

(sept, J = 6.0 Hz, 2H, CHMe?), 2.29 (s, 6H, N/Wez), 1.54 (d, J = 6.0 Hz, 6H, CHMe?), 

1.52 (d, J = 6.0 Hz, 6H, CHMej), 1.45 (d, J = 6.0 Hz, 6H, CHMezh 1-24 (d, J = 6.0 Hz, 6H, 

CHMez), 1.05 (s, 18H, CMe^). ^̂ C NMR (75.47 MHz, CeDe)： 6 144.8, 144.6, 144.4, 

126.5, 126.1, 125.0, 66.5, 41.4, 35.7, 29.0, 28.8, 28,6, 27A, 26.1, 25.7, 25.3 (CH/We2). 

Synthesis of [Hf(L^)2(NMe2)(l)] (19) and HflL^lzb (20). 

[Hf(L2)2(NMe2)2] (16): 0.99 g, 1.31 mmol; Mel: 0.85 ml, 13.65 mm�!. The first 

batch of the crystals obtained was found to be complex 19 (colorless crystals). 

Yield: 0.487 g, 0.58 mmol, 44%. M.p.: 200-205 X. ^H NMR (300.13 MHz, CgDe)： 

6 7.24-7.14 (m, 6H, Ar), 4.34 (sept, J = 6.8 Hz, 2H, CHMe?), 4.11 (d, J = 14.3 Hz, 2H, 

CW2CMe3), 3.97 (d, J = 14.3 Hz, 2H, CHsCMes), 3.74 (sept, J 二 6.8 Hz, 2H, CHMes), 

2.36 (s, 6H, NMezi 1-52 (d, J = 6.8 Hz, 6H, CHMe。)，1.48 (d, J = 6.8 Hz, 6H, CHMe?), 

Attempts to obtain better analytical data for this compound were not successful. 
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1.45 (d, J = 6.8 Hz, 6H, CHMez], 1.27 (d, J = 6.8 Hz, 6H, CHMezl 1.02 (s, 18H, CMe^). 

13c NMR (75.47 MHz, CsDe)： 6 145.0, 144.8, 128.6, 126.3, 126.0, 124.9, 65.4, 40.4, 

35.8, 29.1, 28.7, 28.6, 27.1, 26.3, 25.7, 25.4. Anal。： Calc�for CaeHezlNsHf: Q 51.34; 

H, 7.42; N, 4.99%. Found: C, 50.77; H, 7.54; N, 5.05%. The second batch of the 

product contained yellow crystals, which were confirmed to be 20. Yield: 0.062 g, 

0.07 mmol, 5%. ^H NMR {300.13 MHz, CeDs)： 6 7.16-7.09 (m, 6H, Ar), 3.99-3.90 (s 

and sept, 8H, CHzCMes and CHMej), 1.53 (d, J = 6.8 Hz, 12H, CH/We〗)，1.38 (d, 12H, J 

=6.8 Hz, CHMe2), 0.88 (s, 18H, CMes). ^̂ C NMR (75.47 MHz, CeDgK): 6 144.1, 128.6, 

127.3,125.7, 62.2, 35.6, 29.13, 29.07, 26,8, 25.3. 

General procedure for the synthesis of [MfL^lzMez] [M = Zr (21), Hf (22)]. 

A solution of LiMe in diethyl ether (1.6 M) was added to a solution of [MlL^jzCb] 

in toluene (35 ml) at 0 °C. The reaction mixture turned immediately to a pale 

yellow suspension. Stirring was continued at room temperature for 1 d, yielding a 

dark green solution. All the volatiles were removed in vacuo and the resulting dark 

green solid residue was extracted with hexane (20 ml x l ) . The solution was filtered 

and then concentrated to co. 5 ml to give the title compound as colorless crystals. 

Synthesis of [ZrCL^jzMez] (21). 

[Zr(L2)2Cl2] (13): 1.50 g, 2.29 mmol; LiMe: 1.6 M in EtsO, 2.9 ml, 4.64 mmol. 

Yield: 0.93 g, 1.51 mmol, 66%. M.p.: 160-164 "C. ^H NMR (300.13 MHz, CeDe)： 6 

7.19 (br, 2H, p-ArH), 7.17-7.15 (m, 4H, m-ArH), 3.90 (sept, J = 6.8 Hz, 4H, CHMej), 

3.72 (s 4H, CHzCMeB). 1.40 (d, J = 6.8 Hz, 24H, CHMe�)，0.91 (s, 18H, CMes), 0.63 (s； 

6H, Me). 13c NMR (75.47 MHz, CeDg)： 6 145.4, 144.6, 126.3, 125.3, 62.7, 43.9, 35.3, 

28.9, 28.3, 26.2, 25.6. Anal.: Calc. for CseHezNzZr: C, 70.41; H, 10.18; N, 4.56%. 

Found: C, 69.96; H, 10.36; N, 4.92%. 
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Synthesis of [HfCL^lzMez] (22). 

[Hf{L^)2Cl2] (14): 1.56 g, 2.10 mmol; LiMe: 1.6 M in EtzO, 2.7 ml, 4.32 mmol. 

Yield: 0.959 g, 1.37 mmol, 65%. M.p.: 182-183 °C. ^H NMR (300.13 MHz, CgDe)： 

6 7.19-7.16 (m, 6H, Ar), 3.95 (sept, J = 6.9 Hz, 4H, CHMej), 3.66 (s 4H, C"2CMe3), 

1.43 (d, J = 6.9 Hz, 12H, CHMej), 1.39 (d, J = 6.9 Hz, 12H, CHMej), 0.90 (s, 18H, 

CMesl 0.48 (s, 6H, Me). ^̂ C NMR (75.47 MHz, CgDg): 6 145.3, 145.1, 126.0, 125.2, 

62.1, 56.2, 35.6, 28.9, 28.4, 26.7, 25.2. Anal.: Calc. for CgeHezNzHf: C, 61.65; H, 8.91; 

N, 3.99%. Found: C, 60.59; H, 9,11; N, 4.36%.* 

Synthesis of [Ti(L')2(/i-CI)2Li{tmeda)l (23). 

A solution of TiCl3(thf)3 in thf was freshly prepared by stirring TiCb (0.38 g, 2.52 

mmol) in thf (15 ml) for 0.5 h. A thf solution of [LiL^(tmeda)] (1.48 g, 4.71 mmol) 

was slowly added at 0 °C and the reaction mixture was stirred at room temperature 

for 1 d, yielding a clear olive brown solution was obtained. All the volatiles were 

removed by vacuum. The solid residue was then extracted with toluene (20 ml xl) . 

The toluene solution was filtered and concentrated to ca. 5 ml. The title 

compound was obtained as yellowish-green crystals upon standing the solution at 

room temperature overnight. Yield: 0.57 g, 0.92 mmol, 39%. M.p.: 186-189 °C. 

Anal.: Calc. for CszHssCbLiNATi: C, 61.74; H, 9.07; N, 9.00%. Found: C, 61.31; H, 9.62; 

N, 9.27%. 

Synthesis of [Li(tmeda)2]^[Ti(L^)2Cl2r (24). 

TiCIa (0.48 g, 3.09 mmol) was dissolved in thf (15 ml) to give a bright blue 

solution of TiCl3(thf)3. A solution of [LiL^{tmeda)] (2.21 g, 5.98 mmol) in thf (10 ml) 

Attempts to obtain better analytical data for this compound were not successful. 
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was added. The reaction mixture was stirred at room temperature for 1 d. All 

the volatiles were removed in vacuo and the residue was extracted with toluene (20 

ml xl). The toluene solution was then filtered and concentrated to ca. 5 ml. 

Standing the solution at room temperature overnight yielded complex 24 as 

yellowish-green crystals. Yield: 0.72 g, 0.85 mmol, 

Anal.: Calc. for CqsHssClzLiNsTi: C, 64.93; H, 10.42; N, 

10.55; N, 9.77%. 

28%. M.p.: 184-185 (dec.). 

9.87%. Found: C, 64.12: H, 
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Chaptei 

Group 4 Metal Complexes 
Supported by an Unsymmetrical 
Benzamidinate Ligand 

The first port of this chapter gives on overview on Group 4 metal amidinate 

complexes. The second part of this chapter covers the results of our work on Group 

4 metal amidinates derived from the [PhC(NC6H3Pr"2-2,6)(NSiMe3)r (L^) Hgond. 

Ligand substitution reactions of complex [ZriL^jzOz] with LiMe and PhChhMgCI ore 

also reported. 
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Introduction 

An Overview on Group 4 Metal Amidinates 

The recent development in the chemistry of Group 4 metal amidinate 

complexes has been motivated mainly by a search for new ligand systems as 

alternatives for cyclopentadienyl anions/ The majority of work on Group 4 metal 

amidinates has been focused on their potential applications in catalysis. Ti(IV), 

Zr(IV) and Hf(IV) complexes supported by the [MeC{NCy)2]" and [PhClNSiMeslzF 

ligands (Chart 3-1) were found to be active catalysts for ethylene 

p o l y m e r i z a t i o n . I n a study o n polymerization of styrene, the use of T i ( I V ) 

nnono(amidinate) complexes supported by the [PhC(NSiMe3)2]~ ligand (Chart 3-2) 

has led to syndiotactic polystyrene产 
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A rich reduction chemistry has also been demonstrated by Ti(IV) complexes 

derived from the [PhC(NSiMe3)2]~ ligand (Scheme 3-1). Reduction of 

[Ti{PhC{NSiMe3h}2Cl2] with lithium metal in the presence of tmeda led to the 

heterobimetallic Ti(lll) complex [Ti{PhC(NSilVle3)2}2("-CI)2Li(tmecla)].4 On the other 

hand, reduction of [Ti{PhC(NSiMe3)2}2Cl2] with sodium amalgam in toluene gave the 

mononuclear Ti(lll) complex [TKPhCfNSiMeshhCI].^ Further reduction of 

[Ti{PhC(NSilVle3)2}2Cl2] with sodium amalgam lead to the N2 activated product 

[Ti{PhC(NSiMe3)2}2]2(A^-N2).5 The same reaction under a CO atmosphere for two 

days gave the CO activated product [Ti{PhC(NSiMe3)2}2]2(/^-0).5 

The Zr(IV) complex [Zr{PhC(lNJSiMe3)2}2Cl2] has been proven to be an excellent 

starting material for the preparation of a wide range of a Iky I, amide and 
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Structural variation as a result of ligand modification has also been reported in 

Zr(IV) bis(amidinate) complexes of the type [ZrLzCb] (L = 

[PhC(NC6H3Me2-2,6)(NC6H3Pr'2-2,6)]", [PhC(NC6H3Pr'2-2,6)2n. The two amidinate 

ligands in [Zr{PhC(NC6H3Me2-2,6){NC6H3Pr'2-2,6)}2Cl2] coordinated to the Zr(lV) 

center in a as manner, whereas those in the closely related 

[Zr{PhC{NC6H3Pr'2—2,6)2}2Cl2] are trans to each other (Chart 3-5).® The 
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unprecedented trans geometry in the latter complex was attributed to a larger steric 

bulkiness of the [PhC(NC6H3Pr'2-2,6)2]" ligand. 
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Results and Discussion 

Group 4 Metal Complexes of the 

[PhC(NC6H3Pr'2 - 2,6)(NSiMe3)r Ligand 

A. Lithium and Potassium Derivatives of the [PhCfNCshhPi^厂2,6)(NSilVle3)r (L^) Ligand 

Lithium salt (28) and potassium salt (30) of the [PhC(NC6H3Pr'2-2,6)(NSiMe3)r 

{1_3) ligand were prepared according to procedures developed previously by our 

group with minor modifications/ As outlined in Scheme 3-3, lithiation of 

H2N(C6H3Pr'2-2,6) followed by quenching of the reaction mixture with MesSiCl gave 

the /V-silylated aniline HIM(C6H3Pr'2-2,6)(SiMe3) (25) in 78% yield.^ 

[| (i) LiBu", Et20, r.t” I h [T ^ ^ 

NH2 (ii} MegSia Et2〇，r.t” 12h ^ ^ N 
Pr' Pr' 

25 

Scheme 3-3 

The synthesis of lithium salts 28 and 29 is summarized in Scheme 3-4. 

Treatment of compound 25 with LiBu" in the presence of tmeda gave lithium amide 

26. Subsequent reaction of compound 26 with PhCN afforded [LiL^(tmeda)] (28) as 

colorless crystals in 86% yield/ The reaction of compound 26 with PhCN involves 

an insertion of the /V-silylated amide [N(C6H3Pr'2-2,6}(SiMe3)r into the C = N 

functionality, followed by a 1,3-silyl migration. 

On the other hand, lithiation of 25 with LiBu" in thf, followed by addition of 
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Subsequent reaction of complex 28 with an equal molar amount of KOBu' 

afforded the corresponding potassium salt (30)/ which was isolated as 

colorless crystals in 65% yield (Scheme 3-5). 
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PhCN yielded the new lithium amidinate, LiL^(thf)2 (29), as colorless crystals in 68% 

yield (Scheme 3—4), Complex 29 is readily soluble in thf. It is sensitive to air and 

moisture. It decomposed to a brown intractable oil upon exposure to air. 
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Physical Characterization of LiL^(thf), (29) 

Complex 29 melted under nitrogen at 146-151 °C. Results of elemental 

analysis were consistent with its empirical formula. The ^H and ^̂ C NMR spectra of 

compound 29 are shown in Figures A2-31 and A2-32 {Appendix 2), respectively. 

The spectra showed one set of resonance signals assignable to one L̂  ligand and 

two thf molecules. 

B. Bis(amidinato) Ti(lll) Chloride and Methyl Complexes 

Treatment of two equivalents of lithium amidinate 29 with a solution of 

freshly prepared TiCl3(thf)3 in thf gave the red crystalline Ti(lll) bis(amidinate) 

chloride complex [Ti{L^)2CI] (31) in 51% yield (Scheme 3-6). Complex 31 is readily 

soluble in hexane and thf. In addition, it is highly sensitive to air and moisture. It 

turned quickly to a white solid upon exposure to air. 

0 
thf, 0 � C to r t , I d 

TiCl3(thf)3 + 2 LiL�thf)2 Ti——CI 
Pr' � / ‘ 

Pr' r -�SiMe, 

31 51% 

Scheme 3-6 

The presence of a chloride ligand in complex 31 allows further functionalization of 

the compound by metathetica! reactions. The Ti(lll) bis(amidinate) methyl 

complex [TI(L^)2Me] (32) was synthesized by alkylation of 31 with LiMe in hexane 
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(Scheme 3-7). 
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Scheme 3-7 

Compound 32 was isolated as deep red crystals in a satisfactory yield of 69%. 

It is highly soluble in hexane and very sensitive to air and moisture. The methyl 

complex turned immediately to a white powder when exposed to air. 

Physical Characterization of Complexes 31 and 32 

Table 3-1 summarizes some of the physical properties of complexes 31 and 32. 

Results of elemental analysis obtained for the two complexes were consistent with 

their formulation as shown In Schemes 3—6 and 3-7. The molecular structures of 

complexes 31 and 32 were elucidated by X-ray crystallography {vide infra). 

Table 3 - 1 Some physical properties of compounds 31 and 32. 

Compound Appearance M.p m 

[丁丨(L3)2CI] (31) 

[Tid'lzMe] (32) 

Red crystals 

Deep red crystals 

190-195 (dec.) 

198-201 
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Crystal Structures of Complexes 31 and 32 

Single crystals of complexes 31 and 32 were obtained from hexane and their 

solid-state structures were determined by X-ray diffraction studies. Selected 

crystallographic data are summarized in Appendix 3. 

[Ti{L')2CI] (31) 

The molecular structure of complex 31 is shown in Figure 3-1. Selected 

bond lengths and angles of 31 are listed in Table 3-2. Complex 31 crystallizes in 

the monoclinic space group P2i/c. There are two independent molecules in the 

asymmetric unit. The Ti(lll) center is coordinated by two K^-bound L̂  ligands and 

one chloride ligand. The coordination geometry around the Ti(lll) center can be 

described as distorted trigonal bipyramidal. The equatorial plane consists of N{1), 

N(3) and Cl(l), and N(l'), N(3') and Cl(l') (sum of bond angles = 360.1°), respectively, 

whereas the two axial positions are occupied by N(2) and N(4) [N(2)-Ti(l)-N(4)= 

144.7(1)�], and N(2') and N(4') [N{2')-Ti(l')-N(4') = 146.1(2)�]. 

The ligands in complex 31 bind to the Ti(lll) center in an unsymmetrical 

manner. The Ti-Nary/ distances [2.045{5)-2.076(5) A] are shorter than the 

corresponding T i - N _ distances [2,137{5)-2.158(5) A]. The unsymmetrical 

coordination mode of this type of ligands has been reported previously/'^ A 

delocalization of the anionic charge over the N-C-N moiety is observed, as indicated 

by the nearly identical C-N distances； which are shorter than the C-N single bond 

length (1.47 A), but longer than the C=N double bond (1.29 A). 

The Ti-N distances of 2.045(5)-2.158(5) A in complex 31 are comparable to 
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those of 2.051(3)-2.164(3) A in the monomeric [Ti{PhC(NSiMe3)2}2CI]严 On the 

other hand, the Ti-CI distances of 2.256(2) and 2.260(2) A in 31 are shorter than 

that of 2.328(1) A in [Ti{PhC(NSiMe3hhCI].5b The KryrT\-^s,iyi bite angles in 31 fall 

within the range of 63.2(2)-64.3(l)。，which are close to those of 64.3(1)-65.4(1) A in 

[Ti{PhC(NSiMe3)2}2CI].5b 

2. [Ti(L')2Me] (32) 

The molecular structure of the methyl derivative 32 is shown in Figure 3-2 

with selected bond lengths and angles listed in Table 3-3. Complex 32 crystallizes 

in the triclinic space group PI. The molecular structure of 32 is similar to that of 

complex 31. The observed Ti-N distances of 2.03(2)—2.20(1) A in 32 are close to 

those of 2.045(5)-2.158(5) A in 3 1 �T h e y are also comparable to those in the 

five-coordinate [Ti{PhC(NSiIVIe3)2}2lVle] [2.095(3)-2.164(3) A 产 and 

[Ti{PhC(NSiMe3)2}2CI] [2.051{3)-2.164(3) A].̂ ^ The Ti-Me distances of 2.11(4) and 

2.13(3) A in 32 are similar to that of 2.120(5) A in [Ti{PhC(NSiMe3)2}2Me]产 The 

Nofy�Ti-Ns")// bite angles in complex 32 [62.6{5)-65.9(5)°] are close to those reported 

for [Ti{PhC(IMSiMe3)2}2CI] [64 .3�-65.4 (1 )� ]严 
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Only I 

Figure 3 - 1 Molecular structure of [TilL^jjCI] (31). 

of the two independent molecules in the asymmetric unit is shown. 

Table 3-2 Selected bond lengths (A) and angles (deg.) for compound 31. 

[Ti(L')2CI] (31) 

Ti( l ) -N(l) 2.065(5) Ti{l)-N{2) 2.137(5) 

Ti(l)-N(3) 2.075(5) Ti⑴一 N⑷ 2.152(5) 

Ti(l)-Ct(l) 2.260(2) N(1)-C(13) 1.349(7) 

N(2)-C{13) 1343(8) N(3)-C(35) 1.346(7) 

N(4)-C(35) 1.336(7) 

T i (r ) -N( l ' ) 2.045(5) Ti(r)-N(2') 2.158(5) 

Ti(l')-N(3') 2.076(5) Ti(r)-N(4') 2.152(6) 

Ti(l')-CI(l') 2.256(2) 1.334(8) 

N{2')-C{13') 1.326(7) N(3')-C(35') 1.320(8) 

N(4'卜 C(3S'} 1.337(8) 

N(l)-Ti(l)-N(2) 64.3(1) N �- T i ⑴一 N(4) 63.7(2) 

Cl( l )-Ti( l )-N(l) 115.7(1) Cl(l)-Ti(l)-N(2) 107.3(1) 

Cl{l)-Ti(l)-N(3) 116.8(1) CI �- T i �- N ( 4 ) 108.0(1) 

N(l)-Ti(l)-N(3) 127.6(2) N(2)-Ti(l)-N(4) 144.7(1) 

N(l')-Ti(l')-N(2') 63.9(2) N(3')-Ti(l')-N{4') 63.2 � 

Cl(l ')-Ti(l ')-N(l') 113.9(1) Cl(l')-Ti(l')-N{2') 107.7(1) 

Cl(l')-Ti(l')-N(3') 118.0(1) Cl(l '}-Ti(r)-N(4') 106.2(1) 

N( l 'K i { l ' ) -N(3 ' ) 128.2(2) N(2')-Ti(l'HN(4') 146.1(2) 
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Figure 3-2 Molecular structure of [Ti(L hMe] (32)‘ 

Table 3-3 Selected bond lengths (A) and angles (deg.) for compound 32. 

[Ti(L')2Me] (32) 

Ti ( l ) -N( l ) 2.18(1) Ti ⑴-N (2) 2.20(1) 

T i ( l ) - _ 2.03(2) Ti(l)-N(4) 2.17(1) 

Ti(l)-C(45) 2.13(3) N(1)-C(13) 1.35(1) 

N(2)-C(13) 1.38(1) N ⑶-C(3S) 1.41(3) 

N(4)-C(35) 135(1) 

T i ( l ' ) -N{ l ' ) 2.06(1) Ti(l ')-N(2') 2.07(1) 

Ti(r)-N(3') 2.13(1) Ti(l ')-N(4') 2.14(3) 

Ti(l'hC(45'> 2.11(4) N(l')-C{13') 1.33 ⑵ 

N(2')-C(13') 1.34(1) N(3')-C(35') 1.28(2} 

N(4')-C{35') 1.41(2) 

N(l)-Ti( l ) -N{2) 64(1) N(3)-Ti(l)-N(4) 65(1) 

C(45)-Ti ⑴ - M ⑴ 112(1) C(45|-Ti(l)-N(2) 99(1) 

C(45)-Ti ⑴ - N ⑶ 112(1) C(45)-Ti(l)-N(4) 107(1) 

N { l K i ( l ) - N ( 3 ) 135(1) N(2}-Tj(l)-N(4) 155(1) 

N{l ' ) -Ti( l ' ) -N(2') 66(1) N(3')-Ti(l ')-N(4') 63(1) 

C (45 'K i ( l ' ) -N ( l ' ) 114(1) C(45')-Ti(l')-N(2') 98(1) 

C(45')-Ti(l '}-N(3') 110(1) C(45')-Ti(l ')-N(4') 99(1) 

N(l ' ) -Ti( l ' ) -N(3') 136(1) N{2')-Ti(l ')-N(4') 163(1) 
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TiCl4(thf)2 

Pr' 

EtjO^OTtor.t., Id MSjSî  
N" ti.''""iCl 

33 

Scheme 3-8 

A further investigation was carried out by reacting TiCl4(thf)2 with [LiL^(thf)2] 

(29) (Scheme 3-9). It was anticipated that the absence of tmeda would lead to a 

product other than 33. In our hands, an orange crystalline product was isolated in 

the latter reaction. NMR spectroscopic analysis of the crude product suggested 

that the product has a formulation similar to that of complex 33, except the 

presence of a tmeda ligand. Unfortunately, further attempts to characterize the 

orange crystalline product have been unsuccessful as the crude product was found 

to be insoluble in common organic solvents such as hexane, diethyl ether and 

toluene. 

EtjO, 0°Cto r.t.. I d 
TiCl4(thf)2 + 2 LiL^(thf)2 Orange crystals 

Scheme 3-9 
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C. Ti(IV) Complex Derived from the l} Ligand 

Attempts to prepare a Ti(IV) bis(annidinate) dichloride complex of the type 

[TilL^lzClz] by the reaction of TiCljthfh with two equivalents of [LiL^(tmeda)] (28) 

have led to a dark brown, very air sensitive crystalline product (33) (Scheme 3-8). 
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Physical Characterization of Complex 33 

Complex 33 has been characterized by X-ray crystallography, elemental 

analysis, and NMR spectroscopy. Complex 33 was isolated as dark brown crystals 

which melted at 219-224 °C. Results of elemental analysis were consistent with 

the empirical formula of 33 as shown in Scheme 3-8. 

NMR Spectra of Complex 33 

The 1h and ^̂ C NMR spectra of complex 33 (Figures A2-33 and A2-34) showed 

resonance signals corresponding to one imido [NCeHsPr'a-Z.G)]^" ligand, one L̂  

ligand； and one tmeda molecule. The isopropyl substituents of the imido 

[NC6H3Pr'2-2,6)]2- ligand occur as a septet at 4.87 ppm and a doublet at 1.52 ppm. 

The isopropyl substituents of the L̂  ligand are apparently chemically equivalent with 

the methine proton resonance at 3.78 ppm and the diastereotopic methyl group 

resonance at 1.12 and 1.29 ppm. 

Crystal Structure of Complex 33»Q.5CfiHi4. 

The solid-state structure of the solvated complex 33'0.5C6Hi4 is shown in 

Figure 3-3. Selected bond distances and angles are listed in Table 3-4. The 

solvated BB'O.SCeHu complex crystallizes in the triclinic space group PI. The Ti(IV) 

center is coordinated by one K^-bound L̂  ligand, one terminal imido 

[NC6H3pr'2-2,6]2-ligand and two chloride ligands. The two chloride ligands further 

coordinate to a lithium ion, which is, in turn, chelated by a tmeda molecule. The 

Ti(IV) center adopts a distorted trigonal bipyramidal geometry, with N(l}, N(2) and 

Cl{2) forming the equatorial plane (sum of bond angles around Ti(IV) center = 
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358.3。)，whereas N{3) and Cl(l) occupying the axial coordination positions 

[N(3)-Ti �- a ( l ) = 142.1(1)�]. 

Compared with other Ti(IV) imido complexes supported by amidinate ligands, 

the T\-Hamidinate distances of 2.116(3) and 2.123(3) A in 33 are marginally shorter 

than those of 2.148(8)-2.156(8) A in [Ti{PhC(NSiMe3)2}2(NCIVIe3)],5b and 2.114(4) 

and 2.288(4) A in [Ti{PhC(NSiMe3)2}(NC6H3Me2-2,6)Cl(py)2].io The observed 

distance of 1.690(4) A in 33 is slightly longer than that of 1.656(9) A in 

[Ti{PhqNSiMe3)2}2(NCiVle3)]5b but slightly shorter than that of 1.727(4) in 

[Ti{PhC(NSiMe3)2}(NC6H3Me2-2,6}a(py)2].io The differences in the Ti-INU'do 

distances in these complexes may be attributed to the steric environment around 

the metal centers. The imido ligand in 33 is bent, with a C{l)-N(l)-Ti( l) angle of 

169.3(3)�. Similar bent structures have also been reported for [Ti{PhC(NSiMe3)2}2 

(NCMes)] [C(1A)-N(5)-Ti = 166(1)。严 and [Ti{PhC(NSilVle3)2}(NC6H3Me2-2,6}CI(py)2] 

[C(l)-N(l)-Ti(l) = 170.4(4)�]/° respectively. 
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Figure 3-3 Molecular structure of [Ti(L3}(NQH3pr'2-2,6)(/i~CI)2Li(tmeda)].0.5C6Hi4 (33_0‘5C6Hi4). 

The solvated C6H14 molecule is omitted for clarity. 

Table 3-4 Selected bond lengths (A) and angles (cleg.) for compound 33*0.5QHi4 

[Ti(L')(NC6H3Pr'2-2,6)(/i-CI)2Li(tmeda)]-0.5C6Hu (Sa-O.SQH^) 

Ti(l)-N(l) 1.690(4) Li �- N ( 4 } 2.07(1) 

Ti(lhM(2) 2.116(3) Li(l)-W{5) 2.06(1) 

Ti(l)-N(3) 2.123(3) Li(l)-CI(l) 2.367(9) 

Ti �- C l ( l } 2.406(1) Li(l)-Cl(2) 2.386(8) 

Ti(l)-CI(2) 2.396(1) N(2)-C(25) 1.339(5) 

N(3)-C(25) 1.325(5} 

N(2)-Ti(l)-M � 63.6(1) C l ( l ) -T i ( lK I (2) 89.8(1) 

N �- L K l h N ( 5 ) 87.3(4) CI(l)-Li(l)-CI(2) 90.9(3) 

N(l)-Ti(l)-N(2) 107.1(1) N(l)-Ti(l)-N{3) 105.9(1) 

N(l)-Ti(l)-CI(l) 107.5(1) N �- T i ( l ) - C I ( 2 ) 110.5(1) 

N(2)-TI(1)-CI(2) 140.7(1) N{3)-Ti(l)-CI(l) 142.1(1) 

C(l)-N{l)-Ti( l) 169.3 � 
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D. Bis(amidinato) Zr(IV) and Hf(IV) Dichloride Complexes 

Reactions of MCU (M = Zr, Hf) with 28 have led to the neutral amidinate 

complexes [M(L )̂2Cl2] [M = Zr (34), Hf (35)] (Scheme 3-10). Complexes 34 and 35 

were isolated as colorless crystals from diethyl ether in 77% and 47% yield, 

respectively. They are readily soluble in thf, toluene and diethyl ether, but only 

sparingly soluble in hexane. 

MCU 
Pr丨 

昏 N � 

Pr* 

0 
^ N — S i M e , 

\ / 

E t , 0 , 0 ° C t o r t . , I d 

> N 
z W 

28 34 M = Zr 77% 
35 M = Hf 47% 

Scheme 3-10 

Physical Characterization of Complexes 34 and 35 

Melting points of 34 and 35 have been determined and listed in Table 3-5. 

Results of elemental analysis were consistent with the formulation of these two 

complexes as shown in Schemes 3-8. Single-crystal X-ray diffraction studies and 

NMR spectroscopic analysis of 34 and 35 were also performed [vide infra). 

Table 3-5 Some physical properties of compounds 34 and 35. 

Compound Appearance M.p. (°C) 

[Zr{l\Ch] (34) Colorless crystals Dec.at 239-240 °C without melting 

[Hf(L'}2Cl2] (35) Colorless crystals 138-141 
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NMR Spectra of Complexes 34 and 35 

^H and ^̂ C NMR spectra of complexes 34 and 35 are shown in Figures A3-35 to 

A3-38 (in Appendix 3). The NMR spectra of each complex showed one set of 

resonance signals assignable to the L ligand. The H NMR spectra of these two 

complexes showed two resonances for the isopropyl methine protons (3.66 and 

3.83 ppm for 34, and 3.51 and 3.90 ppm for 35), and four resonance signals for the 

isopropyl methyl groups (at 0.77, 1.31, 1.36 and 1.63 ppm for 34, and 0.70, 1.30, 

1.34, 1,65 ppm for 35). These spectroscopic behaviors suggest that the two methyl 

groups on the isopropyl substituents are prochiral due to the presence of a chiral 

metal center, and a restricted rotation about the N-Qps�bond. 

Crystal Structures of Complexes 34 and 35 

Single crystals of 34 and 35 were obtained from diethyl ether. The molecular 

structures of the two complexes are shown in Figures 3-5 and 3-6 with selected 

bond distances and angles listed in Tables 3-6 and 3-7. Complexes 34 and 35 are 

isostructurai. Both complexes crystallize in the monoclinic space group P2i/n. 

The Zr(IV) and Hf(IV) centers are six-coordinate, with the metal ions surrounded by 

two K^-bound L̂  ligands and two chloride ligands. The two L̂  ligands are cis to 

each other； resulting in a C厂axis bisecting the CI-M-CI angle. The molecule has no 

symmetry plane and is therefore chiral. 

Chiral molecule 
(no symmetry plane) 
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The ligand in complexes 34 and 35 bind to the metal center in an 

unsymmetrical manner. The M—IVy/ distances [M = Zr (34)； Zr(l)-N(l) = 2.267(3) A 

and Zr(lHM(3) = 2.260(3) A; M = Hf (35), Hf(l)_N(l) = 2.246(2) A and Hf(l)-N(3)= 

2.238(2) A] are longer than the corresponding M-Ns",/ distances [M = Zr (34), 

Zr{l)-N(2) = 2.208(3) A and Zr(l)-N(4) = 2.205(3) A; M = Hf (35), Hf(l)-N(2)= 

Hf(l)-N(4) = 2.197(2) A]. 

The observed Zr-N distances of 2.205(3)—2.267(3) A in complex 34 are 

comparable to the corresponding distances reported for [Zr{MeC(NCy)2}2Cl2] 

[2.186(8)-2.234(8) A],̂  [Zr{PhC(NSiMe3)2}2Cl2] [2.204(5)—2.251(4) A ] 严 � 

[Zr{PhC(NC6H3Me2—2,6)(NC6H3Pr'2-2,6)hCl2] [2.180(2) and 2.309(2) A]^ and 

[Zr{PhC(NC6H3Pr'2-2,6)2}2Cl2] [2.207(2)-2.217(2) A].̂  The observed Zr-CI distances 

of 2.401(1) and 2.403(1) A in 34 are close to those reported for 

[Zr{PhC(NSiMe3)2}2C:i2] [2.4002(9)-2.403(l) Afb—d and [Zr{PhC(NC6H3MG2-2,6) 

(NC6H3Pr'2-2,6)}2Cl2] [2.3997(8) A],^ but slightly shorter than the Zr-CI distances in 

[Zr{MeC(NCy)2}2Cl2] [2.426(3) and 2.436(3) A f and [Zr{PhC(NC6H3Pr'2-2,6)2}2Cl2] 

[2.437(1) A].^ The observed Hf-N distances in complex 35 are 2 . 1 9 7 � - 2 . 2 4 6 � A. 

The observed Hf-CI distances are 2.3839(8) and 2.3875(8) A. Complex 35 

represents a rare example of structurally characterized bis(amidinato) Hf(IV) 

complexes. 

The N-M-N bite angles subtended by the L̂  ligand are 59.6(1 广 and 60.0(1)° in 

34, and 60.09(8)�and 60.52(8)�in 35. The N-Zr-N bite angles in 34 are similar to 

those of other Zr(IV) amidinate complexes reported in the literature.̂ '̂ ''" '̂̂  
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Figure 3-4 Molecular structure of [Zr(L\ci2] (34). 

Table 3-6 Selected bond lengths (A) and angles (deg.) for compound 34. 

[Zr(L')2CI,] (34) 

Zr(l)-N(l) 2.267(3) Z r �- N � 2.208(3) 

Z r �- N � 2.260(3) Zr(l)-N(4) 2.205(3) 

Zr(l)-CI{l) 2.403(1) Zr(l}-CI(2) 2.401(1) 

N �- C ( 1 3 ) 1.322(4) N(2}-C(13) 1.345(4) 

N{3)-C(35) 1.324(4) N(4)-C(35) 1.350(4) 

N(l)-Zr �- N ( 2 } 59.6(1) N(3)-Zr(l)-N(4} 60.0(1) 

N(l)-~2r(l)-N(3) 170.9(1) N(2)-Zr � - _ 94.1(1) 

Cl(l)-2r(l)-CI(2) 101.2(1) 
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Figure 3-5 Molecular structure of [HflL^ljClj] (35). 

Table 3-7 Selected bond lengths (A) and angles (deg.) for compound 35. 

[Hf{L')2Cl2] (35) 

Hf(l)-N(l) 2.246(2) Hf(l)-N(2) 2.197(2) 

Hf(l)-N(3) 2.238(2) Hf(l)-N(4) 2.197(2) 

Hf(l)-Cl(l) 2.388(1) Hf(l)-CI(2) 2.384(1) 

N(l)-C(13) 1 . 3 2 3 � N(2)-C(13) 1.350(3) 

N(3)-C(35) 1.327(3) N{4)-C(35) 1.346(3) 

N �- H f �- N � 60.5(1) N(3hHf(l)_N(4} 60.1(1) 

171.5(1) N �-Hf ( l ) - IS I (4) 93.8(1) 

CI(l)-Hf(l)-CI(2} 101.0(1) 
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E. Bis(amidmato) Zr(IV} Alky! Complexes 

The two chloride ligands in complex 34 could be replaced by alkyi ligands. 

Treatment of 34 with two equivalents of LiMe afforded the colorless, crystalline 

dimethyl complex [ZriL^jzMez] (36) in 45% yield (Scheme 3—11). It is very sensitive 

to air and moisture, turning into a brown solid upon exposure to air. 

LiMe 
Et^O, 0°C to r.t., Id 

Me3Si--N 
H c M e 
y � M e 

Me3Sî N 

0 - ' A J i 

34 36 45% 

Scheme 3-11 

It is believed that the [Zr(L )̂2Me2] complex (36) is highly reactive due to the 

presence of two labile methyl ligands. Accordingly, the reactions of 36 with Mel 

and AlMes were examined. Surprisingly, no reaction was observed by reacting 

complex 36 with two equivalents of Mel. Only the starting complex was recovered 

after the reaction, as confirmed by Ĥ NMR spectroscopy. Complex 36 was also 

inert towards AIMea (two equivalents). The unexpected inertness of 36 may be 

attributed to the sterically crowded ligand environment around the Zr(IV) center. 

Alkylation of complex 34 with two equivalents of PhCHaMgCI led to the 

mono(benzyl} complex [Zr{L^)2{CH2Ph)CI] (37) in 19% yield (Scheme 3-12). 

Complex 37 is readily soluble in diethyl ether and hexane. 
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2 PhCH,MgCI 
Et,0, 

Me 

37 

Pr"MgBr 
Et,0, 0 � C t o r.t., 

I colorless crystalline product containing 

Scheme 3-13 

Zr(IV) dibenzyl complexes supported by the [PhC(NSiMe3)2]~ ligand has been 

reported by other research groups^'d The successful isolation of mono(benzyl) 

complex 37 but not the expected bis(benzyl) derivative in this work may be 

attributed to the steric saturation generated by two bulky L̂  ligands in 37. 

Attempts to prepare a Zr(IV) n-propyl complex by the reaction of complex 34 

with Pr"MgBr have been unsuccessful (Scheme 3-13). A colorless crystalline 

product was isolated. Surprisingly, a Mg(ll) salt of the L̂  ligand, [Mg{L^)2] (38), was 

found to be the only isolable product of the reaction. The structure of 38 was 

determined by X-ray crystallography. NMR spectroscopic and elemental analysis 

suggested the presence of 38 together with some unidentified species. 
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Physical Characterization of Complexes 36 and 37 

Table 3-8 lists some of the physical properties of complexes 36 and 37. 

Complexes 36 and 37 have been characterized by melting-point measurement, 

elemental analysis, NMR spectroscopy and X-ray crystallography. Results of 

elemental analysis were consistent with their formulation as shown in Schemes 

3-11 and 3-12. 

Table 3-8 Some physical properties of compounds 36 and 37. 

Compound Appearance M.p. (X) 

陣 3 ) 姆 2 ] (36) Colorless crystals 

[Zr{L^)2{CH2Ph)CI] (37) Yellow crystals 

Dec.at 216-218 "C without melting 

239-240 

NMR Spectra of Complexes 36 and 37 

1. [Zr(L')2Me2] (36) 

The ifH and ^̂ C NMR spectra of complex 36 are shown in Figures A3-39 and 

A3-40. Each spectrum showed one set of resonance signals assignable to the L̂  

ligand, indicating that the two L̂  ligands in 36 are chemically equivalent. The 

methyl ligands in 36 occur as one singlet resonance signal in both spectra (at 0.89 

ppm in the ^H NMR spectrum and 49.9 ppm in the ^̂ C NMR spectrum). In the Ĥ 

NMR spectrum, two nonequivalent isopropyl substituents were observed, with the 

methine protons resonance at 3.61 and 4.09 ppm, and diastereotopic methyl groups 

resonance at 0.94, 1.15 and 1.41 ppm in an integral ratio of 1:1:2. These 

spectroscopic behaviors suggest that the two methyl groups on the isopropyl 

substituents are prochiral due to the presence of a chiral metal center and a 
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restricted rotation about the N-Qpso bond. 

2. [Zr{L')2(CH2Ph)CI] (37) 

The ijH and ^̂ C NMR spectra of complex 37 are shown in Figures A3-41 and 

A3—42, In the Ĥ NMR spectrum, two nonequivalent trimethylsilyl groups (at 0.23 

and 0.26 ppm), suggesting the two L̂  ligands are nonequivalent. Four 

nonequivalent isopropyl substituents (the methine protons resonance at 3.34, 3.62, 

and 3.77 ppm in an integral ratio of 1:1:2, and methyl protons resonance at 0.40, 

0.80, 1.03, 1.11, 1.23, 1.26, 1.32, 1.54 ppm) were observed. These spectroscopic 

behaviors suggest that the two methyl groups on the isopropyl substituents are 

prochiral due to the presence of a chiral center and a restricted rotation of the 

H-Cipso bond. Moreover, the diastereotopic methylene protons of the benzyl 

ligand occur as two doublets at 2.93 and 3.25 ppm. 

Crystal Structures of Complexes 36 and 37 

Single crystals of 36 and 37 were obtained from hexane. 

1. [Zr{L')2Me2] (36) 

The crystal structure of complex 36 is shown in Figure 3-6. Selected bond 

lengths and angles are listed in Table 3-9. Complex 36 crystallizes in the 

monoclinic space group P2i/n. The molecular structure of 36 is similar to that of 

34, with the six-coordinate Zr(IV) center bound by two K^-bound L̂  ligands in a cis 

fashion and two methyl ligands. The molecule contains a Qraxis, which bisects the 
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Me-Zr-Me angle. The molecule does not have any symmetry plane and is thus 

chiral. 

Me^Siz^. 
C,axis •‘‘��Me 

Chiral molecule 
(no symmetry plane) 

The Zr-N distances of 2.232(2)-2.327(2) A in 36 are similar to those reported 

for [Zr{MeC(NCy)2}2Me2] [2.225(4)- 2.291(4) A]/ [Zr{PhC(NSiMe3)2}2lVle2] [2.237(2)-

2.319(2) A]严d [Zr{PhC(NC6H3Me2-2,6)(NC6H3Pr'2-2,6)}2Me2] [2.224(3)-2.341{3) A],^ 

and [Zr{PhC(NC6H3Pr'2-2,6)2}2Me2] [2.263(5)-2.337(5) A].^ The observed Zr-Me 

distances in 36 are 2.241(3) and 2.250(3) A. They are similar to those reported for 

[Zr{MeC(NCy)2}2Me2] [2.244(6) and 2.245(8) A]/ [Zr{PhC(NSiMe3)2}2Me2] [2.241(4) 

and 2.248(2) [Zr{PhC(NC6H3lVle2-2,6)(NC6H3Pr'‘2—2,6)}2Me2] [2.226(5) A]^ and 

[Zr{PhC(NC6H3Pr'2-2,6)2}2Me2] [2.243(6) and 2.247(7) A ] , 

2. [ Z r ( L 3 ) 2 ( C H 2 P h ) a ] ( 3 7 ) 

The solid-state structure of complex 37 is shown in Figure 3-7 with selected 

bond lengths and angles listed in Table 3-10. Complex 37 crystallizes in the 

monoclinic space group P2i/c. The coordination sphere of the six-coordinate Zr(IV) 

ion consists of two K^-bound L̂  ligands, one benzyl ligand and one chloride ligand. 

The two chelating L̂  ligands are cis to each other. The chiral molecule of 37 

belongs to the Ci point group. Similar to the dichloride precursor 34 and dimethyl 

complex 36, the two L̂  ligands in complex 37 bind to the Zr(IV) centers in an 

unsymmetrical manner. The Zr-Nary/ distances [Zr{l)-N(l) = 2.290(2) and Zr(l)-N(3) 
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=2.325(2) A] are slightly longer than the corresponding Zr-Ns//y/ distances [Zr(l)-N(2) 

=2.207(3) and Zr(l)-N{4) = 2.209(2) A]. 

The observed Zr-N distances of 2.207(3)-2.325(2) A in 37 are comparable to 

those reported for [Zr{PhC{NSiMe3)2}2Cl2] [2.204{5)-2.251(4) A 严 d and 

[Zr{PhC(NSiMe3)2}2(CH2Ph)2] [2.225(3)-2.283(3) A].^' The Zr—C^̂ 圳 distance in 37 

of 2.250(3) A is shorter than those of 2.315�-2.301(3) A in [Zr{PhC(NSiMe3)2}2 

(CH2Ph)2]严 The Zr-Cl distance of 2.432(1) A in 37 is longer than those of 

2.4002{9)-2.403{1) A and 2.3997(8) A in [Zr{PhC(NSiMe3)2hCl2]5b-d and 

[Zr{PhC{NC6H3Me2-2,6)(NC6H3Pr'2-2,6)}2Cl2]/ respectively. It is also comparable to 

those of 2.426(3) and 2.436(3) A in [ZriMeCfNCyhhCb]严 and 2.437(1) A in 

[Zr{PhC(NC6H3Pr'2—2,6)2}2Cl2].4 
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Figure 3-6 Molecular structure of [Zr(L )̂2lVle2] (36). 

Table 3-9 Selected bond lengths (A) and angles (deg.) for compound 36. 

[Zr{l\Me2] (36) 

Zr{l)-N(l) 2.316(2) Zr(l)-N(2) 2.239(2) 

Zr(l)-N � 2.327(2) Zr( lhN � 2.232(2) 

Zr{l)-C(45) 2.250(3) Zr(l)-C(46) 2.241(3) 

N(1)-C{13) 1.311(3) N{2)-C{13) 1.349(3) 

N(3)-C{35) 1.311(3) N(4)-C(35) 1.339(3) 

M{l)—Zr �- N ( 2 ! 58.4(1) N(3)-Zr(l)-N(4) 58.2(1) 

N(l)-Zr(l)-N(3) 174.6(1) N(2)-Zr(l)-N(4) 99.1(1) 

C(45)-2r(l)~C(46) 98.2(1) 
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Figure 3-7 Molecular structure of [Zr(L^)2(CH2Ph)(CI)] (37). 

Table 3-10 Selected bond lengths (A) and angles (deg.) for compound 37. 

[2r{L')2(CH2ph)(CI)] (37) 

Zr{l)-N(l) 2.325(2) Zr �- N ( 2 ) 2.207(3) 

Zr(l)-N(3) 2.290(2) Zr � - _ 2.209(2) 

Zr(l)-CI(l) 2.432(1) Zr(l)-C(45) 2.250(3) 

N(1)-C(13) 1.313(4) N(2)-C(13) 1.356(4) 

N(3)-C{35) 1.326(4) N(4)-C(35) 1.360(4) 

N(l)-Zr(l)-N(2) 58.9(1) N(3)-Zr(l)-N(4) 59.9(1) 

N{l)-Zr(l)-N(3) 172.3(1) N(2)-Zr(l)-N(4) 98.8 � 

N(X)-2r(lK(45) 81.9(1) N(2}-Zr(l)-C(45) 140.5(1) 

N(3)-2r( lK(45) 100.2(1) N(4)-2r{l)-C(4S) 100.3(1) 

N(l)-Zr(l)-CI(l) 102.7(1) N{2)-Zr(l)-CI(l) 92.0(1) 

N(3)-Zr{l)-CI(l) 84.6(1) N(4)-Zr(l)-CI(l) 143.8(1) 

C(45)-Zr(l)-CI{l) 92.5(9) 
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F. Other Attempted Reactions of Complex 34 

1. Attempted Reactions of 34 with LiNMez and NaOMe 

Complex 34 was found to be unreactive towards NaOMe. Only the 

unreacted starting material 34 was recovered after the reaction, as indicated by Ĥ 

NMR spectroscopic analysis. On the other hand, treatment of complex 34 with 

LiNMez only resulted in the isolation of a pale yellow intractable oil. 

2. Attempted Reactions of Complex 34 with Reducing Agents 

The reaction chemistry of 34 towards reducing agents such as K and KCg has 

been briefly examined. Unfortunately, no reaction between complex 34 and 

potassium metal was observed. The Ĥ NMR spectrum of the colorless crystals 

obtained after treatment of complex 34 with excess K showed only the presence of 

unreacted complex 34� Reaction of complex 34 with one equivalent of KCg gave an 

orange crystalline product, which was found to be a mixture of unreacted complex 

34 together with some unidentified impurities based on its Ĥ NMR spectrum. 

G. Bis(amidinato) Mg(ll) and Ca(ll) Complexes 

The isolation of [Mg(L勺2] (38) (see Section E2) revealed the capability of the L̂  

ligand to stabilize Group 2 metal ions. In our studies, direct reaction of the lithium 

salt 29 with one or two equivalents of Pr"MgBr in hexane afforded the colorless, 

crystalline thf-adduct [Mg(L^)2(thf}] (39) (Scheme 3-14). 
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Pr"MgBr LiL̂ (thf)2 hexane, 0°C to r.t., I d 

q 
； ; / f - o J 

-S iMe, 

60% 

Scheme 3-14 

Most of the magnesium amidinates reported in the literature were 

synthesized by insertion of carbodiimides into an appropriate Mg-C bond.u 

Scheme 3-14 represents an alternative synthetic route for Mg(ll) amidinato 

complexes. 

The Ca(ll) counterpart [Ca(L^}2{thf)] (40) was also prepared by the reaction of 

two molar equivalents of potassium amidinate 30 with anhydrous Cal2 in thf 

{Scheme 3-15). 

o 
thf, 0 � C to I 

I 

Pr' / ^ 

Pr' 

『 

� S i M e , 

40 

Scheme 3-15 

The Mg(ll) bis(amidinate) complex 39 was found to be unreactive towards KCg 

{one equivalent). Only the un reacted complex 39 was isolated after the reaction, 

1801 



Chapter 4 

as confirmed by Ĥ NMR spectroscopy and X-ray crystallography. 

Physical Characterization of Complexes 39 and 40 

Complexes 39 and 40 were characterized by NMR spectroscopy, elemental 

analysis, in addition to X-ray crystallography. Table 3-11 shows some of the 

physical properties of the two complexes. Results of elemental analysis were 

consistent with their empirical formula shown in Schemes 3-14 and 3-15. 

Table 3-11 Some physical properties of compounds 39 and 40. 

Compound Appearance M.p. (°C) 

[Mg(L^)2(thf)] (39) Colorless crystals 

[Ca(L^)2(thf)] (40) Colorless crystals 

250-254 

216-221 

NMR Spectra of Complexes 39 and 40 

1. [Mg(L^)2(thf)] (39) 

The ^H and ^̂ C NMR spectra of complex 39 are shown in Figures A2-43 and 

A2-44. The two L̂  ligands in 39 were shown to be identical as only one set of 

resonance signals assignable to the L̂  ligand are observed in the NMR spectra. In 

the Ĥ NMR spectrum； two chemically nonequivalent isopropyl substituents are 

shown, with the methine protons resonance at 3.32 and 3.93 ppm； and 

diastereotopic methyl groups resonance at 0.98, 1.28, 1.52 and 1.65 ppm. These 

spectroscopic behaviors suggest that the two methyl groups on the isopropyl 

substituents are prochiral due to the presence of a chiral center and a restricted 

rotation of the N-C/?so bond. 

124 I 



_ — _ Chapter 3 

2. [Ca{L^)2(thf)] (40) 

The 1h and ^̂ C NMR spectra of complex 40 (Figures A2-45 and A2-46) showed 

one set of resonance signals assignable to the L ligand and thf molecule in a ratio of 

2:1. The two isopropyl substituents of the L̂  ligand in the complex are shown to 

be chemically equivalent, with the methine proton resonance occurring at 3.59 ppm 

and the diastereotopic methyl groups resonance at 1.32 and 1.42 ppm. 

Crystal Structures of Complexes 39 and 40 

The molecular structures of the Mg(ll) amidinate complex 39 and the Ca(ll) 

derivative 40 were also determined in this work. Figures 3-8 and 3-9 show the 

crystal structures of 39 and 40, respectively. Selected bond lengths and angles are 

listed in Tables 3—12 and 3-13. 

Complex 39 crystallizes in the monoclinic space group P2i/n, whereas crystals 

of complex 40 belong to the triclinic space group PI. The two complexes are 

isotypic. The alkali-earth metal ion is coordinated by two K^-bound L̂  ligands. 

Coordination by one thf molecule completes a distorted trigonal bipyramidal 

geometry around the metal center. The N(l), N{3) and 0(1) atoms occupy the 

equatorial plane [sum of bond angles = 360.1° in 39 and 40], whereas the N(2) and 

N(4) atoms occupy the axial positions [N(2)-IVIg(l)-N(4) = 167.0(1)。，N(2Ka(l)-N(4) 

=163.0(1)°]. A C2-axis axis passes through the M - 0 bond. The Mg-N distances 

[2.103(3)-2.174(3) A] in complex 39 are comparable to the corresponding distances 

in the six-coordinate [Mg{PhC(NPr'}2}2(thf)2] [2.161(6) and 2.168(6) A]/^' 

[Mg{HC(NC6H4l\/le-4)2}2(thf)2] [2.149(2)-2.172(3) A p b and 

[Mg{HC(NC6H4lVle-2)2}2(thf}2] [2.158(3) and 2.172(3) A].'^^ The observed Mg-0 
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distance in 39 is 2.064(3) A. It is shorter than those reported for other 

six-coordinate Mg(ll) amidinate complexes: [Mg{PhC(NPr''}2}2(thf)2] [2.226(9) and 

2.331(9) [Mg{HC(NC6H4lVle-4)2}2(thf)2]i2b [2.149(2) and 2.151(1) A], and 

[Mg{HC(NC6H4Me—2)2}2(thf)2] [2.134(2) A]/"^ 

The Ca-N distances in complex 40 fall within the range of 2.360(4)-2.411(4) A. 

They are comparable to those of 2.361(3) and 2.406(3) A in 

[Ca{HC(NC6H3Pr'2-2,6}2}2(thf)].i3 The Ca-0 distance of 2.328(4) A in 40 is 

comparable to that of 2.323(3) A in [Ca{HC(NC6H3Pr'2-2,6)2}2(thf)].i3 
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Figure 3-8 Molecular structure of [Mg(lJ%(thf)] (39). 

Table 3-12 Selected bond lengths (A) and angles (deg.) for compound 39. 

[Mg(L')2(thf)] (39) 

Mg(l)-N(l) 2.107(3) Mg �- N ( 2 ) 2.169(3) 

Mg � -N ( 3 ) 2.103(3) Mg(lhM(4) 2.174(3) 

Mg(l)-0(1) 2.064(3) N(1)-C(13) 1.326(4) 

N �- C ( 1 3 } 1.328(4) N(3)-C(35) 1.323(4) 

_ - C ( 3 S } 1.338(4) 

N{lhMg �- N ( 2 ) 63.7(1) N(3)-Mg(l)-N(4) 63.7(1) 

0(1)-Mg(l)-N(l) 109.2(1) 0(1)-Mg(l)-N{2) 95.9(1) 

0(1)-Mg(l)-N(3) 108.4(1) 0(1)-Mg(l)-N(4) 94.1(1) 

N �- M g ( l ) - N � 142.5(1) N(2)-IVIg(l)-N(4) 167.0(1) 
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Figure 3-9 Molecular structure of [Ca(L^)2(thf)] (40). 

Table 3-13 Selected bond lengths (A) and angles (deg.) for compound 40. 

[Ca(L\(thf)] (40) 

Ca(l)_N � 2.375(4) Ca(l)-N(2) 2.401(4) 

Ca(l)-N(3) 2.360(4) Ca(l)-N(4) 2.411(4) 

C a � - 0 � 2.328(4) N(l)-C{13) 1.324(5) 

N(2)-C(13) 1.327(5) N �- C ( 3 5 ) 1.337(6) 

N(4)-C(35) 1.325(6) 

N(l) - Ca ⑴一 N(2) 57.0(1) N{3)-Ca{l)-N{4) 57.4(1) 

0(1)-Ca(l)-N{l) 117.4(1) 0 � -C a � - _ 95.5(1) 

0 ( l K a { l ) - N ( 3 ) 111.6(1) 0(1)-Ca(l)-IM(4) 101.0(1) 

N(l)-Ca(l)-N(3) 131.1(1) N{2)-Ca(l)-N(4) 163.0(1) 
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Summary 

A series of Group 4 metal complexes supported by the unsymmetrical 

[PhC(NC6H3Pr'2-2,6)(NSiMe3)r (L ) ligand was synthesized and structurally 

characterized in this work. The reaction of TiCl3(thf)3 with two molar equivalents 

of [LiL3(thf)2] (29) gave [Ti{L^)2CI] (31). Furthermore, treatment of complex 31 with 

LiMe led to the corresponding methyl derivative [Ti(L^)2lVle] (32). Ti(lV), Zr(lV) and 

Hf(IV) chloride complexes of the L̂  ligand were also prepared in this work. The 

reaction of TiCljthfh with [LiL^(tmeda)] (28) led to the isolation of 

[Ti(L^)(NC6H3Pr'2-2,6)(/i-CI)2Li(tmeda)] (33). Treatment of MCU (M = Zr, Hf) with 

complex 28 yielded the corresponding neutral complexes [IVKL^aCb] [M = Zr (34), Hf 

(35)]. In addition, ligand substitution reactions of complex 34 have been studied. 

Treatment of 34 with LiMe gave the bis(methyl) complex [Zr(L )̂2l\/le2] (36). The 

mono(benzyl) complex [Zr(L^)2(CH2Ph)CI] (37) was obtained via reaction of 34 with 

PhCHzMgCI. 

The ligand was proved to be a good supporting ligand for stabilization of a 

range of Ti(lll), Ti(IV), Zr(lV) and Hf(IV) complexes. The bis(amidinate) Zr(IV) 

dichloride complex 34 acted as a good starting material for the corresponding 

methyl and benzyl derivatives. 

Mg(ll) and Ca{ll) complexes supported by the I? ligand were also isolated in 

this work. Direct reaction of [LiL^(thf)2] (29) with one or two equivalents of 

Pr^MgBr afforded the Mg(ll) amidinate [Mg(L^)2(thf)] (39). The analogous Ca(ll) 

derivative, [Ca(L^)2(thf)] (40), was synthesized by metathesis reaction of two 

equivalents of (30) with Cab. 
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Experimental for Chapter 3 

Materials 

Anhydrous TiCIa, TiCljthfh, ZrCU and HfCU (Strem), Cab (Aldrich), LiMe (1.6 M 

in EtzO), LiBu" {1.6 M in hexanes) (Acros), Pr"MgBr (2.0 M in EtzO) and PhCh^MgCI 

(1.0 M in EtiO) (Aldrich) were used as received. The lithium amidinate [LiL^(tmeda)] 

(28) and potassium amidinate [KL^]« (30) were prepared according to published 

procedures/'^ 

Synthesis of LiL^(thf)2 (29). 

To a solution of HN{C6H3Pr'2-2,6)(SiMe3) (25)^ (2.67 g, 10.73 mmol) In thf (30 

ml) at 0 °C was slowly added a solution of LiBu" in hexanes {1.6 M, 6.7 ml, 10.7 

mmol) using a syringe. After stirring at room temperature for 1 h, PhCN (1.1 ml, 

10.8 mmol) was added and the resulting mixture was stirred at room temperature 

for another 8 h. Concentration of the resultant solution to ca. 10 ml gave complex 

29 as colorless crystals. Yield: 3.68 g, 7.32 mmol, 68%. M.p.: 146-151 X. Ĥ 

NMR (300.13 MHz, CgDe)： 6 7.26 (br�2H, m-ArH), 6.98-6.87 (m, 6H, p-ArH and 

CeHs), 3.52 (m, lOH, CHMez and thf), 1.39 (m, 8H, thf), 1.18 (d, J = 6.5 Hz, 12H, 

CHMe2), 0.22 (s, 9H, Si/Wes). ^̂ C NMR (75.47 MHz, CgDe): 6 175.8, 146.5, 141.9, 

129.1, 128.8, 128.2, 127.9, 127.4, 123.1； 68.2, 28.4, 25.6, 23.2, 3.39. Anal.: Calc. 

for C3oH47LiN202Si: C, 71.67; H, 9.42; N, 5.57%. Found: C, 71.10; H, 9.61; N, 5.12%. 

Synthesis of [Ti(L^)2CI] (31). 

A slurry of TiCIs {0.39 g, 2.55 mmol) in thf (15 ml) was stirred at room 

temperature for 30 min, yielding a bright blue solution of TiCl3(thf)3 in thf.̂ "̂  The 

solution was cooled to 0 , followed by addition of a solution of [LiL^(thf)2] (2.58 g, 
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5.14 mmol) in thf. The reaction mixture was stirred at room temperature for 1 d to 

give a red solution. All the volatiles were removed in vacuo and the solid residue 

was extracted with hexane. After filtration, the solution was concentrated to ca. 5 

ml, affording complex 31 as red crystals. Yield: 1.03 g, 1.31 mmol, 52%. M.p.: 

190-195 °C. Anal.: Caic. for C44H62ClN4Si2Ti: Q 67.19; H, 7.95; N, 7.12%. Found: C, 

66.87; H, 8.21; N, 7.31%. 

Synthesis of [Ti(L^)2Me] (32). 

To a solution of [Ti{L^)2CI] (31) (0.69 g, 0.87 mmol) in hexane (20 ml) at 0 � C 

was slowly added LiMe (1.6 M in EtjO, 0.7 ml, 1.12 mmol). The resulting solution 

was stirred at room temperature for 1 d, filtered and concentrated to ca. 5 ml. 

Standing the solution at room temperature overnight gave compound 32 as deep 

red crystals. Yield: 0.46 g, 0.60 mmol, 69%. M.p.: 198-201 T . Anal.: Calc. for 

C45H65N4Si2Ti: C, 70.55; H, 8.55; N, 7.31%. Found: C, 70.13; H, 8.94; M, 7.58%. 

Synthesis of [TifL^MNCeHsPr'z-Z.eK/i-COzLiltmeda)] (33). 

A solution of [LiL^(tmeda)](2.65 g, 5.57 mmol) in Et20 (15 ml) was added to a 

slurry of TiCl4(tlif)2 (1.05 g, 3.15 mmol) in EtzO (10 ml) at 0 The reaction 

mixture was brought to room temperature and stirred for 1 d. All the volatiles 

were removed in vacuo and the solid residue was extracted with hexane. The 

solution was filtered and concentrated to ca. 5 ml to give the title compound as dark 

brown crystals. The product was recrystallized from toluene. Yield: 1.14 g, 1.49 

mmol, 53%. M.p.: 219-224。(：. ^H NMR (400.19 MHz, CeDg)： 6 7.47 (d, J = 7.0 Hz, 

2H, m-ArH), 7.13-7.09 (m, 3H, m-PhW\e and ArH), 7.07-6.84 (m, 8.5H, o-PhW\e, 

p-PhW\e, ArH and CsHs), 4.87 (sept, J = 6.8 Hz, 2H, CHMgj), 3.78 (br, 2H, CHMez), 

2.11 (s, 1.5H, PhMe), 1.93 (s, 12H, NMez), 1.62 (s, 4H, NCH2), 1.52 (d, J = 6.8 Hz, 12H, 
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CH/We2), 1.29 (d, J = 6.8 Hz, 6H, CHMcj), 1.12 (d, J = 6.8 Hz, 6H, CHMe?), 0.47 (s, 9H, 

SiMes). 13c NMR (75.47 MHz, CgDe)： 6 173.8, 159.4, 143.8, 143.5, 142.4, 137.9, 

136.1, 129.5, 129.3, 128,6, 128.2, 127.9, 125.7, 125.6, 123.5, 122.4, 121.9, 56.9, 

45.5, 28.4, 27.7, 26.2, 25.1, 24.0, 21.4, 3.2. Anal.: Calc. for CaoHsACbLiNsSiTi-

O.5C7H8： Q 64.12; H, 8.41; N, 8.59%. Found: C, 64.17; H, 8.81; N, 8.69%. 

A General procedure for the synthesis of [MCL^IzCIz] [ M = ZR《34》，HF《35)]. 

To a slurry of MCI4 in EtzO (10 ml) at 0 °C was added a solution of [LiL^(tmeda)] 

in the same solvent (20 ml). The reaction mixture was stirred at room temperature 

for 1 d and then filtered. Concentration of the filtrate to ca. 5 ml yielded the title 

complexes as colorless crystals. 

Synthesis of [Zr(L3hCl2] (34). 

ZrCU： 0.50 g, 2.13 mmol; [LiL^{tmeda)]: 2.00 g, 4.21 mmoL Yield: 1.40 g, 1.62 

mmol, 77%. M.p.: Decomposed at 239-240 X without melting. Ĥ NMR (300.13 

MHz； CgDe)： 6 7.32-7.31 (m, 4H, ArH), 7.03-6.98 (m, 6H, ArH and C^H )̂, 6.84-6.80 

(m, 6H, ArH and CqHs), 3.83 (br, 2H, CHMez), 3.67 (br, 2H, CHMej), 1.62 (br, 6H, 

CHMei), 1.36 (br, 6H, CHMei), 1.31 (br, 6H, CHMez), 0.77 (br, 6H, CHMe?), 0.28 (s, 

18H, SiMes). 13c NMR (100.62 MHz； CeDg)： 6 182.2, 143.5, 140.7, 135.3, 130.4, 

126.7, 124.2, 124.0, 28.7, 27.5, 26.1, 25.0, 23.2, 2.5. Anal.: Calc. for 

C44H62Cl2N4Si2Zr: C； 61,08; H, 7.22; N, 6.47%. Found: C, 61.11; H, 7.25; N, 6.70%. 

Synthesis of [HffL^lzCb] (35). 

HfCU： 0.72 g, 2.25 mmol; [LiL^(tmeda)]: 2.04 g, 4.30 mmol. Yield: 0.96 g, 1.00 

mmol, 47%. M.p.: 138-141 °C. ^H NMR (300.13 MHz, CeDe)： 67.32-7.25 (m, 4H, 

ArH), 7.13-7.06 (m, 2H, CM, 7.00 (t, J = 7.5 Hz, 2H, p-ArH), 6.89-6.85 (m, 2H, 
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CeHs), 6.84-6.80 (m, 6H, CeHs), 3.90 (br, 2H, CHMgz), 3.51 (br, 2H, CHMG2), 1.65 (br, 

6H, CHMez), 1.34 (br, 6H, CHMe2), 1.31 (br, 6H, CHMei), 0.70 (br, 6H, CHMez), 0.28 (s, 

18H, Si/Wes). ^̂ C NMR (100.62 MHz, CgDe): 6 182.4, 143.8, 140.2, 135.8, 130.4, 

127.0, 126.8, 124.4, 123.9, 28.6, 11.1, 26.1, 25.3, 23.3, 2.7. Anal.: Calc. for 

C44H62Cl2N4Si2Hf: C, 55.48; H, 6.56; IM, 5.88%. Found: C, 55.77; H, 6.64; N, 6.02%. 

Synthesis of [ZrCL^lzMez] (36). 

To a solution of [Zr(L^)2Cl2] (2.18 g, 2.52 mmol) in EtzO at 0 °C was slowly 

added a solution of LiMe in Et^O (1.6 M, 3.0 ml, 4.8 mmol). The reaction mixture 

was then brought to room temperature, stirred for 1 d； filtered and concentrated to 

CO. 5 ml. A brown solid was obtained and isolated. Recrystallization of the brown 

solid from hexane yielded complex 36 as colorless crystals. Yield; 0.90 g, 1.09 

mmol, 45%. M.p.: Decomposed at 216-218�C without melting. Ĥ NMR (400.13 

MHz, CgDe)： 6 7.40-7.37 (m, 4H, ArH), 7.08—7.02 {m, 6H, ArH and C M , 6.92-6.85 

(m, 6H, ArH and CgHs)； 4.09 (sept, J = 6.7 Hz, 2H, CHMe?), 3.61 (sept J = 6.7 Hz, 2H, 

CHMe2), 1.41 (d, J = 6.7 Hz, 12H, CUMej), 1.15 (d, J = 6.7 Hz, 6H, CHMe2), 0.94 (d, J = 

6.7 Hz, 6H, CHMez), 0.89 (s, 6H, Me), 0.24 (s, 18H, SiMes). '^C NMR (100.62 MHz, 

CeDe)： 6 180.7, 143.4, 142.7, 141.8, 136.7, 129.9, 125.9, 124.1, 124.1, 49.9, 28.4, 

28.3, 26.5, 26.3, 24.7, 23.8, 2.5. Anal.: Calc. for CAsHegNdSizZr: C, 67.01; H, 8.31; N, 

6.79%. Found: C, 67.44; H, 8.96; N, 7.06%. 

Synthesis of [Zr(L^)2(CH2Ph)Cll (37). 

A solution of PhCHaMgCI in EtzO (1.0 M, 3.2 ml, 2.3 mmol) was slowly added 

to a solution of [Zr(L^)2Cl2] (1.42 g； 1.64 mmol) in EtaO at 0 After stirring at 

room temperature for 1 d, the reaction mixture was filtered and concentrated to ca. 

5 ml. A brown solid was obtained, which was recrystallized from hexane to yield 
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the title compound as bright yellow crystals. Yield: 0.28 g, 0.31 mmol, 19%. M.p.: 

2 3 9 - 2 4 0 °C. 1 h N M R ( 3 0 0 . 1 3 M H z , CGDE)： 6 7 . 4 6 - 7 . 4 4 ( b r , 4 H , A r H ) , 7 . 1 5 — 7 . 0 0 ( m , 

5H, ArH, CeHs and benzyl CeHs), 6.96-6.84 (m, 12H, ArH, C5H5 and benzyl CqHsI 3.77 

(sept, J = 6.6 Hz, 2H, CHUej), 3.62 (sept, J = 6.6 Hz, IH, CHMez). 3.34 (sept, J = 6.5 

Hz, IH, CHMez), 3.23 (d, J = 10.9 Hz, IH, CHzPh), 2.93 (d, J = 10.9 Hz, IH, CHzPh), 

1.54 (d, J = 6.6 Hz, 3H, CH/Wez), 1.32 (d, J = 6.6 Hz, 3H, CHMeil 1.26 (d, J = 6.6 Hz, 3H, 

CHMez), 1.23 (d, J = 6.6 Hz, 3H, CHMe?), 1.11 {d, J = 6.6 Hz, 3H, CHMej), 1.03 (d, J = 

6.6 Hz, 3H, CHMez), 0.80 (d, J = 6.6 Hz, 3H, CHMez), 0.40 (d, J = 6.6 Hz, 3H, CHMe?), 

0.26 (s, 9H, Si/Wes), 0.23 (s, 9H, SiMes). ^̂ C NMR (75.47 MHz, CeDg)： 6 182.8, 180.8, 

148.7, 144.0, 143.5, ,143.0, 

127.3, 126.5, 126.4, ,125.7, 

26.5, 26.1, 26.0, 25.8, 

C5iH69ClN4Si2Zr: C, 66.51; H, 7.55; N, 6.08%. Found: C, 66.14; H, 7.71; N, 6.28%. 

Synthesis of [Mg(L^)2(thf)] (39). 

To a solution of [LiL^(thf)2] (2.10 g, 4.18 mmol) in EtzO at 0 � C was added 

Pr"MgBr (2.0 M in EtgO, 1.0 ml, 2.0 mmol). The reaction mixture was stirred at 

room temperature for 1 d. All of the volatiles were removed in vacuo and the 

resulting residue was extracted with hexane. The solution was filtered and then 

concentrated to ca. 5 ml to give complex 39 as colorless crystals. Yield: 0.96 g, 1.20 

mmol, 60%. M.p.: 250-254。(：• Ĥ NMR (300.13 MHz, CeDg)： 6 7.26 (d, J = 7.2 Hz, 

4H, m-ArH), 7.16-7.10 (br, 2H, Ph), 7.03-6.93 (m, 8H, Ph), 6.84 (t, J = 7.2 Hz, 2H, 

p-ArH), 4.18 (br, 4H, thf), 3.93 (br, 2H, CHMe〗)，3.33 (br, 2H, CHMe?), 1.65 (br, 6H, 

CHMez), 1.55 (br, lOH, thf and CHMez)； 1.28 (br, 6H, CHMez), 0.98 (br, 6H, 

CH/WezL -0.22 (s, 18H, SiMes). ^̂ C NMR (75.47 MHz, CeDe)： 6 177.1, 144.2, 143.2, 

141.4, 140.0, 127.4, 127.5, 124.3, 123.3, 70.4, 28.9, 28.3, 26.4, 25.5, 25.2, 24.1, 23.8, 
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3.0. Anal.: Calc. for C48H7oMgN40Si2： C, 72.10; H, 8.82; N, 7.00%. Found: C, 71.73; 

H, 9.31; H, 7.36%. 

Synthesis of [Ca(L^)2(thf)I (40). 

A solution of [KL^]« (1.93 g, 4.93 mmol) in thf {20 ml) was added dropwise to a 

slurry of Cab {0.71 g, 2.43 mmol) in the same solvent (10 ml) at 0 After stirring 

at room temperature for 1 d, the reaction mixture was pumped to dryness. The 

residue was extracted with hexane and filtered. Concentration of the filtrate 

afforded complex 40 as colorless crystals. Yield: 1.10 g, 1.35 mmol, 56%. M.p.: 

216-221 X. 1h NMR (400.13 MHz, CeDg)： 6 7.23 (d, J = 7.4 Hz, 4H, m-ArH), 7.02 (d, 

J = 7.0 Hz, 4H, m-Ph), 6.98-6.94 (m, 6H, Ph), 6.84 {t, J = 7.4 Hz, 2H, p-ArH), 3.92 (br, 

4H, thf), 3.59 (br, 2H, CHMe?), 1.44-1.41 (m, 16H, thf and CHMei), 1.32 (br, 12H, 

CH/Wez), -0.10 (s, 18H, Si/Wea). ^̂ C NMR (75.47 MHz, CeDg): 6 176.1, 145.5, 141.2, 

129.1, 127.6, 127.4, 127.1, 123.6, 123.0, 69.3, 28.8, 25.8, 25.3, 22.9, 3.1. Anal.: 

70.71: H, 8.65; N, 6.87%. Found: C, Calc. for C48H7oCaN40Si2： C 

7.19%. 

.23; H, 9.43: iM, 
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Chapter 4 

Divalent Lanthanide Complexes 
Derived from a 2-Pyridylamido 
ligand 

The first part of this chapter covers a brief account on divalent lanthanide 

complexes and their reaction chemistry. The second part of this chapter focuses on 

our work on the coordination chemistry of the [NfCshhPr^厂2,6)(2-C5H3N-6-Me)厂(L^) 

ligand with divalent lanthanide ions [Sm�),Eu(ll) and Yb(ll)]. Results of our studies 

on reactions of divalent lanthanide complexes of L^ are also presented. 
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Introduction 

An Overview on Divalent Lanthanide Complexes 

Divalent lanthanide compounds have attracted much attention due to their 

strong reducing properties. For instance, Smh has proven to be an excellent 

one-electron reductant in organic synthesis/—� Lanthanide(ll) cyclopentadienyl (Cp) 

complexes have also been shown to be reactive in small-molecule 

transformations/''^'^ dinitrogen activation/ olefin polymerizations^'^ and 

electron-transfer reactions (Scheme 
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Over the past decades, studies of 丨anthanide(ll) complexes supported by 

anionic nitrogen-based Ijgands have attracted considerable attention. These 

studies were motivated by the development of alternative ligands as substitute for 

cyclopentadienyl anions. Using the bulky [N(SilVle3)2r Ngand； mononuclear 

bis(amido) Ln(ll) complexes of the type [Ln{N(SiMe3)2}2(thf)2] (Ln = Sm, Eu, Yb) were 

synthesized�The Eu(ll) derivative [Eu{N(SiMe3)2}2(thf)2] was prepared by reduction 

of its trivalent precursor [Eu{N(SiMe3)2}3/EuCl3 (2:1) mixture] with sodium 

naphthalene in thf/° The Sm(ll) and Yb(ll) analogues were prepared by treatment 

of the appropriate Ln^ (Ln = Sm, Yb) with two equivalents of MN(SilVIe3)2 (Ln = Sm, 

M = Na;ii Ln = Yb, M = K^ )̂. The Yb(ll) derivatives [Yb{N(SiMe3)2}2(L)2] (L = OEtz, 

dmpe, AlMes) were also prepared by Andersen and co-workers? In addition, 

heterobimetallic Ln(ll) complexes [NaLn{N(SiMe3)2}3] (Ln = Yb, Eu) were synthesized 

by the reaction of the appropriate Lnl2(thf)2 with two equivalents of NaM(SiMe3)2 

(Chart 4-1).i4 Monosubstituted Sm(ll) complex [{Sm{N(SiMe3)2}("-l)(dme)(thf)}2] 

was also prepared by reaction of [Sm{N(SiMe3)2}2(thf)2] with one equivalent of 

Sml2(thf)2 11 

Me.SL .SiMe, 
N 

I 
Me3Si 

Ln., 

MeaSî  ŜiMeg 

IVtegSî  siMej 
N. N 

''SiMej 

MejSi 

Me.Si 

0 
\ ‘ V I 

N—Sm" _Snn——N SiMe, 
0 “ 

6 70 
Ln = Eu, X = thf, dme Zaikin et al}° 

Ln= Sm, X = thf Evans efa/.n 
Ln = Yb, X = thf Lappertet 

Ln = Yb, X = EtjO, dmpe, AIMej Andersen et a/." 

Ln = Yb, Eu Andersen et a I. 

Chart 4-

Evans eta/. 11 

Beside the bis{trimethylsilyl)amido ligand, arylamido ligands such as [NPhaf 
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[NPh(SiMe3)r and [IM(C6H3Pr'2-2,6)(SilVle3)]" were also shown to be versatile in 

supporting lanthanide{ll} complexes. Neutral mononuclear Yb{ll) complexes 

Yb(NPh2)2(thf)4 and Yb{NPh(SiMe3)}2(thf)3 were synthesized by salt elimination 

reactions of Ybb with an appropriate potassium amide (Scheme 4-2).^^ The 

dme-adduct [Yb{NPh(SilVIe3)}2(clme)2] can be prepared by reduction of the trivalent 

precursor [Yb{NPh(SiMe3)}2(thf)CI]2 with Na/K alloy/® The lanthank]e(ll) 

complexes [Ln{N(C6H3Pr'2-2,6)(SiMe3)}2(thf)2] (Ln = Sm, Eu, Yb), were synthesized by 

redox transmetallation reactions of Hg[N{C6H3Pr'2—2,6)(SiMe3)]2 with elemental 

samarium, europium and ytterbium, respectively.^^ 

YbU(thf), 2 KNPhR 
thf [Yb{NPhR}2(thf)J 

R = Ph, X = 4 

Lappert et at ‘ 

0 Me,Si 

‘、 

Me.S!" 

nr^ / 
\ 

Yb-̂  ^ Y b ^ / SiMe, 
Na/K 

9
 

thf/toluene 

SiMea 0 
�Y b 
> y 

''SiMe, 

Shen et al: 

Pr' 

Ln + Hg[N(C6H3Pr'2-2,6]2 thf 

Hg 
- M e , S i 

�N 
I 

I n 

SI Meg 

\ .ZV.,。0 
Pr丨O 

Ln = Sm, Eu, Yb 

Schumann etal: 

Scheme 4-2 

Apart from the monodentate silyl- and arylamido ligands, bidentate 
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N-donating ligands such as /3-diketiminates,amidinates/^"^^ guanidi nates, 

and 2-pyridylamides27-29 have also been employed in lanthanide(ll) chemistry. 

Lap pert and co-workers have reported the homoleptic [Yb{{N(Ar)CPh}2CH}2] (Ar = 

C6H3Pr'2-2,6)], which were synthesized by reaction of Ybl2(thf)2 with the 

corresponding sodium or potassium jS-diketiminate. Alternatively, the compound 

could also be prepared by direct reaction of the ytterbium a Iky I complex 

[Yb{CH(Ar)2}2(OEt2)2] with PhCN {Scheme 4-3)/^ The heteroleptic 

[{Yb{{N(SiMe3)CMe}2CH}(l)(thf)}2] and [{Yb{{N(SilVle3)CPh}2CH}(l)(thf)}2] were also 

reported.19 They were prepared by a salt elimination method from Ybl2(thf)2 and 

the appropriate potassium salt, or ligand redistribution reactions of Ybl2(thf)2 with 

the corresponding bis(/3-diketiminate) complexes. In addition, the Eu(ll) 

iS-diketiminate complex [Eu{{N(AK)CMe}2CH}2(thf)] (Ar' = C6H3Me2-2,6) was 

obtained unexpectedly in the reaction of EUCI3 with Na{{N(Ar')CMe}2CH}, in which 

oxidation-coupling of the /3-diketiminate ligands occured.^° 

Et̂O 

[Yb{CH(Ar>2}2(OEt:2)2] + 4 PhCN — 

Ar = C.H,Pr'-2,6 

1
 

R� R̂  
R̂  / \ 

YbU(thf), t :><3 
d2 \ / \R2 
R V R � ^ 

=CgH3Pr'-2,6, = Me 
R̂  = SiMe,, = ph 

/
仆
\
 
\
 

<
r
 

y
f
o
 

於
J
 

f
 

t
 

\
N
 

\
 

/
 

/
N
 

Lappert et o/.i8'!9 

Scheme 4-3 

The heteroleptic Yb(ll) complex [{Yb{{N(SiMe3)CMe}2CH}(l)(thf)}2] was shown 
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to be a good starting material for the preparation of other Yb(ll) amide and 

hydrocarbyl complexes (Scheme 4-4)/^ 

Lappertet al 

Scheme 4-4 

The first Sm(ll) formidinate complex [Sm{HC{NC6H3Pr'2—2,6)2}2(thf)2] was 

reported by Junk and co-workers.21 It was synthesized by (i) a salt elimination 

reaction of Sml2(thf)2 with the corresponding sodium amidinate, (ii) transamination 

reaction of [Snn{N(SiMe3)2}2(tlif)2] with the ligand precursor 

(C6H3Pr'2-2,6)NHCH=N(C6H3Pr'2-2,6), or (iii) redox transmetallation of excess 

samarium metal with bis{pentafluorophenyl)mercury and the precursor amidine 

(C6H3Pr'2-2,6)NHCH=N{C6H3Pr'2-2,6). Using the A/-silylated benzamidinate ligands 

[(C6H4R-4)C(NSiMe3)2r (R = H, OMe, Ph), Edelmann and co-workers have 

successfully synthesized a series of Yb(ll) complexes of the type 
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[Yb{{C6H4R-4)C(NSiMG3)2}2(thf)x] (R = H, OMe, x = 2; R = Ph, x = Reactions of 

[Yb{PhC(NSiMe3)2}2(thf)2] with {MezNCSzh gave the Yb(lll) complex 

[Yb{PhC(NSiMe3h}3(S2CNMe2)] {Scheme 4-5). Reactions of 

[Yb{(C6H4R-4)C(NSiMe3)2}2(thf)2] (R = H, OMe) with diaryl diselenides and ditelluride 

led to the Yb(lll) complexes [Yb{PhC(NSiMe3)2}2(SeR�(thf)] (R' = Ph, Mes) and 

[Yb{(C6H40Me—4)C(NSiMe3)2}2(TeR'}(thf)] (R' = Mes)?"^ Recently, a series of 

Sm(ll), Eu(ll) and Yb(ll) complexes supported by the unsymmetrical amidinate ligand 

[PhC(NC6H3Pr'2-2,6)(NSiMe3)r have been reported.^^ The reaction chemistry of 

these complexes has also been studied (Scheme 4-6). 

[Me.NCSj 

MejSi ^ ^ Si Me, 

j .�>N _̂̂  
� > " 0 -

MejSi ^ ^ SiMej 

PhSeSePh 

Edelmannef 0/.22 

Scheme 4-5 

Q 
/^'ri-MegSi'-N̂  • 

Y b � v< 
Me 

Me 
Me,Si—N Wn, 

.Si Me, 

Me^Si-N； 

� c O 

M ĵSi-

Y b � 
Z Se’ 

SiMe； 
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> 

PhEEPh (E = Se, Te) 

Ln = Sm, Eu 
n = 2 

PhSeSePh 

Ln = Yb 

众I 

Q .SiMe, 

Pr' 

Me^Si—N 

Sm. 
�oO CvN=C=NCy 

Ln = Sm, E = Se, Te 
Ln = Eu, E = Se 

Me,Si 

Scheme 4-6 
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Ln = Sm, Eu Ln = Sm, Eu, Yb 

Jones 

Chart 4-2 

A few examples of divalent lanthanide complexes supported by very bulky 

2-pyridylamido ligands have been reported {Chart 4-3). Heteroleptic complexes 

[{Ln(Ap*)(l)(thf)2}2] [Ln = Sm尸 Eu严 Yb''; Ap* = N(C6H3Pr'2-2,6){2-C5H3N-6-

(C6H2Pr'3-2A6)}] were synthesized by reactions of Lnl2(thf)x (Ln = Sm； Yb, x = 3; Ln = 

Eu, x = 5) with KAp*. Reductions of [{Ln(Ap*)(l){thf)2}2] (Ln = Eu, Yb) with KCg led to 

the neutral mononuclear [Ln(Ap*)2(thf)2].28 The related mononuclear Yb(ll) 

complexes [Yb(Ap')2(thf)] [Ap' = N(C6H3Pr'2—2,6){2-C5H3N—6-(C6H3Me2-2,6)}] and 

[Yb(ApMe)2(thf)2] [ApMe = [SKCsHzMes—2,4,6){2-�5"31\1-6-((：6"21\/163-2八6)}] were also 

prepared by reactions of Ybl2(thf)4 with the corresponding potassium amides.2� 

The unsolvated [Yb(Ap')2] was obtained by treatment of ytterbium metal with ligand 
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Homoleptic guanidinate complexes [Ln{Cy2NC(NC6H3pr'2-2,6)2}2] (Ln = Sm, Eu, 

Yb) have been reported by Jones and co-workers (Chart 4-2).^^ The Sm(ll) and 

Eu(ll) bis(guanidinates) were found to adopt a planar coordination geometry in the 

solid state, which is rarely observed for four-coordinate lanthanide(ll) complexes 

derived from bidentate ligands. The related [Ln{Pr'2NC(NC6H3Pr'2-2,6)2}2] (Ln = Sm, 

Eu, Yb) were also prepared.^^ Reaction of [Sm{Pr'2NC(NC6H3Pr'’2—2,6)2}2] with CSz 

led to reductive coupling of CS2. 

、货 
^
 \
n
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precursor Ap'H and metallic mercury. 

Ln = Sm, Eu, Yb R̂  = Pr', r2 = H, Ln = Eu, Yb 
R^ = R^ = Me; Ln = Yb 

Kempe et a I: 

Chart 4-3 

:0 or 1 

Synthesis and structural studies of divalent lanthanide complexes supported 

by anionic A/-donating ligands still remain an underdeveloped area. Moreover, the 

reaction chemistry of these complexes has been rarely reported. Accordingly, the 

coordination chemistry of the [N(C6H3Pr'2-2,6)(2-C5H3N-6-IVle)r (L )̂ ligand towards 

lanthanicle(li) ions and the reaction chemistry of our new divalent lanthanide 

complexes have been studied in this work. 
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Results and Discussion 

Lanthanide Complexes of the 

[N(C6H3Pr'2-2,6)(2-C5H3N-6-Me)r (L*) Ligand 

A. Synthesis of Ligand Precursor [HNiCeHsPr^2-2,6)(2-C5H3N-6-Me)] (HL) and the 

Corresponding Potassium Amides 

The ligand precursor [HN(C6H3Pr'2-2,6}(2-C5H3N-6-lVle)] (HL^) (41) was 

prepared by a palladium-catalyzed aryl amination method similar to the one 

reported by Buchwald and co-workers.^° Treatment of H2N(C6H3Pr'2_2,6) with 

2-BrC5H3N-6-Me in the presence of NaOBi/, 1% tris(dibenzylideneacetone)-

dipalladium(O) [Pcl2(dba)3L and 3% 1,3—bis(cliphenylphosphanyl)propane (DPPP) in 

toluene under reflux for two days gave compound 41 as a pale yellow solid in 80% 

yield (Scheme 4-7). 

Pr' 

Pr' 

n 
- ^ N " "Br 

Vo Pd2(dba)3, 3% DPPP 

NaOBu^ 

toluene, 95 °C, 2d 
Pr' 

A n 入 

Scheme 4-7 

Deprotonation of compound 41 with potassium hydride in diethyl ether led to 

the dimeric potassium amide [{KL4(OEt2)}2] (42) {Scheme 4-8). On the other hand, 

treatment of 41 with potassium hydride in thf yielded KL^(thf)2 (43). 
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KH 

EUO. 0�C to r.t.. Id 

Pr' 

41 
KH 

thf, 0 °C to r.t.. Id 
KL̂ (thf)2 

43 73 % 

Scheme 4-8 

Physical Characterization of Compounds 41-43 

Tables 4-1 listed some of the physical properties of compounds 41-43. The 

formulation of these compounds was confirmed by NMR spectroscopy and 

elemental analysis. The solid-state structures of 41 and 42 were elucidated by 

X-ray crystallography. 

Table 4-1 Some physical properties of compounds 41-43. 

Compound Appearance M.p. (°C) 

[HLI (41) 

[{KL4(OEt2)}2] (42) 

KL'{thf),(43) 

Pale yellow solid 

Colorless crystals 

Colorless crystals 

127-130 

261-266 

294-297 

148 I 

8 0 % 4: N
 

〈
 

N
H
 Pr' 



Chapter 4 

NMR Spectra of Compounds 41-43 

1. [HL4] (41) 

The 1h and ^̂ C NMR spectra of compound 41 (Figures A2-47 and A2-48 in 

Appendix 2) showed well-resolved resonance signals corresponding to [HL*]. 

2. [{KL4(OEt2)}2] (42) and KL^(thf)2 (43) 

The 1h and ^̂ C NMR spectra of compounds 42 and 43 are shown in Figures 

A2-49 to A2-52 in Appendix 2. The NMR spectra showed one set of resonance 

signals assignable to the L̂  ligand, indicating that the two L̂  ligands in each complex 

are chemically equivalent. The ratio of L̂  : EtzO as shown in the ^H NMR spectrum 

of 42 is 1:1, whereas the L* ： thf ratio in the ^H NMR spectrum of 43 is 1:2. Only one 

septet assignable to the isopropyl methine protons (at 2.92 ppm for 42 and 3.03 ppm 

for 43) was observed in each Ĥ NMR spectrum, indicating that the two isopropyl 

substituents of the L̂  ligand are identical to each other. However, two 

nonequivalent methyl groups (with resonance signals at 0.93 and 1.18 ppm for 42, 

and 1.00 and 1.23 ppm for 43) were observed in each spectrum. This suggests that 

the geminal methyl groups of the isopropyl substituent are diastereotopic. 

Crystal Structure of Complex 42 

The molecular structure of complex 42 is shown in Figure 4-1 with selected 

bond distances and angles summarized in Table 4-2. Selected crystallographic 

data of the complex are listed in Appendix 3. Single crystals of 42 were obtained 

from diethyl ether. Complex 42 crystallizes as a dimer in the triclinic space group 
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PI. The crystal structure of 42 consists of two potassium ions and two bridging L̂  

ligands. Each potassium ion is also bound by one diethyl ether molecule, which 

forms a distorted tetrahedral geometry around the alkali metal atom. 

The observed K-Nom/do distance of 2.785(1) A in complex 42 is shorter than the 

corresponding distances reported for [{K{N(SiBi/Me2)(2-C5H3NMe-6)}(tmeda)}2] 

[2.875(4) and 2.034(4) A]严[{K{N(SilV!e3)(Py)}(12C4)}2l [ 2 . 8 5 8 � and 2.912(2) A]严 

[{K{N(Ph)(Py)}(12C4)}2] [2.798(4)-2.904(5) A p and [(K{/^-N(Ph)(Py)})2(A/'-thf)3]« 

[2.836(2) and 2.924(2)].34 The K-Npy_ distance of 2.850(2) A is also slightly 

shorter than the corresponding bond lengths reported for [{K{N(SiBu^Me2) 

(2-C5H3NMe-6)}(tmeda)}2] [2.906(4) and 2.955(4) A]严[{K{N(SiMe3)(Py)}(12C4)}2] 

[2.853(2) and 2.858(2) A]严[{K{N(Ph)(Py)}(12C4)}2] [2.911(5)-2.991(5) A严 and 

[(K{iU-M(Ph)(Py)})2(//-thf)3]« [2.870(2) and 2.908�].丑斗 The 一i(一bite 

angles in complex 42 [47.98(5广]is acute. 
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Figure 4-1 Molecular structure of [K(L^)(OEt2)]2 (42). 

Table 4-2 Selected bond lengths (A) and angles (deg.) for compound 42 

[K(L4)(OEt2)]2 (42) 

K �- M { 1 ) 2.785(1) K(1)-N{2) 2.850(2) 

K(l)-0(1} 2.749(2) N � -C { 1 3 } 1.336(3) 

N �- C ( 1 3 ) 1.376(3) N(l)-C(l) 1.418(3) 

N(2)-C(17) 1.352(3) 

N(l)-K{l)-N(2) 47.98(5) _ - K ( 1 K K 1 ) 121.56(6) 

N �- i < ( l K ) � 126.96(7) 
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B. Synthesis of Lanthanide(ll) Ami do Complexes 

The coordination chemistry of the L̂  ligand towards divalent lanthanide ions 

[Yb(ll)； Eu(ll) and Sm(ll)] has been studied in this work. Metathetical reactions of 

Lnl2(thf}2 with [{KL4(OEt2)}2] (42) yielded the corresponding lanthanide amido 

complexes 44-46 {Scheme 4-9). 
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Reaction of 42 with Ybl2(thf)2 in thf afforded the neutral Yb(ll) complex 

[Yb(L4)2(thf)2] (44) as dark purple crystals in 77% yield. Treatment of 42 with 

Eul2(thf)2 under a similar reaction condition gave the orange crystalline 

heterobimetallic complex [Eu{L'̂ )(jU-L'̂ )2K(thf)] (45) in 39% yield. Both complexes 

44 and 45 are sensitive to air and moisture, turning to a yellow and red solid, 

respectively, upon exposure to air. 

A neutral Yb(ll) complex of the L̂  ligand (44) was obtained in the present study. 

On the other hand, the Eu(ll) derivative (45) was isolated as an ofe-complex. This 

can be attributed to a larger ionic radius of Eu(ll) ion as compared to that of Yb(ll) 

On the other hand, reaction of 42 with Snnl2(thf)2 led to the homoleptic Sm(lll) 

derivative [Sm(L4)3] (46), which was isolated as yellow crystals (30% yield). The 

same product could also be obtained (18% yield) a transamination reaction of 41 

with [Sm(N(SilVle3)2)2(thf)2L It is believed that the highly reducing property of the 

Sm(ll) ion (more negative reduction potential of the Sm(lll)/Sm(ll) couple) favors the 

formation of 46 instead of a Sm(ll) complex. 

Physical Characterization of Complexes 44-46 

Tables 4-3 listed some of the physical properties of compounds 44=46. The 

formulation of these complexes was confirmed by elemental analysis. Ĥ and ^̂ C 

NMR spectra of 44 and 46 were also measured. The solid-state structures of 

44-46 were elucidated by single-crystal X-ray diffraction study. 
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Table 4-3 Some physical properties of compounds 44-46. 

Compound Appearance M.p. {'C) 

[Yb{L4)2(thf)2] (44) 

[Eu(L')(/^-L")2K(thf)] (45) 

[Sm(L4)3] (46) 

Dark purple crystals 

Orange crystals 

Yellow crystals 

216-219 (dec) 

190-193 

Dec. at 357-359 without melting 

NMR Spectra of Complexes 44 and 46 

1. [Yb(L4)2{thf)2] (44) 

The 1h and ^̂ C IMMR spectra of the diamagnetic Yb(ll) complex 44 showed 

one set of resonance signals assignable to two L* ligands and two thf molecules 

(Figures A2-53 and A2-54). In the ^H NMR spectrum, the isopropyl methine 

protons occur as one resonance signal at 3.49 ppm, indicating that the two isopropyl 

substituents of the L"̂  ligand are equivalent. However, the isopropyl methyl groups 

appear as two doublets at 1.11 and 1.27 ppm. This indicates that the isopropyl 

methyl groups are diastereotopic. 

2. [Sm(L4)3] (46) 

The ^H NMR spectrum of the paramagnetic complex 46 showed one set of 

isotropically shifted signals, which are assignable to the L̂  ligand based on the 

integration of these signals (Figures A2-55). 

Crystal Structures of Compounds 4 4 ^ 6 

The solid-state structures of complexes 44-46 were elucidated by 
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single-crystal X-ray diffraction analysis. Selected crystallographic data of these 

complexes are listed in Appendix 3. 

1. [Yb(L4)2(thf)2] (44) 

The molecular structure of complex 44 is shown In Figure 4-2� Selected bond 

lengths and angles are listed in Table 4-4. Crystals of complex 44 were obtained 

from a toluene solution. They belong to the triclinic space group PI. The Yb(ll) 

center in the mononuclear complex is bound by two L̂  ligands and two thf molecules. 

The coordination geometry around the metal center can be described as distorted 

octahedral. 

The observed Yb-h\amido distances in complex 44 are 2.427(3) and 2.431(3) A. 

Comparing with other neutral six-coordinate Yb(ll) complexes, they are close to those 

in [Yb(Ap*>2(thf)2] [Ap* = N(C6H3Pr'2-2,6K2_C5H3N-6—(CgHzPrVZAG)}] [2.431(6) and 

2.464(7) A]严 but longer than that in [Yb{ApMe)2(thf)2] [Ap^' = N(C6H2Me3-2,4,6) 

{2-C5H3N-6-{C6H2Me3-2,4,6)}] [2.396(5) A].̂ ® Apparently, the more bulky and 

Ap* ligands lead to longer Yb-N distances in 44 and [Yb(Ap*)2(thf)2] as compared 

with that of [Yb(ApMe)2(thf)2]. The Yb-Nom;do distances in complex 44 are also longer 

than the corresponding distances in the five-coordinate [Yb(Ap')2(thf)] [ A p ' = 

N(C6H3Pr'2-2,6){2-C5H3N-6-(C6H3lVle2-2,6)}] [2.380(4) and 2.384(3) A] and the 

four-coordinate [Yb(Ap')2] [2.371(1) and 2.404(1) A ] ^ This may be ascribed to the 

more crowded six-coordinate environment around the Yb(ll) ion in complex 44. 

The observed Yb-Npĵ —/ distances in complex 44 are 2.451(3) and 2.505(4) A. 

They are slightly shorter than those of 2.511(5) and 2.511(6) A in [Yb(Ap*)2{thf)2]/8 

and 2.544(4) A in [Yb(ApMe)2(thf)2]严 but comparable to those reported for 

155 I 



[Yb(Ap')2(thf)] [2.479(4) and 2.466(4) 

The Nom/do-Yb-Npyndw bite angles in 

55.5(1)°. 

Chapter 4 

A] and [Yb(Ap')2] [2.432(1) and 2.449(1) A ] ? 

complex 44 are acute, namely 55.0(1)�and 
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Figure 4-2 Molecular structure of [Yb(L )̂2(thf)2] (44). 

Table 4-4 Selected bond lengths (A) and angles (deg.) for compound 44. 

[Yb(L^)2(thf),] (44) 

Yb(l)-N{l) 2.431(3) Yb(lhN(2) 2.451(3) 

Yb{l)-N(3) 2.427(3) 2.505(4) 

Yb(l)-0(1) 2.488(3} Y b ( l ) - � � 2.416(3) 

N(1)-C(13) 1.338(5) N(2)-C(13) 1.376(5) 

N{1K(1) 1.425(5) N(2K(17) 1.358(5) 

N(3)-C(31) 1.327(5) M � -C ( 3 1 ) 1.383(5) 

N(3)-C(19) 1.430(5) N(4 卜 C(35) 1.348(6) 

N{l)-Yb(l)-N(2) 55.5(1) N{3)-Yb(l)-N(4) 55.0(1) 

N{l)-Yb{l)-N(3) 112.0(1) N{l)-Yb(l)-N(4) 154.2(1) 

N(2)-Yb(l)-N(3) 100.7(1) N(2)-Yb(l)-N(4) 102.3(1) 

0(l)-Yb(l)-0(2) 82.5(1) 

1801 



____ ChaiDter 4 

2. [Eu(L^)()ii-L")2K{thf)] (45) 

The crystal structure of complex 45 is shown in Figure 4-3 with selected bond 

distances and angles listed in Table 4-5. 

Complex 45 crystallizes in the triclinic space group PI. In each molecule, the 

Eu(ll) center is coordinated by one A/,A/'-chelating and two A/,/V'-bridging L* ligands. 

The latters are further coordinated to potassium ion K(l). Coordination of a thf 

molecule completes a distorted octahedral geometry around the potassium cation. 

The Eu(ll) center adopts a distorted octahedral coordination geometry. 

The observed Eu-Namic/o(terminal) distance [Eu(l)-N(l)] [2.563(3) A] in 

complex 45 is very close to the corresponding values in the [Eu(Ap*)2(thf)2] [2.526(6) 

and 2.547(6)]严 but longer the Eu - Nom,(yo(terminal) distances in 

[ELi{N(SiMe3)2}{"-N(SiMe3)2}2Na] [2.448(4) Af* and [{Eu(Ap*)(l)(thf)2}2] [Ap* = 

N(C6H3Pr'2-2,6){2-C5H3N-6-(C6H2Pr'3—2,4,6)}] [2.481(3) A].̂ ^ The more crowded 

ligand environment in 45 and [Eu(Ap”2(thf)2] leads to the longer Eu-Nom;do{terminal) 

distances in these complexes as compared with that of [{Eu(Ap*)(l)(thf)2}2]. The 

Eu-Nom/c/o(bridging) distances in 45 are 2.582(3) and 2.718(3) A. They are slightly 

longer than the Eu-N(bridging) distances in [Eu{N(SiMe3)2}{iU—N(SiMe3)2}2Na] 

[2.539(4) and 2.554(4) A].̂ ^ 

The observed Eu-Npy_/(terminal) distance in complex 45 [2.605(3) A] is 

comparable to that of 2.583(3) A in [{Eu(Ap*)(l)(thf)2}2L but slightly shorter than 

those of 2.671(6) and 2.691(6) A in [Eu(Ap*)2(thf)2].28 The bridging Eu-Mpyndyi 

distances of in 45 are 2.610(3) and 2.682(3) A. The Nom/do-Eu-Npyndw bite angle 

subtended by the terminal L* ligand in complex 45 [52.1(1)°] is acute. 
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Figure 4-3 Molecular structure of [EulL^^ji^-L^Klthf)] (45). 

Table 4-5 Selected bond lengths (A) and angles (deg.) for compound 45. 

')2K(thf)] (45) 

E u �- N � 2.563(3) Eu(l)-N(2) 2.605(3) 

Eu(l)-N(3) 2.582(3) Eu{l)-N(4) 2.682(3) 

Eu(l)-N{5) 2.718(3) Eu � — _ 2.610(3) 

K(l) 一 N(3} 3.11(4) K �- N � 2.958(3) 

K � -N ( 5 } 2.928(3) K(l)-N(6) 3.110(3) 

K � " 0 ( 1 ) 2.666(4) N(1)~C(13) 1.321(5) 

N(2)-C(13) 1.370(5) N(l)-C(l) 1.433(5) 

N(2)-C(17) 1.343(5) N{3K(31) 1.339(5) 

N(4)-C(31) 1.376(5) N(3)-C{19) 1.432(5) 

N(4)-C(35) 1.347(5) N(5K(49) 1.335(5) 

N(6)-C(49) 1.371(5) N(S)-C(37) 1.431(5) 

N(6)-C(53) 1.345(5) 

N(l)-Eu(l)-!M{2) 52.1(1) N ⑶一 EU(:L)—_ 51.2(1) 

N(5)-Eu � 50.4(1) N �— E l i �- M � 107.2(1) 

N{l)-Eu(l)-N(4) 145.9(1) N(l)-Eu{l)-N(5) 130.1(1) 

N(l)-Eu(l)-N(6) 95.1(3) M �- E u ( : L h _ 104.0(1) 

N � -E u � -N ( 4 ) 103.0(1) N(2)-Eu(l)-N(5) 137.6(1) 

N(2)-Eu(l)-N(6) 144.5(1) N �-Eu(: IO-N(S} 112.0(1) 

M �- E u ( ” - _ 98.3(1) N(5)-K(l)-N(6) 44.0(1) 

N(3)-K(l)-N(4) 44.0(1) N(3)-K{l)-N(5) 93.3(1) 

N(3)-K(l)-N(6) 78.3(1) 0 �- K �- N � 134.2(1) 

0{1)-K(1)-N(4) 177.5(1) 0(1)-K(1)-N(5) 106.6(1) 

O �- K �- N ( 6 ) 88.0(1) 
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3. [5球4)3] (46) 

The molecular structure of complex 46 is shown in Figure 4-5. Selected 

bond lengths and angles of the complex are summarized in Table 4-6. Complex 46 

crystallizes in the hexagonal crystal system with space group P3. The solid-state 

structure consists of two independent molecules in the asymmetric unit. The 

Sm{lll) ions in the complex is bounded by three A/,A/'-chelating L̂  ligands, with a 

crystallographic three-fold axis passing through the metal center. 

The observed Sm�N膽y�distances of 2.338(6) and 2.383(5) A in 46 are 

comparable to those of 2.369(3)-2.378(3} A in the related 

[Sm{N(SiBi/Me2)(2—C5H3N-6—!Vle)}3]严 and 2.334(2) and 2.352(2) A in the bis(amido) 

complex [Sm(Ap')2(CI)(thf)].35 The distances [ 2 . 4 8 9 ( 7 ) and 2.511(6) A] in 

46 are longer than the corresponding Sm-Namido distances, suggesting that L* binds 

as a pyridylamido ligand. The Sm-Mpyndyi distances are comparable to the 

corresponding distances in other related Sm(ll) amido c o m p l e x e s . T h e 

Nom/do-Sm-Npyritfy/ bite angles are acute, namely 55.0(1)�and 56.1(1广. 
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Only 

Figure 4-5 Molecular structure of [Sm(L >3] (46), 

of the two independent molecules in the asymmetric unit is shown. 

Table 4-6 Selected bond lengths (A) and angles (deg.) for compound 46. 

[Sm(L')3] (46) 

S m �- N � 2.38(1) Sm(l)-N(2) 2.49(1) 

N(1)-C(13) 1.38(1} N{2)-C(13) 1.38(1) 

N �- C � 1.43(1) N �- q u ) 1.40(1) 

Sm(r)-N(l ' ) 2.34(1) Sm(r)-N(2') 2.51(1} 

N{r)-C(13') 1.29(1) N(2')-C(13') 1.36(1) 

N(1')-C(1') 1.43(1) N{2')-C(17') 1.29(1) 

N(l)-Sm(l)-N(2) 56.1 � N(l)-Sm(l)-N(l)#3 112.3(1) 

N(l)-Sm(l)-N(2)#3 98.0(1) IM{2)-Sm(l)-N(l)#3 149.5(1) 

N(2)-Sm �- N ( 2 ) # 3 95.5(1) 

N(l')-Sm(l')-N(2') 55.0(1) N(l ')-Sm(l')-N(l ')#l 111.6(1) 

N(l')-Sm(l'hN(2')#l 149.4(1) N{2')~Sm(l')-N(l')#l 98.9(1) 

N(2')-Sm{r)-N(2')#l 97.3(1) 
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thf,0°Ctor.t, 

44 

Scheme 4-10 

Treatment of complex 45 with b under a similar reaction condition led to the 

homoleptic Eu(lll) complex [Eu(l4)3] (48) (Scheme 4—11). It is believed that the 

presence of three chelating L̂  ligands prevent the coordination of iodide ligand to 

the Eu(lll) center. Complex 48 was isolated as purple crystals in 64% yield. It is 

readily soluble in thf and toluene. 
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C. Reactivity Studies 

1. Reactions of [Yb(L4)2(thfh] (44) and [Eu(L'̂ )(ju-L'̂ )2K{thf)] (45) with b 

Complex 44 reacted readily with h in thf to give the Yb(lll) complex 

[Yb(L4)2(l)(thf)] (47) (Scheme 4-10). It was isolated from a concentrated thf 

solution as orange-red crystals in 56% yield. Complex 47 is readily soluble in thf, 

but only sparingly soluble In toluene. 
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P r ' \ _ 

这 
Pr' 

t h f , 0 ° C t o r.t. I d 

、 

t t O 

Pr'A^ 

Pr' / y l � 

Pr'Cr 
48 

Scheme 4-11 

2. Reaction of [Yb(L4)2(thf)2] (44) with Cul 

Reaction of complex 44 with Cul gave the Yb(lll) complex 47 (Scheme 4-12). 

The oxidation of Yb(ll) to Yb(lll) by Cu(l) led to deposition of a copper mirror on the 

reaction vessel. 

Pr' 

Cul 

thf, 0 °C to r.t., I d V f / 

44 47 

Scheme 4-12 

3. Reactions of [Yb(L4)2(thf)2] (44) with PhEEPh (E = S, Se, Te) 

The reactions of complex 44 with PhEEPh (E = S, Se, Te) were also examined. 

Interestingly, the homoleptic Yb(lll) complex [YbfL^^] (49) was the only isolable 
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t h f , 0 ° C to r.t., I d 

PhEEPh (E = S, Se,Te) 

thf, 0 °C to r.t., I d 

Scheme 4-13 

47 49 22% 

Scheme 4-14 

Physical Characterization of Complexes 47-49 

Table 4-7 listed some of the physical properties of complexes 47-49. Their 
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3. Reaction of [Yb(L4}2(l)(thf)] (47) with KOBi/ 

We also attempted to prepare a Yb(lll) alkoxide complex by reacting complex 

47 with KOBi/. However, only the homoleptic Yb("l) complex 49 was isolated after 

the reaction (Scheme 4-14). 

Chapter 4 

product in these reactions (Scheme 4-13). Complex 49 is readily soluble in thf and 

toluene. It was isolated as yellow crystals from a toluene solution. 
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formulation was confirmed by elemental analysis. The Ĥ NMR spectrum of the 

paramagnetic complex 49 was also recorded, which showed one set of isotropically 

shifted signals that are assignable to the L* ligand (Figures A2-56). 

Table 4-7 Some physical properties of compounds 47-49. 

Compound Appearance M.p. C O 

[Yb{02(l)(thf)] (47) 

[EU(L\] (48) 

[Yb(L4)3] (49) 

Orange-red crystals 

Purple crystals 

Yellow crystals 

241-243 (dec.) 

378-380 (dec.) 

219-220 (dec.) 

Crystal Structures of Complexes 47—49 

Solid-state structures of complexes 47-49 were elucidated by single-crystal 

X-ray di什raction analysis. Selected crystallographic data of these complexes are 

listed in Appendix 3. 

1. [Yb(L4)2�(thf)] (47) 

The solid-state structure of complex 47 is shown in Figure 4-6 with selected 

bond distances and angles presented in Table 4-8. 

Single crystals of complex 47 were obtained from a thf solution. The complex 

crystallizes in the monoclinic space group P2jc. The Yb(lll) center is coordinated by 

two A/,/V'-chelating 1_4 ligands, one iodide ligand and one thf molecule, which result in 

a distorted octahedral geometry around the metal ion. 
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The observed Y b - N d i s t a n c e s of 2.241(2) and 2.265(2) A in complex 47 are 

comparable to the corresponding distances in the homoleptic Yb(lll) complex 

[Yb(ApMe)3] [2.263(7)-2.299(7) A]尸 but slightly shorter than those in the heteroleptic 

Yb{l!l) complex [Yb(Ap*Py)(l)(|U-Ap*Py)2Ybl2] [Ap*Py = N(2-C5H3N-6-Ar") 

(2-C5H3N-6-Me)] [2.294(6)-2.482{6) A].̂ ^ The observed distances in 

complex 47 are 2.363(3) and 2.366(2) A. They are comparable to those of 

2.357(8) -2.543(7) A and 2.383(6) -2.437(6) A in and 

[Yb(Ap*Py)(l)(p-Ap*Py)2Ybl2], respectively.^® The Yb-I distance of 2.9204(3) A in 47 

is comparable to those in [Yb(Ap*Py)�(ju-Ap.PyhYbb] [2.8462(7卜2.9511(6) A]严 

The Namido-yb-Npyridy/ bite angles in complex 47 are acute, namely 58.42(8)° and 

58 .50 (9 )。. 
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Figure 4-6 Molecular structure of [Yb(L^)2(l)(thf)] (47). 

Selected bond lengths (A) and angles (deg.) for compound 47. 

[ Y b ( L \ �( t h f ) ] (47) 

2.241(2) Yb(l)-N(2) 2.363(3) 

Yb(l)-N(3) 2.265(2) Yb(l)-N(4) 2.366(2) 

Yb(lH(l) 2.920(1) Yb(l)-0(1) 2.362(2) 

N(1)-C(13) 1.347(4) N(2)-C(13) 1.365(4) 

N{l)-C(l) 1.435(4) N(2)-C(17) 1.342(4) 

N(3) - C(31) 1.352(4) N(4)-C(31) 1.370(4) 

N(3)-C(19) 1.440(4) _ - C ( 3 5 ) 1.356(4) 

N(l)~Yb(l)-N{2) 58.50(9) N(3)-Yb{l)-N{4) 58.42(8) 

N(l)-Yb(l)-N(3) 108.34(8) N(l)-Yb(lhN{4) 151.38(9) 

N(2)-Yb �- N � 93.06(9) N(2)-Yb(l)-N(4) 95.10(9) 

Nl �- Y b ( l H ⑴ 103.70(6) N(2)-Yb( lH( l ) 161.04(6) 

N(3)-Yb � - 1 ( 1 ) 99.42(6) N�-Yb( l ) -丨⑴ 103.58(6) 

I( l)-Yb(l)-0(1) 92.46(6) 0 �- Y b �- N � 95.19(8) 

0(1)-Yb{l)-N(2) 83.49(8) 0(1)-Yb(l)-N(3) 150.06(9) 

0(1)-Yb(l)-N(4) 92.15(9) 
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2. [ln{l%] [Ln = Eu (48), Yb(49)] 

The molecular structures of complexes 48 and 49 are shown In Figures 4-7 

and 4-8. Selected bond lengths and angles of these complexes are summarized in 

Tables 4-9 and 4-10. The molecular structures of the homoleptic Eu(lll) and Yb(lll) 

complexes 48 and 49 are similar to that of the Sm(lll) derivative 46. The Ln(lll) ions 

in each complex is bounded by three A/,A/'-chelating L* ligands, with a 

crystallographic three-fold axis passing through the metal center. 

Complex 48 crystallizes in the hexagonal crystal system with space group P3. 

The complex contains two independent molecules in the asymmetric unit. The 

observed EU-Nc™/<^�distances in complex 48 [Eu(l)-N(l) = 2.346(3) k, EU(1'HM(:L')= 

2.354(3) A] are marginally shorter than the corresponding distances reported for 

[Eu{N(SiBu^l\/le2)(2-C5H3N-6-Me)}3] [2.361 ⑷ 一 2 . 3 6 7 � A]严 but much longer than 

that of 2.259 A in the three-coordinate [Eu{IM{SiMe3)2}3].̂ ^ The observed Eu-Npĵ r,办/ 

distances of 2.462(3) and 2.520(3) A are comparable to those in 

[Eu{N(SiBi/Me2)(2-CsH3N—6-IVle)}3] [2.461(5)—2.490(4) A].̂ ^ The iVUw�-Eu-N靜办/ 

bite angles are acute, namely 55.7(1)° and 55.82(9)°. 

The Yb(lll) derivative 49 crystallizes in the hexagonal space group PI. The 

Yb-Na卯y�bond lengths in 49 [2.279(5) A] are similar to those of 2.263(7}-2.299(7) A 

and 2 .257�-2.300 (4) A in [Yb(ApMe)3]29 and [Yb{N(SiBi/Me2)(2-C5H3N—6-IV!e)}3]严 

respectively. The Yb-Hpyndyi distance of 2.382(5) A is comparable to those of 

2.357(8)—2.543(7) A in and 2.349(4)-2.375(4) A in [Yb{N(SiBu^Me2) 

(2-C5H3N-6-Me)}3].3i The NomWo—Yb—Npyr/c/w bite angle is also acute, namely 

58.1(1)°. 
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Only 

Figure 4-7 Molecular structure of [Eu(L*)3} (48). 

of the two independent molecules in the asymmetric unit is shown. 

Table 4-9 Selected bond lengths (A) and angles (deg.) for compound 48 

[EU (L4)3] ( 4 8 ) 

Eu(l)-N{l) 2 . 3 5 4 � E u �- N � 2.520(3) 

N{1K(13) 1.287(5) N(2)-C(13) 1.440(4) 

N(1)-C{1) 1.398(5) N �- C ( 1 7 ) 1.291(6) 

Eu{l')-N{l') 2.346(3) Eu(l')-N(2') 2.462(3) 

N(r)-C(13') 1.408(4) N(2')-C{13') 1.295(4) 

N(1'K(1') 1.459(4) N(2')-C(17') 1.407(5) 

N(l)-Eu(l)-N{2) 55.8(1) N(l)-Eu(l)-N(l)#3 111.6(1) 

N{l)-Eu(l)-N(2)#3 149.3(1) N(2)-Eu(l)-N(l)#3 9 8 . 9 � 

N{2)-Eu(l)-N{2)#3 96.2(1) 

IM(1')-Eu(l')-N(2') 55.7{1) N(l')-Eu(l')-N(l')#l 111.9(1) 

N(l')-Eu(r)-N(2')#l 98.2(1) N(2')-Eu{l')-IM(1')#1 149.8(1) 

N(2')-Eu(l')-N(2')#l 96 6(1) 
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Figure 4-8 Molecular structure of [Yb{L'')3] (49). 

Table 4-10 Selected bond lengths (A) and angles (deg.) for compound 49. 

mi\] (49) 

Yb(l)-N(l) 2.279(5) Yb(l)-N(2) 2.382(5) 

N(1)-C(13) 1.348(8) N(2K(13) 1.375(8) 

N(l)-C(l) 1.430(7) N(2)-C(17) 1.351(8) 

N(l)-Yb(l)-N(2) 58.1(1} N(l)-Yb(l)-N(l)#l 109.9(1) 

N(l)-Yb �- M ( 2 ) # l 98.5(1) N(2)-Yb{l)-N(l)#l 151.7(1) 

N(2)-Yb(l)-N(2)#l 96.3(1) 

1801 



— Chapter 3 

Summary 

The coordination chemistry of the bulky 2-pyridylamido ligand [N(C6H3pr'2-2,6) 

{2-C5H3N-6-Me)r (L” with Yb(ll), Eu(ll) and Sm(ll) ions has been studied. Divalent 

lanthanide complexes [Yb(L4)2(thf)2] (44) and [Eu(L勺(Af-L4)2K(thf)] {45} were 

synthesized by metathetical reactions of Lnl2(thf)2 (Ln = Yb, Eu) with potassium 

amide [{KL4(OEt2)}2] (42). On the other hand, treatment of Sml2(thf)2 with 42 led 

to the homoleptic Sm(lll) derivative [Sm(L4)3] (46). 

The reaction chemistry of the Ln(ll) complexes 44 and 45 has also been 

examined in this work. Oxidation of complexes 44 and 45 with iodine yielded Ln(lll) 

complexes [Yb{L'^)2(l)(thf)] (47) and (48), respectively. Complex 47 could 

also be prepared by the reaction of complex 44 with Cul. Reactions of complex 44 

with PhEEPh (E = S, Se, Te) resulted only in the isolation of the Yb(lll) tris(amido) 

complex [Yb(L4)3] (49). Attempts to react complex 47 with KOBi/ gave [丫13(1_勺3] (49) 

as the only isolable product. 

The present study has demonstrated that the sterically very bulky L* ligand 

was capable of supporting the corresponding Eu(ll) and Yb{ll) complexes. The Eu{ll) 

complex 45 was obtained as an "ote-complex", whereas the Yb(ll) derivative 44 was 

isolated as a neutral mononuclear bis(amido) complex. The difference in the 

structures of 44 and 45 may be attributed to the different ionic radii of Eu(ll) and 

Yb{ll). Unfortunately, attempts to prepare a Sm(ll) derivative have been 

unsuccessful. Only the corresponding Sm(lll) complex was obtained in this work. 

The reducing properties of complexes 44 and 45 were also examined. To our 

knowledge, a systematic investigation on the reducing properties of Eu(ll) and Yb(ll) 

amido complexes was rare in the literature. 
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Experimental for Chapter 4 

Materials 

Sodium te/t-butoxide, potassium fe/t-butoxide, tris{dibenzylideneacetone)-

clipallaciium(Oj (Aldrich), l,3-bis(dlphenylphosphanyl)propane, potassium hydride 

(Acros) and 2-BrC5H3N-6-Me (Alfa Aesar) were used as received. 

H2N(C5H3Pr'2-2,6) was distilled over KOH before use. Lnl2(thf)2 (Ln = Sm, Eu, 

Yb严"40 and Sm[N(SiMe3)2]2(thf)24i were prepared according to literature 

procedures. 

Synthesis of [HNlCeHsPr'z-Z.SJil-CsHaN-e-IVle)] (HL。）（41) 

To a slurry of sodium tert-butoxide (2.56 g, 26.64 mmol), 

tris{dibenzylideneacetone)dipalladium{0) (0.25 g, 0.27 mmol) and 

l,3-bis(diphenylphosphanyl)propane (0.34 g, 0,81 mmol) in toluene (20 ml) was 

added a solution of H2N(C6H3Pr'2-2,6) (4.78 g, 26.96 mmol) and 2-BrCsHgN-S-Me 

(4.53 g, 26.32 mmol) in the same solvent (20 ml). The reaction mixture was 

stirred at 95 °C for 3 d, and then quenched with water (10 ml). The mixture was 

extracted with diethyl ether (2 x 30 ml). The combined organic layer was washed 

with saturated sodium chloride solution and then dried over magnesium sulphate. 

All the volatiles were removed under reduced pressure to give a brown solid. The 

crude product was purified by column chromatography (CH2CI2) to give compound 

41 as a pale yellow solid. Yield: 5.64 g, 21.06 mmol, 80 %. ^H NMR (300.13 MHz, 

CDCI3)： 5 7.32 (dd, J = 6.6, 8.6 Hz, IH, p-ArH), 7.26-7.20 (m, 3H, m-ArH and PyH), 

6.48 (d, J = 7.3 Hz, IH, PyH), 6.05 (br, IH, NH), 5.74 (d, J = 8.3 Hz, IH, PyH), 3.21 

(sept, J = 6.9 Hz, 2H, CHMez), 2.43 (s, 3H, PyMe), 1.13 (d, J = 6.9 Hz, 12H, CHMez). 
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13c NMR (75.47 MHz, CDCI3)： 6 159.0, 157.2, 148.1, 138.2, 133.7, 128.1, 124.1, 

112.9, 102.6 {Ar and Py), 28.4 (CH/Wez), 24.4 (CHMez), 24.0 (PyMe). MS (E.L 70 

eV): m/z (%) [M]+ 268 (17), [M-CHs]" 253 (11), [M-PH]+ 225 (100). HRMS: Calc. for 

C18H24N2 [M+H]+: m/z =268.1934. Found: m/z = 268.1940.* 

Synthesis of [{Kl'^lEtzODz] (42) 

A solution of compound 41 (5.48 g, 20.46 mmol) in diethyl ether (15 ml) was 

added to a slurry of KH (0.99 g, 24.75 mmol) in the same solvent (10 ml) at 0 °C. 

The reaction mixture was stirred at room temperature for 1 d, filtered； and the 

filtrate was concentrated in vacuo to co. 10 ml. The title compound was obtained 

as colorless crystals at room temperature. Yield: 6.21 g, 16.32 mmol, 80 %• M.p. 

=261-266 "C. 1h NMR (400.13 MHz, CeDe)： 6 7.22-7.11 (m, 3H, ArH), 6.93 (dd, J = 

6.7, 8.6 Hz, IH, PyH), 5.93 (d, J = 6.7 Hz, IH, PyH), 5.64 (d, J = 8.6 Hz, IH, PyH), 3.25 

(q； J = 7.0 Hz, 4H, OCH2CH3), 2.92 (sept, J = 6.9 Hz, 2H, CHMej), 2.25 (s, 3H, PyMe), 

1.18 (br, 6H, CH/V/ez), 1.11 (t, J = 7.0 Hz, 6H, OCH2CH3), 0.93 (br, 6H, CHMez). ^̂ C 

NMR (100.61 MHz, CeDe): 6 166.8, 155.8, 150.1, 141.7, 137.3, 123.8, 121.4, 105.4, 

102.8 (>4rand Py), 65.9 (OCH2CH3), 28.1 (CHMez), 25.9 (PyMe), 24.1 (CH/VM, 15.5 

(OCH2CH3). Anal.: Calc. for C44H66K2N4O2： C 69.43; H, 8.74; N, 7.36%. Found: C, 

69.02; H, 8.97; N, 7.88%. 

Synthesis of KL'^lthfjz (43) 

Compound 43 was prepared by a similar procedure as described above for 

complex 42, except that thf was used as the solvent. [HL”（41): 3.77 g, 14.08 

Attempts to obtain satisfactory elemental analysis results for this compound were not successful. 
Therefore, the compound was also characterized by high-resolution mass spectrometry. 
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mmol; KH: 0.64 g, 16.03 mmol. Yield: 4.62 g, 10.26 mmol, 73%. M.p.: 261-266 

"C. 1h NMR (400.13 MHz, CeDe)： 6 7.25 (d, J = 7.6 Hz, 2H, m-ArH), 7.14 (m, IH, 

p-ArH), 6.92 (dd, J = 6.7, 8.6 Hz, IH, PyH), 5.88{d, J = 6.7 Hz, IH, PyH), 5.67 (d, J = 

8.6 Hz, IH, PyH), 3.48 (m, 8H, thf), 3.03 (sept, J = 6.9 Hz, 2H, CHMej), 2.21 (s, 3H, 

PyMe), 1.38 (m, 8H, thf), 1.23 (br, 6H, CHMe〗)，1.00 (br, 6H, CHMez). ^̂ C NMR 

(100.62 MHz, CeDs)： 6 166.8, 156.0, 150.3, 141.8, 137.3, 123.8, 121.4, 105.4, 102.7, 

67.8, 28.2, 25.8, 25.7, 24.3, 24.1. Anal.: Calc. for CzeHsgKNaOz： C, 69.29; H, 8.72; N, 

6.21%. Found: C, 69.03; H, 8.64; N, 6.55%. 

Synthesis of [Yb{L^)2(thf)2] (44) 

To a solution of Ybl2(thf)2 (2.21 g, 3.86 mmol) In thf (15 ml) was added a 

solution of [{KL4(Et20)}2] (42) (2.30 g, 3.02 mmol) in the same solvent (15 ml) at 

room temperature. The reaction mixture was stirred at room temperature for 1 d. 

After that, all the volatiles were removed by vacuum to give a dark purple solid 

residue. Extraction of the residue with toluene, followed by filtration and 

concentration of the toluene solution yielded complex 44 as dark purple 

block-shaped crystals. Yield: 1.98 g, 2.33 mmol, 77%. M.p.: 216-219 °C. Ĥ 

NMR (400.13 MHz, CeDe): 6 7.28 (d, J = 7.5 Hz, 4H, m-ArH), 7.21-7.12 (m, 5H, 

PhMe), 7.03 (t J = 7.5 Hz, 2H, p-ArH), 6.89 (dd, J = 6.9, 8.6 Hz, 2H, PyH), 5.86 (d, J = 

6.9 Hz, 2H, PyH), 5.66 (d, J = 8.6 Hz, 2H, PyH), 3.49 (br, 12H, thf and CHMe〗)，2.18 (s, 

6H, Py/We), 2.11 (s, 3H, PhMe), 1.27 (d, J 二 6.8 Hz, 12H, CH/Wez), 1.22 (br, 8H, thf), 

1.11 (d, J = 6.8 Hz, 12H, CH/We2). ^̂ C NMR (100.62 MHz, CeDe)： 6 168.7, 153.8, 

147.9, 143.5, 1 3 8 . 0 , 123.6, 122.8, 105.2, 104.1, 68.7, 28.1, 25.4, 25.2, 24.3, 23.9, 

21.4. Anal.: Calc. for���HszlNUOzYb-CyHa: C, 64.88; H, 7.47; N, 5.93%. Found: C, 

64.42; H, 7.61; N, 6.19%. 
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Synthesis of [Eud^ll/i-u'^lzKlthf)] (45) 

A solution of [{KL^(Et20)}2] (42) (1.67 g, 438 mmol) in thf (15 ml) was added 

to a solution of Eul2(thf)2 (1.21 g； 2.20 mmol) in the same solvent (15 ml). The 

reaction mixture was stirred at room temperature for 1 d to give a orange-red 

suspension. The solution was pumped to dryness and the residue was extracted 

with hexane. The solution was filtered and concentrated to give the title 

compound as orange crystals. Yield: 0.90 g, 0.85 mmol, 39%. M.p.: 190-193 °C. 

Anal.: Calc. for C58H77EUKN6O: C, 65.39; H, 7.28; N, 7.88%. Found: C, 64.79; H, 7.98; 

N, 8.45%. 

Reaction of Smizfthfh with [{KL'^(Et20)}2] (42) 

To a thf solution {15 ml) of Sml2(thf)2 (1.56 g, 2.84 mmol) was added a 

solution of [{KL4(Et20)}2] (42) (1.95 g, 5.12 mmol) in the same solvent (15 ml). The 

reaction mixture was then stirred at room temperature for 1 d, whereupon its color 

changed from dark blue to dark brown. The solution was pumped to dryness and 

the residue was extracted with hexane. Concentration of the solution yielded 

complex [Sm(L4}3] (46) as yellow crystals. Yield: 0.72 g, 0.763 mmol, 30%. M.p.: 

decomposed at 357-359�C without melting. ^H NMR (400.13 MHz, QDs): 6 12.55 

(br, 3H, CHMe2), 9.02 (d, J = 8.6 Hz, 3H, PyH), 8.19 (dd, J = 7,2, 8.6 Hz, 3H, PyH), 8.04 

(dd, J = 1.3, 7.7 Hz, 3H, m-Arhfj, 7.18-7.14 (m, 3H, p-ArH), 5.59 (dd, J = 13, 7.7 Hz, 

3H, m-ArH), 5.47 (d, J = 7.2 Hz, 3H, PyH), 3.86 (d, J = 6.5 Hz, 9H, CHMe。)，3.11 (d, J 二 

6.5 Hz, 9H, CHMej), 1.16 (d, J = 6.3 Hz, 9H, CHMe?), 0.7 (br, 3H, CHMez), -3.9 (s, 9H, 

PyMe), -6.5 (d, J = 6.3 Hz, 9H CHMez). ^̂ C NMR (100.62 MHz, CeDe)： 6 151.0, 

1 4 6 . 9 , 144.9, 141.8, 1 4 0 . 5 , 125.6, 123.5, 111,3, 104.5, 3 4 . 5 , 2 7 . 8 , 2 7 . 1 , 2 6 . 3 , 2 4 . 0 , 

19.3, 17,0. Anal.: Calc. for Cs^HsgMsSm: C, 68.09; H, 7.30; N, 8.82%. Found: C, 
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67.55; H, 7.36; N, 9.59%. 

Reaction of [Eu(L'')(/i-L'')2K(thf)] (45) with h 

To a solution of complex 45 (1.96 g, 1.84 mmol) in thf (20 ml) at 0 °C was 

slowly added a solution of b (0.23 g, 0.89 mmol) in the same solvent (10 ml). The 

solution was stirred at room temperature 1 d. All the volatiles were removed in 

vacuo. The solid residue was extracted with hexane. Concentration of the 

solution gave [Eu{L^)3] (48) as purple crystals. Yield: 1.12 g, 1.17 mmol, 64%. 

M.P.: 378-380 °C (dec.). Anal.: Calc. for C54H69EUN6： C, 67.98; H, 7.29; N, 8.80%. 

Found: C, 67.55; H, 7.58; N, 8.92%. 

Reaction of [Yb(L4)2(thf)2l (44) with h 

To a solution of complex 44 (1.64 g, 1.92 mmol) in thf (20 ml) at 0 °C was 

slowly added a solution of I2 (0.25 g, 0.97 mmol) in the same solvent (10 mi). The 

reaction mixture was allowed to warm to room temperature and stirring was 

continued for 1 d. The solution was filtered and concentrated to give 

[Yb(L4)2(l)(thf)] (47) as orange-red crystals. Yield: 0.78 g, 0.86 mmol, 45%. M.p.: 

2 4 1 - 2 4 3 � C (dec.). Anal.: Calc. for C4oH54N40IYb: C, 52.98; H, 6.00; N, 6.18%. 

Found: C, 52.69; H, 6.15; N, 6.29%. 

Reaction of [Yb(L4)2(thfhI (44) with Cul 

A solution of complex 44 (1.41 g, 1.65 mmol) in thf (20 ml) was added slowly 

to a slurry of Cul (0.32 g, 1.67 mmol) In the same solvent (10 ml)� The reaction 

mixture was stirred at room temperature for 1 d, whereupon its color changed from 

dark purple to orange-red. The reaction mixture was filtered and concentrated to 

give 陶1_4)2(丨)_] (47) as orange-red crystals. Yield: 0.83g, 0.92 mmol, 56%. 
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Reaction of [Yb(L4)2{thf)2] (44) with PhSSPh 

To a solution of PhSSPh (0.12 g, 0.54 mmol) in thf (10 ml) at 0 °C was added 

dropwise a solution of [Yb(L4)2(thf)2] (44) (0.87 g, 1.02 mmol) in the same solvent 

(20 ml). After stirring at room temperature for 1 d, all the volatiles were removed 

in vacuo. The solid residue was extracted with toluene and then filtered. 

Concentration of the filtrate afforded the yellow crystalline [Yb(L4)3] (49). Yield: 

0.16 g, 0.16 mmol, 16%. M.p.: 219-220 (dec.). ^H NMR (400.13 MHz, CgDe)： 6 

67.00 (s, 9H, Me), 61.84 (s, 9H, Me), 43.49 (br, 3H, CHMej), 19.07 (s, 3H, ArH or 

PyH), 8.60 (s, 3H, ArH or PyH), 6.60 (s, 3H, ArH or PyH), -1.27 (s, 9H, Me), -2.85 (s, 

3H, ArH or PyH), -8.76 (s, 3H, ArH or P调,-20.11 (s, 9H, Me), -34.19 (s, 3H, ArH or 

PyH), -98.47 (br, 3H, CHMe�). Anal.: Calc, for CsAHegNeYb: C, 66.51; H, 7.31; N, 

8.61%. Found: C, 65.81; H, 7.59; N, 8.93%. 

Reaction of [Yb(L4)2(thf)2] (44) with PhSeSePh 

Treatment of complex 44 with PhSeSePh according to a similar procedure as 

described above yielded complex 49 as the only isolable product. [Yb(L^)2(thf)2] 

(44): 1.59 g, 1.87 mmol; PhSeSePh: 0.29 g, 0.92 mmol. Yield: 0.21 g, 0.22 mmol, 

23%. 

Reaction of [Yb(L4)2(thf)2] (44) with PhTeTePh 

Treatment of complex 44 with PhTeTePh according to a similar procedure as 

described above yielded complex 49 as the only isolable product. [Yb(L4)2(thf)2] 

(44}: 1.59 g, 1.87 mmol; PhTeTePh: 0.38 g, 0.94 mmol. Yield: 0.12 g, 0.12 mmol, 

13%. 
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Reaction of [Yb(L4)2(l)(thf)�(47) with KOBu' 

To a solution of KOBu^ (0.83 g； 0.92 mmoi) in thf (10 ml) at 0 was slowly 

added a solution of [Yb{L4)2(l)(th”] (47) (0.12 g, 1.06 mmol) in the same solvent (20 

ml). The reaction mixture was stirred at room temperature for 1 d. All the 

volatiles were removed in i/acuo and the solid residue was extracted with toluene. 

Filtration and concentration of the solution gave [Yb(L4)3] (49) as yellow crystals. 

Yield: 0.20 g, 0.20 mmol, 22%. 

1781 



Chapter 4 

References for Chapter 4 

8 

9 

20 

21 

22 

23 

24 

25 

26 

27 

Evans, W. J. Coordination Chemistry Reviews 2000, 206-207, 263-283. 

Heitmann, D.； Jones, C ; Junk, P. C; Lippert, K. -A.; Stasch, A. Dalton Trans. 2007,187-189. 

Deng, M.; Yao, Y•； Zhang, Y.; Shen, Q. Inorg. Chem. 2004, 2742-2743. 

Evans, W. J.; Drummond, D. K.; Chamberlain, L. R.; Doedens, R. J.; Bott, S. G.; Zhang, H.; 

Atwood, J. L J. Am. Chem. Soc. 1988,110, 4983-4994. 

Evans, W. J.; Drummond, D. K.; Bott, S. G.; Atwood, J. L Orgonometollics 1986, 5, 2389-2391. 

Guiliaume, S. M.; Schappacher, M.; Scott, N. M.; Kempe, R. J. Polym. Sci., Part A: Polym. Chem. 

2007, 45, 3611-3619. 

Berg, D. J.; Burns, C. J.; Andersen, R. A.; Zaikin, A. Organometallics 1989, 8,1865-1870. 

Berg, D. J.; Burns, C. J.; Andersen, R. A. Organometallics 2003,11, 627-632. 

Evans, W. J.; Miller, K. A.; Lee, D. S.; Ziller, J. W. Inorg. Chem. 2005, 44, 4326-4332. 

Til ley, T. D.; Zaikin, A.; Andersen, R. A.; Templeton, D. H. Inorg. Chem. 1981, 20, 551-554. 

Evans, W. J.; Drummond, D. K.; Zhang, H.; Atwood, J. L Inorg. Chem. 1988, 27, 575-579. 

Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Protchenko, A. V. J. Organomet. Chem. 2002, 647, 

198-204. 

Boncella, J. M.; Andersen, R. A. Organometallics 1985, 4, 205-206. 

Til ley, T. D.; Andersen, R. A.; Zaikin, A. Inorg. Chem. 1984, 23, 2271-2276. 

Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. R; Protchenko, A. V. J. Organomet Chem. 2002, 647, 

198-204. 

Zhou, L ; Wang, J.; Zhang, Y.; Yao, Y. Shen, Q. Inorg. Chem. 2007, 46, 5763-5772. 

Deacon, G. B.; Fallon, G. D.; Forsyth, C. M.; Schumann, H.; Weimann, R. Chem. Ber. 1997,130, 

409-415. 

Bourget-Merie, L ; Lappert, M. R; Severn, J. R. Chem. Rev. 2002,102, 3031-3065. 

Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. R; Protchenko, A. V. Dalton Trans. 2009, 2383-2391. 

Jiao, R.; Shen, X.; Xue, M.; Zhang, Y.; Yao, Y.; Shen, Q. Chem. Commun. 2010, 46, 4118-4120. 

Cole, M. L; Junk, P. C. Chem. Commun. 2005, 2695-2697. 

Wedler, M.; Noltemeyer, M.; Pieper, U.; Schmidt, H. -G.; Staike, D. Edelmann. F. T. Angew. 

Chem. Int. Ed. Engl. 1990,29, 894—896. 

Wedler, M.; Recknagel, A.； Gilje, J. W.; Noltemeyer, M.; Edelmann. F. T. J. Organomet. Chem. 

1992, 462, 295-306. 

Yao, S.; Chan, H. -S.; Lam, C. -K.; Lee, H. K. Inorg. Chem. 2009, 48, 9936-9946. 

Heitmann, D.; Jones, C ; Junk, P. C ; Lippert, K. -A.; Stasch, A. Dalton Trans. 2007,187-189. 

Heitmann, D.; Jones, C ; Milla, D. P.; Stasch, A. Dalton Trans. 2010, 39,1877-1882. 

Scott, N. M.; Kempe, R. Eur. J. Inorg. Chem. 2005,1319-1324. 

1801 



Chapter 4 

28. Qayyum, S.; Noor, A.; Glatz, G.; Kempe, R. Z Anorg. Allg. Chem. 2009, 635, 2455-2458. 

29. Qayyum, S.; Haberland, K.; Forsyth, C. M.; Junk, P. C.; Deacon, G. B.; Kempe, R. Eur. J. Inorg. 

Chem. 2008, 557-562. 

30. Wagaw, S.; Buchwald, S. L. J. Org. Chem. 1996, 61, 7240-7241. 

31. Kui, S. C. F.; Li, H. -W.; Lee, H. K. Inorg. Chem. 2003, 42, 2824-2826. 

32. Liddle, 5. T; Clegg, W. J. Chem. Soc., Dalton Trans. 2001, 402-408. 

33. Liddle, S. T.; Clegg, W.; Morrison, C. A. Dalton Trans. 2004, 2514-2525. 

34. Antolini, R; Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F. Eur. J. Inorg. Chem. 2003, 3391-3400. 

35. Qayyum, S.； Skvortsov, G. G.； Fukin, G. K.; Trifonov, A. A>; Kretschmer, W. P.； D5ring, C ; Kempe, R, 

Eur. J. Inorg. Chem. 2010, 248-257. 

36. Dietel； A. M.; Do ring, C ; Glatz, G.; Butovskii, M. V.; Tok, O,; Schappacher, F. M.; Pottgen, R.; 

Kempe, R. Eur. J. Inorg. Chem. 2009,1051-1059. 

37. Ghotra, J. S.; Hursthouse, M. B.; Welch, A. J. J. Chem. Soc., Chem. Commun. 1973, 669-670. 

38. Namy； J. L ; Girard, P.; Kagan, H. B. Nouv. J. Chim. 1981,5, 479-484. 

39. Namy, J. L ; Girard, P.; Kagan, H. B. Now, J. Chim. 1977,1, 5-7. 

40. Watson, P. L ; Tulip, T. J.; Williams, I. Orgonometallics 1990, 9, 1999-2009. 

41. Evans, W. J.; Drummond, D. K.; Zhang, H.; Atwood, J. L. Inorg. Chem. 1988, 27, 575-579. 

1801 



Chapter 3 

Chapter 5 

Conclusion 

The first part of this research work covers the synthesis, structure and 

reactivity of Group 4 metal complexes supported by the A/-alkylated arylamido 

ligands [IVKCsHsMe!—2,6)(CH2Bi/)r (L )̂ and [N(C6H3Pr'2-2,6)(CH2Bi/)r (L^). 

Recently, the coordination chemistry of the L̂  and L̂  ligands has been investigated 

by our research group/ This earlier work in out group has shown that the L̂  and 

ligands can support metal complexes with very interesting structures and 

reactivity. In the present research work, we extended out studies to the Group 4 

transition metals. The majority of reports on Group 4 metal amides were 

focusesd on theit catalytic properties towards alkene polymerization.^ Results of 

our work can provide insights to the reactivity of Group 4 metal complexes 

supported by monodentate arylamido ligainds. Moreover, the reaction chemistry 

of complexes 13 and 14 shows that the L̂  and L̂  ligands are compatible with a 

variety of amide, halide and methyl ligands in Group 4 metal complexes. The 

bis(amido) Zr{IV) and Hf{IV) complexes 21 and 22 represent rare examples of Group 

4 dimethyl complexes supported by monodentate amido ligands. 

The second part of our work was focused on the synthesis, structure and 

reactivity of Group 4 metal complexes supported by the unsymmetrical 

benzamidinate ligand [PhqiMCsHsPr'�—2,6)(NSiMe3)r (L )̂. Similar ligands have 

been employed to stabilize late transition-metal^ and (anthanide complexes. It is 
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noteworthy that the use of un symmetrica I amidinate ligands can provide a wide 

range of ligand modification via the introduction of substituents with different 

electronic and steric properties. It is interesting to note that a few methyl and 

benzyl complexes of the Group 4 metals supported by L̂  were successfully isolated 

in our studies. 

The third part of this work was focused on the synthesis, structure and 

reactivity of divalent lanthanide complexes supported by a new 2-pyridy!amido 

ligand [N(C6H3Pr'2-2,6)(2-C5H3N—6—Me)]— (L*). The coordination chemistry of 

2-pyridylamido ligands has attracted considerable attention in the past decades.^ 

This class of ligands can exhibit flexible coordination modes. A number of metal 

complexes with interesting molecular structures and oxidation states have been 

reported by others as well as our research group.^ Divalent europium and 

ytterbium complexes containing bulky 2-pyridylamido ligands have been reported 

earlier by Kempe and co-workers/ However, a detailed investigation on theis 

reaction chemistry remains elusive. Our work represents the first systematic 

study on the reaction chemistry of divalent lanthanide complexes supported by 

2-pyridylamido ligands. 
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Appendix 1 

General Procedures, Physical Measurements, and 

X-Ray Diffraction Analysis 

All manipulations were carried out using standard Schlenk techniques or in a 

Braun MB 150-M drybox under an atmosphere of purified nitrogen. Solvents 

were dried over sodium wire and distilled under nitrogen from sodium 

benzophenone (diethyl ether and thf) or Na/K alloy (hexane and toluene), and 

degassed twice by freeze-thaw cycles before use. 

1h and 义 NMR spectra were recorded on a Bruker DPX300 NMR 

Spectrometer (at 300.13 and 75.47 MHz) or a Bruker Advance III 400 NMR 

Spectrometer (at 400.13 and 100.61 MHz). Chemical shifts were referenced to 

residue protons of CDCI3 and CeDe at 7.26 and 7.16 ppm (in Ĥ NMR), and 77.16 and 

128.06 ppm (in ^̂ C NMR), respectively. Melting-points were recorded on an 

Electrothermal melting point apparatus and were uncorrected. Mass spectra 

were obtained on a ThermoFinnigan MAT 95 XP Mass Spectrometer (E.I. 70 eV). 

Elemental analysis (C, H, N) were performed by MEDAC Ltd., Brunei University, U.K. 

Single-crystals of compounds 8-19, 21-24, 31-42 and 44-49 suitable for X-ray 

diffraction studies were mounted in glass capillaries and sealed under nitrogen. 

Data were collected on a Bruker SMART CCD diffractometer or a Bruker KAPPA 

APEX II diffractometer with graphite-monochromatized l\/Io-K„ radiation {入= 

0.71073 A) using © scan. The structures were solved by direct phase 

determination using the computer program SHELX-97 and refined by full-matrix 
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least squares with anisotropic thermal parameters for the non-hydrogen atoms? 

Hydrogen atoms were introduced in their idealized positions and included in 

structure factor calculations with assigned isotropic temperature factors. 

Scheldrick, 6. M. SHELX-97; Package for Crystal Structure Solution and Refinement; University of 
Gottingen: Gottingen, Germany, 1997. 
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Appendix 2 

NMR Spectrum of [Zr(L')2CI(^-CI)2Li(tmeda)] (8) 
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NMR Spectrum of [Zr{r)2CI(/i-CI}2Li(tmeda)] (9) 
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NMR Spectrum of [Hf(L^)2CI(^-CI)2Li(tmeda)] (10} 
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！C NMR Spectrum of [Hf(L^)2CI(/i-CI)2Li(tmeda)] (10) 
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LH NMR Spectrum of [HF{L\CI(#-A)2Li(tmeda)�(11) 
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Ih NMR Spectrum of [TKL̂ l̂ Cb] (12) 
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NMR Spectrum of 邮‘^⑶](13) 
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�H NMR Spectrum of [HffL'hCb] (14) 
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Lh NMR Spectrum of 邮 2 � _ 6 2 ) 2 ] (15) 
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NMR Spectrum of [HftL^MNMe^lz] (16) 
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Ĥ NMR Spectrum of [ Z r ( L \ _ e 2 ) � ] ( 1 7 ) 
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NMR Spectrum of [Zi^L'hlz] (18) 
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NMR Spectrum of [Hf(L^)2(NMe2)(l)] (19) 
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� H NMR Spectrum of [ZrlHiMej] (21) 
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[H NMR Spectrum of [HftL^jjMez] (22) 
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Ĉ NMR Spectrum of [HflL^jjMez] (22) 
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Figure A2-31 

13c NMR Spectrum of LiL^{thf)2 (29) 

NMR Spectrum of LiL^(thf)2 (29) 

Appendix 2 

so WEST cr^l3 

BruLer rtd arcs 11 — C 

！ p j iriaj 

2011 

I I 
y 

M
u
 

y
 

M
n
r
 

u 

ll 

s
i
s
 
•
 

9
6
5
二
〉
、
 

a
£
.
i

 u
 

I
-



Figure A2-33 

NMR Spectrum of [丁1(1_�NQH3pr'2-2,6>(""ClhLi(tmeda)] (33) 
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NMR Spectrum of (Ti(L^){NC6H3Pr'2-2,6){^-CI)2Li(tmeda)] (33) 
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NMR Spectrum of [ZrlL^jClj] (34) 
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13 C NMR Spectrum of [Zr(L勺2CI2] (34) 
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Ĉ NMR Spectrum of 陣‘)?。〗](35) 
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Ĉ NMR Spectrum of [ZiiL^hMej] (36) 
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"C NMR Spectrum of [ZrlL̂ ljfCH^PhjCI] (37) 
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Figure A2-43 

^̂ C MMR Spectrum of [Mg(L^)2(thf)] (39) 
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Figure A2-44 
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13c NMR Spectrum of [Ca(L\(1:lif)] (40) 
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1h NMR Spectrum of [HL'] (41) 
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Figure A2-49 

'^C NMR Spectrum of [{KL^COEtjjlz] (42) 

X 卜 Z � 

^H NMR Spectrum of [{KL^(OEt2)}2] (42) 

Appendix 2 

M ； 卜 , 。 、 

、<Slih 

Figure A2-50 

2101 



专馆a资宏 n t> « N-

sssias 
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^C NMR Spectrum of [Yb(L )̂2(thf)2] (44) 
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NMR Spectrum of [Sm(L勺3] (46) 
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NMR Spectrum of [Yb{l%] (49) 
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Table A3-1 Selected Crystallographic Data for Compounds 8»0.5PhMe and 9. 

•O.SPhMe 

Molecular formula 

Formula weight 

Crystal size, tnm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

P. deg 

V/ deg 

I 

Density, g cm ^ 

Abs coeff., mm—i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2o(/) 

Final R indices [/ > 2a(/)] 

R indices (all data)* 

C35 5H6oCl3LiN4Zr 

747.39 

0.50 X 0.40 X 0.30 

Triclinic 

PI 

12.209(2) 

12.455(3) 

15.394(3) 

79.857(4) 

88.340(4) 

76.929(4) 

2 

2244.4(8) 

1.106 

0.448 

29S(2) 

12219 

7866 = 0.0365) 

4919 

R1 = 0.0710 

w/?2 =0.1990 

/?1 = 0.1228 

wR2 = 0.2519 

C4oH72Cl3LiN4Zr 

813.53 

0.30x0.20x0.10 

Monoclinic 

P2i/n 

13.842(3) 

15.560(3) 

21.736(4) 

90 

91.86(3) 

90 

4 

4679(1) 

1.155 

0.435 

293⑵ 

13355 

7864 (/?,nt = 0.0416} 

6992 

R1 = 0.0499 

• = 0.1222 

/?1= 0.0614 

w/?2 = 0.1288 

= \Fo\-\FA \/1\Fo\;wR2 = {1 - / 1 [MFoY]} 
1/2 

2151 



Appendix 3 

Table A3-2 Selected Crystallographic Data for Compounds lO.PhMe, 11 and 13a. 

10-PhMe 11 13a 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

a, deg 

V, deg 

Z 

C39H64Cl3HfLiN4 

880,72 

0.40 X 0.30 X 0.20 

Triclinic 

PI 

12.281(1) 

12.406(1) 

15.427(1) 

79.971(2) 

88.245(2) 

76.368(2) 

2 

C4oH72Cl3HfLiN4 

900.80 

0.50x0.40x0.30 

Monoclinic 

P2i/n 

13.282(1) 

14.021 � 

25.536(3) 

90 

100.733(2) 

90 

4 

C^HjaCiaLiNaOaZr 

841.53 

0.40x0.30x0.20 

Monoclinic 

Cc 

24.705(5) 

10.465(2) 

20.046(4) 

90 

113.37(3) 

90 

4 

2249.2(4) 4672.5(9) 4758(1) 

Density, g cm"̂  1.300 1.281 1.175 

Abs coeff., mm] 2.526 2.433 0.432 

Temperature, K 293(2) 2 9 3 � 293(2) 

Reflections collected 15479 31253 7082 

Independent reflections 10675 (R,nt = 0.0354) 11294(R,nt = 0.0366) 3887 (R丨= 0.0249) 

Obs. data with 1 > 2a{l) 7109 8218 3764 

Final R indices [/ > 2o(/)] R1 = 0.0474 R1: 0.0336 R1 = 0.0348 

vW?2 = 0.1009 wR2 = 0.0742 wR2 = 0.0877 

R indices (all data)* R1 = 0.0874 R1 = 0.0578 R1 = 0.0371 

w/?2 = 0.1204 wR2 = 0.0841 wR2 = 0.0897 

Rl = l\ | fol - |Fc | \/l \F,\;wR2 = {l [w{fJ - /1 Mf�Y]产 

2161 



Table A3-3 Selected Crystallographic Data for Compounds 12-

Appendix 3 

12 13 14 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 
o 

c,A 

a, A 

3； deg 

V, deg 

Z 

Density, g cm'̂  

Abs coeff., mm"̂  

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a{l) 

Final R indices [/ > 2a(/)] 

R indices (all data)* 

C34H56Cl2N2Ti (：•〔丨 zNzZr CsAHssClzHfNz 

611.61 654.93 742.20 

0.40 X 0.30 X 0.20 0.50 X 0.40 X 0.20 0.50x0.30x0 

Orthorhombic Orthorhombic 

n - ) - ) 

Orthorhombic 

0-)-)-) 

10.950(1) 10.980(1) 10.972(1} 

12.618(1) 12.715(1) 12.709(1) 

25.985(3) 26.078(3) 26.079(3) 

90 90 90 

90 90 90 

90 90 90 

4 

3590.3(6) 

1.132 

0.410 

293(2) 

24598 

8661 {/?,nt = 0.0467) 

5833 

R1 = 0.0412 

wR2 = 0.0902 

R1 = 0.0822 

wR2 = 0.1077 

3640.9(6) 

1.195 

0 .471 

2 9 3 ⑵ 

24846 

8765 {/?,nt = 0.0514) 

5814 

R1 = 0.0423 

wR2 = 0.0766 

R1 = 0.0880 

wR2 = 0 .0939 

4 

3636.7(7) 

1.356 

3.038 

293(2) 

24749 

8782 («,nt = 0.0382) 

7137 

R1 = 0.0258 

wR2 = 0.0485 

R1 = 0.0407 

wR2 = 0.0535 

Rl = l\ \Fo\-\Fc\ I / I I fo I ； M//?2 = { I [ia/(F/ - / I [w{fo¥]} 1/2 

2171 



Appendix 3 

Selected Crystallographic Data for Compounds 15 and 

15 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b A 

A 

A 

deg 

Density, g cm'̂  

Abs coeff., mm—i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a{l) 

Final R indices [/ > 2o(/)] 

R indices (all data)‘ 

QsHsslVr 

672.18 

0.40x0.30x0.20 

Monoclinic 

P2,/c 

14.882(1) 

11.385(1) 

23.651(2) 

9 0 

92.211(2) 

90 

4 

4004.3(7) 

1.115 

0.302 

293(2) 

26561 

9 6 6 8 (/?时=0.0611) 

5465 

R1 = 0 .0490 

wR2 = 0.1110 

Rl = 0.1110 

w/?2 = 0.1426 

C3sH6sHfM4 

759.45 

0.50 X 0.40 X 0.30 

Monoclinic 

P2i/c 

14.896(3) 

11.387(2) 

23.663(4) 

90 

92.236(3) 

90 

4 

4004(1} 

1.260 

2.634 

293(2) 

2 6 5 2 0 

9587 {/?,nt = 0 .0364) 

6935 

/?1 = 0.0323 

wR2 = 0 . 0 7 9 1 

R1 = 0.0543 

wR2 = 0.0927 

Rl = l l \Fo\-\FA I / I \FJ;wR2 = {l — FcY] /1 MFoY ] } 1/2 

2181 



Appendix 3 

Table A3-5 Selected Crystallographic Data for Compounds 17-19. 

17 18 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

deg 

I 

V.k' 

Density, g cm"̂  

Abs coeff., mm'̂  

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a(l) 

Final R indices [/ > 2o(/)l 

R indices (all data)' 

CaeHszlNsZr 

755 .01 

0 .50 X 0.40 X 0 .30 

Monoclinic 

P2jn 

10.540(1) 

17.018(1) 

22.161(2) 

90 

99.099(2) 

90 

4 

3924.8(7) 

1.278 

1.092 

293(2) 

26278 

9 4 9 1 (/?,nt = 0 .0405) 

7123 

R1 = 0 .0390 

wR2 = 0 .0928 

R1 = 0 .0592 

iv/?2 = 0 .1046 

C34H56l2N2Zr 

837.83 

0 . 4 0 x 0 . 3 0 x 0 . 2 0 

Orthorhombic 

P2i2i2i 

11.260(1) 

13.061(1) 

26 .242(3) 

90 

90 

90 

4 

3859.3(8) 

1.442 

1,907 

293(2) 

26299 

9 3 4 5 (/?时=0.0518) 

6385 

R1 = 0 .0405 

wR2 = 0 .0837 

R1 = 0 . 0 7 9 1 

wR2 = 0 .0988 

CseHgjHflNs 

842.28 

0 .50 X 0 .40 X 0 .30 

Monoclinic 

P2i/n 

10.543(1) 

16.956(1) 

22 .198(3) 

90 

99.059(2) 

90 

4 

3918.5(8) 

1 .428 

3.475 

293(2) 

26069 

9465 (/?,nt = 0 .0350) 

7492 

/?1= 0 .0272 

wR2 - 0 .0619 

/?1 = 0 .0420 

wR2 = 0 .0690 

Rl = l\ iFol-lfcl \/I \Fo\;wR2 = {I - FcY] /1 [w(F,Y]} 1/2 

2191 



Appendix 3 

Table A3-6 Selected Crystallographic Data for Compounds 21 and 22. 

21 22 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

P, deg 

V. deg 

1 

( e 

Density, g 

Abs coeff., mm—i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I s 2o(l) 

Final R indices [/ > 2a(l)] 

R indices (all data)* 

CaeHejN^Zr 

614.10 

0 . 5 0 x 0 . 3 0 x 0 . 2 0 

Orthorhombic 

P2i2,2I 

11.006(1) 

12.827(1) 

26.223(3) 

90 

90 

90 

4 

3701.8(7) 

1.102 

0.320 

293(2) 

25350 

8973 (/?int = 0.0522) 

5844 

R1 = 0.0395 

wR2 = 0.0820 

R1 = 0.0854 

wR2 = 0.1010 

701.37 

0,50 X 0.40 X 0.30 

Orthorhombic 

Pnma 

26.207(3) 

10.994(1) 

12.812(1) 

90 

90 

90 

4 

3691.4(8) 

1.262 

2.849 

293(2) 

23888 

4698 (/?,nt = 0.0424) 

4110 

R l = 0.0419 

m//?2 =0.1457 

Rl = 0.0479 

m//?2 = 0.1485 

R l = l \ |Fo|-|Fci t / I \FoUwR2 = { l - / 1 MFoY]} 1/2 

2201 



Appendix 3 

Table A3-7 Selected Crystallographic Data for Compounds 23 and 24. 

23 24 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

a 

c,A 

a, A 

P, deg 

V, deg 

Z 

Density, g cm"̂  

Abs coeff., mm'i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a(l) 

Final R indices [/ > 2o(/)] 

R indices (all data)* 

C32Hs6aL_ 

622.55 

0.40x0.30x0.20 

Monoclinic 

P2jn 

15.704(1) 

11‘897{1} 

20.145(2) 

90 

93.126(2) 

90 

4 

3758.2(7) 

1.100 

0,394 

293(2) 

19946 

6620 (/?,nt = 0.0520) 

4092 

R1 = 0.0489 

m//?2 = 0.1203 

R1 = 0.0969 

w/?2 = 0.1534 

QsHggCbLiNeTi 

850.96 

0.30x0.20x0.20 

Monoclinic 

Cc 

23.603(2) 

10.454(9) 

24.714(2) 

90 

114.715(2) 

90 

4 

5539.5(8) 

1.020 

0.283 

293(2) 

18503 

11227 (R,nt = 0.0530) 

5220 

R1 = 0.0685 

wff2 = 0.1675 

/?1 = 0.1625 

w//?2 = 0.2258 

Rl = l\ |Fo!-|Fcl \/I \Fo\;wR2 = {I [w{FJ - f,Y] /1 [w{Fjf]} 1/2 

2211 



Appendix 3 

Table A3-8 Selected Crystallographic Data for Compounds 31 and 32. 

31 32 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

a, A 

p, deg 

V> deg 

Z 

Density, g cm^ 

Abs coeff., mm] 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a{l) 

Final R indices [/ > 2a{/)] 

R indices (all data)* 

C44Hs2ClN4Si2T( 

786.51 

O.SO X 0.40 X 0.30 

Monoclinic 

P2i/c 

10317(3) 

29.933(8) 

29.920(8) 

90 

91.628(5) 

90 

8 

9236(4) 

1.131 

0.327 

293(2) 

49534 

16281 (/?,nt = 0.0989) 

7356 

R1 = 0.0780 

w//?2 = 0.2019 

/?1= 0.1828 

wR2 = 0.2810 

C4sH65N4Si2Ti 

766.09 

0 . 5 0 x 0 . 3 0 x 0 . 2 0 

Triciinic 

PI 

10.7869(5) 

10.9068(6) 

20.346(1) 

92.464(1) 

98.726(1) 

103.842(1) 

2 

2289.4(2) 

1.111 

0.272 

296(2) 

22750 

8059 (/?,nt = 0.0445) 

5492 

R1 = 0.2212 

wR2 = 0.5464 

/?1= 0.2510 

wR2 = 0.5714 

Rl = l \ |Fo|-|Fc| I /IlFol； w/?2 = { I MFo'-Fc¥]/ INfoY]} 1/2 

2221 



Appendix 3 

Table A3-9 Selected Crystallographic Data for Compounds 33-0.5QHi4-35. 

33-0.5C6HI4 35 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

a, A 

Meg 

V' deg 

1 

Density, g cm"̂  

Abs coeff" mm—i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a{l) 

Final R indices [/ > 2a(/)] 

R indices (ail dataf 

CAaHyiClaLiNsSm 

811.87 

0 . 5 0 x 0 . 4 0 x 0 . 3 0 

Triclinic 

Pi 

12.800(2) 

14.066(2) 

14.338(2) 

89.893(3) 

70.746(3) 

84.914(3) 

2 

2426.5(7) 

1.110 

0.343 

293(2) 

13259 

8507 = 0.0467) 

4171 

R1 = 0.0647 

wR2 = 0.1515 

= 0.1476 

wR2 = 0.2019 

865.28 

0.50 X 0.40 X 0.30 

Monoclinic 

P2i/n 

10.764(2) 

27.472(5) 

16.172(3) 

90 

95.272(3) 

90 

4 

4762(1) 

1.207 

0.426 

293(2) 

31969 

11415 (R,nt = 0.0598) 

6316 

R1 = 0.0488 

wR2 = 0.1122 

/?1 = 0.1160 

w/?2 = 0.1504 

C44H62CI肩4Si2 

952.55 

0.50 X 0.40 X 0.30 

Monoclinic 

P2Jn 

10.7493(3) 

27.3816(8) 

16.1909(4) 

90 

95.100(1) 

90 

4 

4746.7(2) 

1333 

2.393 

296(2) 

40146 

11237 (/?„t = 0.0243) 

9080 

R1 = 0.0260 

wR2 = 0.0595 

R1 = 0.0388 

wR2 = 0.0672 

/?1 = I I \Fo\-\Fc\ \/l\F.\;wR2 = {l - fcV] / 1 M f o Y ] } 
1/2 

2231 



Appendix 3 

Table A3-10 Selected Crystallographic Data for Compounds 36 and 37. 

36 

Molecular formula 

Formula weight 

Crystal size, mm] 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

P, deg 

V/ deg 

1 

Density, g cm^ 

Abs coeff., mm—i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2o(l) 

Final R indices [/ > 2a(/)] 

R indices (all data)* 

C46H68N4Si2Zr 

824.44 

0.50x0.30x0.20 

Monoclinic 

10.782(1) 

27.754(4) 

16.136(2) 

90 

95.461(2) 

90 

4 

4807(1) 

1.139 

0.311 

293(2) 

32513 

11630 (/?,nt = 0.0497} 

7177 

R1 = 0.0468 

wR2 = 0.1124 

R1 = 0.0940 

w/?2 = 0.1407 

CsiHsgcm^s-hZf 

920.95 

0 . 4 0 x 0 . 3 0 x 0 . 2 0 

Monoclinic 

P2i/c 

13.612(2) 

22.575(4) 

16.741(3) 

90 

94.918(3) 

90 

4 

5125.(1) 

1.193 

0.349 

293(2) 

34580 

12372 (/?,nt = 0.0629) 

6729 

Rl = 0.0504 

0.1163 

/?1 = 0.1181 

wR2 = 0.1505 

Rl = l\ |Fo|-|Fcl \/l\Fo\;wR2 = {T [ - f.Y] /1 [W{Fo¥]} 1/2 

2241 



Appendix 3 

Table A3-11 Selected Crystallographic Data for Compounds 39 and 40. 

39 40 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b, A 

c,A 

a, A 

deg 

V. deg 

2 

Density, g cm ^ 

Abs coeff., mm-i 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2a{l) 

Final R indices [/ > 2a(l)] 

R indices (all dataf 

C48H70lVlgN4OSi2 

799.57 

0 . 5 0 x 0 . 4 0 x 0 . 3 0 

Monoclinic 

P2i/n 

11.867(1) 

28.045(4) 

15.009(2) 

90 

96.889(3) 

90 

4 

4959(1) 

1.071 

0.120 

293(2) 

33733 

11986 (/?|„t = 0.1012) 

4072 

R1 = 0.0626 

w/?2 = 0.1548 

/?1 = 0.2187 

wR2 = 0.2266 

C48H7oCaN40Si2 

825.34 

0 . 5 0 x 0 . 4 0 x 0 . 3 0 

Triclinic 

P i 

11.50(1) 

13.13(1) 

17.88(1) 

87.6(1) 

77.94(1) 

72.91(1) 

2 

2523(4) 

1.073 

0.207 

293(2) 

13705 

8834 (/?,nt = 0.0656) 

3491 

R1 = 0.0707 

w/R2 = 0.1709 

/?1 = 0.1765 

wR2 = 0.2415 

R1 = I\ |Fo|-|Fcl 1/1 \Fol;wR2 = {I - fcY] /1 MfoY]} 1/2 

2251 



Appendix 3 

Table A3-12 Selected Crystallographic Data for Compounds 41 and 42. 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

P, cleg 

V, deg 

Z 

v,k' 

Density, g cm"̂  

Abs coeff.； mm'^ 

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2o(/) 

Final R indices [/ > 2a(/)] 

R indices (all data)* 

C18H24N2 

268.39 

0 .50x0 .40x0 .30 

Orthorhombic 

Pcca 

21.158(4) 

10.620(2) 

14.846(3} 

90 

90 

90 

8 

3335(1) 

1.069 

0.063 

293(2) 

2932 

2932 (/?,nt = 0.0000) 

1273 

R1 = 0.0663 

wR2 = 0.1786 

= 0.1876 

wR2 = 0.2242 

C44H66K2N4O2 

761.21 

0 . 4 0 x 0 . 3 0 x 0 . 2 0 

Triclinic 

PI 

10.3277(6) 

11.1184(7) 

11.8225(7) 

115.875(1) 

90.585(1) 

102.495⑴ 

1 

1184.0(1) 

1.068 

0.236 

296(2) 

13203 

4037 (/?,nt = 0.0295) 

2601 

R1 = 0.0449 

wR2 = 0.1176 

R1 = 0.0873 

wR2 = 0.1425 

Rl=l\ \Fo\-\Fc\ \/1\Fo\;wR2 = {1 - /1 [M/{foY]} 1/2 

2261 



Appendix 3 

Table A3-13 Selected Crystallographic Data for Compounds 44-46. 

44 45 46 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

a, A 

3,deg 

V, deg 

Z 

Density, g cm^ 

Abs coeff., mm"̂  

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2o{l) 

Final R indices [/ > 2o(/)] 

R indices (all data)* 

Q4H«N402Yb 

852.02 

0 . 4 0 x 0 . 3 0 x 0 . 2 0 

Triclinic 

P I 

10.463(1) 

12.008(1) 

20.892(3) 

92.854{3) 

90.430(3) 

110.628(2) 

2 

2452.6(7) 

1.154 

1.904 

293(2) 

13360 

8588 (/?,nt = 0.0340) 

7238 

R1 = 0.0393 

wR2 = 0.0909 

R1 = 0.0489 

wR2 = 0.0947 

C58H77EUKN6O 

106532 

0.50 X 0.40 X 0.30 

Triclinic 

PI 

11.870(2) 

13.542(2) 

22.292(4) 

98.072(3) 

99.164(3) 

112.940(3) 

2 

3175.8(9) 

1.114 

1.090 

293(2) 

17254 

11114 (/?,nt = 0.0354) 

8868 

R1 = 0.0429 

wR2 = 0.0986 

R1 = 0.0578 

m//?2 = 0.1048 

CsiHsgNsSm 

952.50 

0.40 X 0.30 X 0.20 

Hexagonal 

P3 

12.673(2) 

12.673(2) 

18.424(3) 

90 

90 

120 

2 

2562.7(8) 

1.234 

1.185 

293(2) 

13910 

6026 (/?,nt = 0.0441) 

4985 

R1 = 0.0381 

wR2 = 0.0901 

R1 = 0.540 

wR2 = 0.1122 

/?1 = I I IFol-lFj \/l\F,UwR2 = {l - F^'f] /1 M ^ o Y � } 1/2 

2271 



Appendix 3 

Table A3-14 Selected Crystallographic Data for Compounds 47-49. 

48 49 

Molecular formula 

Formula weight 

Crystal size, mm^ 

Crystal system 

Space group 

a, A 

b,A 

c,A 

a, A 

P,cleg 

V.deg 

Z 

Density, g cm"̂  

Abs coeff., mm"̂  

Temperature, K 

Reflections collected 

Independent reflections 

Obs. data with I > 2o{l) 

Final R indices [/ > 2o(l)] 

R indices (all data)* 

C4oH54lN40Yb 

906.81 

0.40 X 0.30 X 

Monoclinic 

P2t/c 

19.2421(5) 

12.6237(3) 

17.8425(4) 

90 

100.408(1) 

90 

4 

4262.7(1) 

1.413 

2.950 

296(2) 

39618 

7711 

(/?,nt = 0.0375) 

6818 

R1 = 0.0253 

wR2 = 0.0629 

R1 = 0.0299 

wR2 = 0.0647 

0.20 

C54H69N6EU 

954.11 

0.40 X 0.30 

Hexagonal 

P3 

12.6538(8) 

12.6538(8) 

18.422(1) 

90 

90 

90 

2 

2554.5(3) 

1.240 

1.267 

296(2) 

21005 

6204 

(/?,„t = 0.0379) 

5424 

R1 = 0.0240 

wR2 = 0.0561 

R1 = 0.0323 

wR2 = 0.0589 

C54H59N6Yb 

975.19 

0.30 0.40 X 0.30 X 0.20 

Trtclinic 

PI 

11.742(1) 

11.847(1) 

41.537(5) 

90.019(3) 

93.601(2) 

112.801(2) 

4 

5314 ⑴ 

1.219 

1.798 

296(2) 

47950 

19087 

{/?,nt = 0.0513) 

14896 

/?1 = 0.0727 

w/?2= 0.1978 

R1 = 0.0897 

wR2 = 0.2037 

= \Fo\-\Fc\ \/I \Fo\;wR2 = {1 [w{Fo' - /1 Nfo')']} 1/2 

2281 


