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Chapter 1

General Introduction

Since the discovery of Ziegler-Natta catalyst, heterogeneous catalyst systems

comprised of transition metals and alkyl aluminum compounds have attracted much

interest. The discovery of Kaminsky catalystl prompted us to study the homogeneous

single-site catalysts bearing cyclopentadienyl ligands. During L980's, the early transition

metal complexes have taken a special place in the field of the polymerization of a-olefins.

The stereoregular polymerization of cr-olefins has been accomplished by using ansa-type

metallocene complexes of group 4 metals, where ar$a-type denotes two cyclopentadienyl

ligands bridged. At present, the research on polymerization is not only by trial-and-error

but by the modern theoretical methods where the design of the catalyst precursor is the

most important factor on the stereoselectivity and activity of the polymerization of a-

olefins.2-4 Thus, the mechanism for the polymerization of cr-olefins is now well-

established and the design of the catalyst precursor for the desired polymerization of cr-

olefins is based on the advanced theoretical chemistry.

In the field of homogeneous polymerization catalysts for cr-olefins,

cyclopentadienyl or substituted cyclopentadienyl ligands have played specially important

role . Cyclopentadienyl ligands are highly electron-donating (5 electron donor), sterically

bulky, and therefore ideal ligands for electrically positive early transition metal ions.

These ligands stabilize highly reactive metal fragments such as metal alkyl and metal

hydride and suppress association of these organometallic complexes. The use of such

ligands enabled us to control the selectivity and activity of the catalyst by designing the

catalyst precursor.

-1-



On the other hand, alkoxo ligands are attracting much attention as a new kind of

ancillary ligand for early transition metal complexes. Alkoxo ligands have many unique

features including: (1) they can be regarded as 5 electron donors like cyclopentadienyl

ligands considering donation of four lone pair electrons; (2) consequently, strong metal-

oxygen bonds are formed, the bond which are more resistant to alkylation than halide

ligands; (3) alkyl (aryl) group on oxo ligands can be extensively varied to modulate the

solubility and steric effect of the whole complex; (4) such ligands have a variety of

bonding mode to the metal such as terminal, p-bridging, and p3-bridging (see, Scheme

D. When the steric bulkiness of the ligands is relatively small, the complex often

associates each other and becomes hardly soluble due to the bridging. This problem can

generally be solved by the use of sterically crowded alkoxo ligands.
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The number of the catalytic activity of the complexes bearing alkoxo ligands have

been reported hitherto in literature. The polymerization activity toward ethylene of the

catalyst system, (TBP)TiCI2A4AO (TBP = 2,2'-thiobis(6+ert-butyl-4-methylphenoxo);

MAO = methylaluminoxane; amount of Ti = 1.1 x 10-3 mmol: of N = 5.I7 mmol: of

solvent(toluene) = 16 mL), has been reported to be 821 kg/g of. Ti' h, comparable to that

of Cp2ZrCI2 system (958 kglg of Zr h). In the propylene polymerization, the TBP-Ti

complex system also shows very high activity: the activity of (TBP)TiClz is 180 kg/g of

Ti'h and gave polypropylenes having extremely high molecular weight (My > 800 x

104).s

Enantioselective cyclopolymerization of L,5-hexadiene catalyzed by chiral

zirconocenes, (+)-(S,S)-(EBTHI)Z(BINOL)MAO (EBTHI = ethylene-1,2-bis(4,5,6,7-

-2-



tetrahydro-1-indenyl); BINOL = 1,1'-bi-2-naphtholate), was reported by Waymouth et

a/. where BINOL was used as resolving chiral source and a leaving group to generate

active species6

Especially, alkoxide ligands are frequently used as ancillary ligands to stabilize

metal-carbene complexes which catalyze ring-opening metathesis polymerizations

(ROMP) of cycloolefins.T-e Schrock et aI. have isolated carbene complexes of tungsten

and molybdenum, M(=QHBut)1=1r16uHsPriz-2,6)(OR)z (M = W, Mo; OR = OBut,

OCMe2(CF3), OCMe(CFr)2, OC(CFt)r),to'tt whose structures were characterized by

spectroscopic measurements as well as by X-ray studies, and these were found to

catalyze the living ring opening metathesis polymerization of norbomene derivatives

(eqn. \.7 The well-characterized carbene complexes, some of them are now

commercially available, are used for block copolymerization of functionalized

norbornenesl2'l3 *6 riblock copolymerization composed of norbomene-acetylene-

norbornene.la The most interesting application is the polymerization of cyclooctatetraene

and its derivatives, affording conducting materials of conjugated polyene structures (eqn.

2).ls'to

^b *,-{4+

cat. M=W,Mo

For group 5 metals, carbene complexes of tantalum, Ta(=g113uttEAr)3(thf)

(EAr = OCeHrMez-2,6, OC6H3Pri2-2,6, SCeHzPrit-2,4,6),17 have been prepared and

(2)
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found to be active catalysts for the living polymerization of norbornene. It is noteworthy

that carbene complexes of tantalum can also polymerize 2-butyne in a living fashion (eqn

3).18 Therefore, carbene complexes are now quite well accepted as active species in the

polymerization of cyclic olefins and alkynes.

Ta(=g gt gzxocoH3P l2-2,6)s(py)
n EtC=CEt

In the studies described above, the effects of ligand on the polymerizations of

cycloolefins were investigated in detail, but the effects on the polymerizations of

acetylenes have been less defined until now. ln Part 1 of this thesis, the author studied

the polymerization of substituted acetylenes by group 5 and 6 aryloxide based catalysts.

Polymer of acetylene without a substituent consist of alternating double bonds

along the main chain and show the following unique properties:

i) electrical conductivity

ii) paramagnetism

iii) chain stiffness

Moreover, polymers of substituted acetylenes with exhibit the additional properties:

iv) thermal stabilityle

v) high solubility

vi) gas permeability2o

vii) liquid mixture separation2l

viii) non-linear optical property 22

ix) radiation degradation23

These physical properties are highly affected by the molecular weight, molecular

weight distribution and microstructures of the polymers, €.g., undoped trans-

polyacetylene (o = 4 x 10-5 Scm-l) shows higher electrical conductivity than undoped

cls-polyacetylene (o = 2 x '1.0-9 5"rn-1).24 In order to find a desired physical property for

a polyalkyne, we should exploit a new synthetic method controlling the molecular

(3)
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weight, molecular weight distribution and microstructures. Thus, we started to make a

new catalyst system for the polymerization of substituted acetylenes. The background in

this field is briefly reviewed as follows.

Unsubstituted acetylene can be polymerized by the typical Ziegler-Natta Catalysts.

The first successful polymerization of unsubstituted acetylene to make the polyacetylene

films was carried out by using Ziegler-Natta type catalyst such as Ti(O-n-

Bu)qlEtzAl.2s'26 However, the polymerization of substituted acetylenes has been

difficult by using the typical Ziegler-Natta type catalysts except the polymerization of

isopropylacetylene and sec-butylacetylene by Fe(acac)r/Et:Al affording soluble high

polymers.2T'28 For the polymerization of monosubstituted acetylenes including n-alkyl,

aromatic, and heteroatom-containing substituents, mixtures of mostly insoluble polymers

and soluble oligomers are obtained. Furthermore, no disubstituted acetylenes are

polymerized with Ziegler-Natta type catalysts.

ln 1974, Masuda and coworkers found that phenylacetylene was polymerized in

the presence of WCIO and MoCls as catalyst precursors. Since then, various complexes

of group 5 and 6 metals have been exploited as new effective catalysts for the

polymerization of substituted acetylenes.2g Group 5 and 6 transition metal catalyst

systems developed so far are classified and their catalytic merits are summarized as class

(1) - (s).

1) MoCls and WCle.

Effective only for the polymerization of monosubstituted acetylenes.

2) MoC15-cocatalyst and WClc-cocatalyst.

Effective for the polymerization of monosubstituted acetylenes and

some disubstituted acetylenes where main group metal compounds

such as Ph4Sn, Et3SiH, Ph3Bi are acting as effective cocatalysts.

3) Mo(CO)e-CCll-hv and W(CO)c-CClq-hv.

These catalyst systems polymerize monosubstituted acetylenes and

disubstituted acetylenes with at least one chloro substituent.

-5-



NbXs and TaXs (X = Cl, Br).

Effective for sterically crowded disubstituted acetylenes.

NbCls-cocatalyst and TaCls-cocatalyst.

Addition of a cocatalyst such as Ph+Sn accelerates the polymerization,

increases the molecular weight, and inhibits polymer degradation.

The metal carbene mechanism shown in Scheme II has been proposed by Masuda

et al. for the present polymerization of substituted acetylenes based on the following

evidence: (i) There are many catalysts effective to both olefin metathesis (including

metathesis polymerization) and polymerization of acetylenes; (ii) acetylenes can be

regarded as extreme members of cycloolefins, i.e., two membered rings in which the

aliphatic chains of cycloolefins are replaced by carbon-carbon single bonds; (iii) the

random copolymerization of cycloolefins with mono- and di-substituted acetylenes was

reported as well as the chain transfer reaction to vinylsilane compounds in the

polymerization of acetylenes by WCle-Ph+Sn.30'31 Moreover, the metal carbene

mechanism is also supported by the fact that the carbene complexes such as

Ph(CH:O)C=W(CO)s and PhzC=W(CO)s were found to be active catalysts for the

polymerization of acetylenes.32

― C=M一
r

/
― C―一C一

Scheme II

The catalyst system comprised of MoOCI+, n-Bu4Sn, and EtOH, is known to

catalyze the living polymerization of CIC=CR (R = n-C4H9, n-C6H13, n-C8Htt, and z-

cvHzg),33 HC=c[coH+(SiMe:)-o],34 Hc=c[coH+(cFr)-o],3s 116=Q[c6F+(n -Bu)-

p),36 ^d HC=C-r-Bu.37 The addition of EIOH as a third component is essentially

important to accomplish a living polymerization, where ethanol replaces one of the chloro

ligands by an ethoxo ligand and stabilize a metal carbene intermediate. In the

4)

5)
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polymerization of le,"/-butylacetylene, this catalyst system also controls microstructure of

double bond in the main chain (up to 97Vo of as), and thus this system is the first

example of stereospecific living polymerization of alkynes.

In the polymerization of alkyne, steric bulkiness of the substituents on monomer

is important to obtain high polymer. The bulkiness accelerates the cleavage of the M-{

bond on metallacyclobutene (Scheme II) at the propagating reaction and prevents the side

reactions such as chain transfer reaction and cyclotrimerization giving benzene

derivatives. As shown in Scheme III, the chain transfer reaction in this system is mainly

caused by the metathesis of the polymer. Cyclotrimerization reaction of alkynes proceeds

via q6-arene intermediates (Scheme IV). For less bulky substituted acetylenes such as rr-

alkylacetylenes, high polymers are not obtained by these catalysts but cyclotrimerization

and/or oligomerization occur. Therefore, the polymerization of less bulky substituted

acetylenes has been still one of the challenging target of synthetic polymer chemists.

?♭C:
?"|

電フイ証イ 一
°~:=計

一
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σ
Vα
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Scheme III

Scheme IV
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The author proposed that"the bulkiness on the metal center by bulky phenoxo

ligands compensates tlrc deficient steric effect of monomers and prevents the side

reactions n afford high polymer of less bullcy sub*inted acetylenes such as n-

alkylacetylenes" as shown in Scheme V.

Scheme V

Thus, a systematic synthetic study for early transition metal complexes bearing

bulky ancillary phenoxo ligands is described in this thesis. The author used 2,6-

dimethylphenoxo as a bulky phenoxo ligand and many different kinds of 2,6-

dimethylphenoxo complexes of group 4, 5 and 6 metals are prepared to determine the

most favorable number of the aryloxo ligands for the polymerization of substituted

alkynes.

The selective synthesis of mono(2,6-dimethylphenoxo) complexes of group 4-6

metals had never been reported due to the concomitant formation of higher substituted

derivatives, e.g., mixtures of complexes, M(O-C6Hz-2,6-Mez)rCl.-n (M = group 4-6

metals; n r 2), have been prepared so far by the reactions of early transition metal halides

with alkali metal alkoxides or alcohols.

In Chapter 2, the author successfully used 2,6-dimethylphenyl trimethylsilyl

ether as a reagent to give aryloxo complexes in high purity and in moderate yield. Thus,

the 1:1 and I:2 reactions of metal chlorides with the trimethylsilyl ether selectively

afforded mono- and bis(aryloxide) complexes, respectively. In this manner, mono- and

〔E
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bis(aryloxide) complexes of group 4-6 transition metals, Mcl4-n(dmp)n(th0z (M = Ti,

Zr, Hf), MCl5-n(dmp)n(th0 (M = Nb, Ta), MoCl:(dmp)z(thf), and WCle-n(dmp)1 (n =

1,2; dmp = 2,6-dimethylphenoxide) were prepared (eqn. 4). Crystal structures of those

complexes were determined by X-ray analyses.

MClx + n Me3Si(dmp) -+ MQlr-n(dmp)n + Me3SiCl (4)

M = Ti, Zf ,Hl, Nb, Ta, Mo, W
fi=1,2

In Chapter 3, the polymerization of substituted acetylenes catalyznd by a series

of 2,6-dimethylphenoxo complexes of group 5 and 6 transition metals is investigated

(eqn. 5). The catalyst system, WCI+(dmp)z/Et3Al, was found to polymerize r-BuC=CH

to a very high molecular weight polymer (Mn> 2 x t06) with relatively narow molecular

weight distribution (Mw/Mn - 1.2) and with high stereoregularity (cis = 88Vo)- By

increasing the number of aryloxo ligands on W(VI) species, less bulky 1--alkynes could

be polymerized to get high molecular weight polymers. For instance, the polymeization

of 1-butyne gave an orange polymer withMn =9.4 x I04, M*/Mn = 3.5 in contrast to

the previous researches that such high polymers have never been obtained. Similarly,

poly(1-hexyne) and poly(1-octyne) with high molecular weights (Mn > 10s) were also

obtained.

n HC=CR 重型堕堅聖型ユレ

R = But, P/, Et, Bun, and CsHrgn

(5)

cat.wclen(OC6H3Me2‐ 2,6)n(n=1-4)

MOCi3(OC6H3Me2‐ 2,6)20hf)

TaC15‐ n(OC6H3Me2‐ 2,6)n(thf)(n=1,2)

NbC15‐ n(OC6H3Me2‐ 2,6)n(thf)(n=1,2)

cocat.EtMgBr

Et3AI
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In Part 11 of this thesis, the author studied the polymerization of polar monomers

such as vinyl monomers having electron withdrawing groups and cyclic esters.

Methyl methacrylate $,e,IA) is one of the most common monomers for industrial

use. MMA can be polymerized by radical and anionic initiators, giving poly(methyl

methacrylate) (abbreviated to PMMA). Radical polymerization of MMA at -40 "C affords

syndiotactic PMMA with rr * 75Vo, while the anionic polymerization by organo alkali

metal compounds afforded isotactic PMMA (toluene) and syndiotactic PMMA (THF),

depending on the polarity of the solvent.38

Well-characterized organolanthanide complexes such as Cp*zI-nR (Ln = Sm, Yb,

Lu, Y; R = H, Me) has been used as the catalyst for the living polymerization of MMA to

produce highly syndiotactic PMMA with high molecular weight and narrow molecular

weight distribution.3e'4O In this system, the growing end group is metal enolate

(Scheme VI), whose structure was revealed by a single crystal X-ray analysis. This

breakthrough prompted many polymer chemists to study the polymerization of polar

monomers by using lanthanide catalysts. Thus the polymerization of MMA, ButA (ButA

= t-butyl acrylate), and DPAA (DPAA = 1y',1r'-diphenylacrylamide) has been reported to

be catalyzsd by Ln(OPri)r (Ln = LA, C") and h(btsa): [btsa =

MMA

Scheme VI

-10-
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These organolanthanide complexes are also found to cause the living

polymerization of cyclic lactones such as e-caprolactone and b-valerolactone. In this

case, the living chain end is a lanthanide alkoxide compound. Thus alkoxide complexes

such as Cp*zSm(OEt)(OEtz), [Cp*zY(OMe)]2, and Cp*zY(OMe)(thf) are able to catalyze

the living polymerization of e-caprolactone and E-valerolactone. It is noteworthy that the

alkoxide complexes catalyze the polymerization of p-propiolactone, whose

polymerization has been difficult so far by usual lanthanide alkyl complexes.a3 The

lanthanide alkoxide complexes such as M(OCHzCHzNMez): (M = Y, I-anthanides) are

the catalysts for the living ring-opening polymerization of e-caprolactone44 and lactide,as

whose polymers are of great interest for medical applications due to their

biodegradability.

Thus, lanthanide alkoxide species have highly catalytic activities for the

polymerization of these kinds of monomers. Generally, the bond strength between

lanthanide metal ions and chalcogen atom can be evaluated by comparing with the bond

disruption enthalpy values of Cp*zSm-OBur (82.4kcallmol) and Cp*zSm-SPrn (73.4

kcal/mol).46 Since the lanthanide-sulfur bond is weaker than the lanthanide-<xygen

bond, thiolate complexes of lanthanide elements might exhibit higher catalytic activity

than the corresponding alkoxide complexes. Therefore the author investigated the

polymerization of polar monomers by lanthanide thiolate complexes.

The systematic synthetic study for thiolate complexes of lanthanide metals is

described in Chapter 4. I:nthanide thiolate complexes have been prepared by

metathesis reactions of lemthanide halides with alkali metal thiolates.4T-49 In these

preparations, the rather strong interaction of lanthanide cations with the alkali metal

halides often disturbs the isolation and purification of the product. In order to prepare the

salt free complexes, the reaction of bis(trimethylsilyl)amide and bis(trimethylsilyl)methyl

complexes of lanthanide with bulky thiolsso and the oxidative reaction of low valent

organolanthanide complexes with organic disulfidesl-s3'46 huur been applied. However,

‐
11‐



usually a mixture of Ln(I) and Ln(IIf complexes results and the purification by

recrystallization has been precluded by the instability to air and atmospheric moisture.

In order to develop a facile preparation of lanthanide thiolates, the author studied a

novel synthetic route ta divalent and trivqlent lanthanide thiolnte complexes from metallic

lqnthanides. The reaction of an excess of Sm, Eu and Yb metals with diaryl disulfides,

fuSSAr (Ar = C6HzPr\-2,4,6, Ph), selectively afforded bis(thiolato) complexes of

divalent lanthanides (eqn. 6). On the other hand, the reaction of lanthanides with 3

equiv. of the diaryl disulfides cleanly gave tris(thiolato) complexes of trivalent

lanthanides (eqn. 7). When the reaction was performed in the presence of

cyclooctatetraene, cyclooctatetraenyl(arenethiolate)samarium(III) complexes could be

obtained in one step (eqn. 8).

(6)Ln

(7)Ln

ArSSAr  ―― 12

―

THF

3ノ2 ArSSAr  ―― :2

―

THF

Ln(SAr)2Lx

Ln(SAr)3Lx

Ln=Sm,Eu,Yb

Ar = Ph, C5H2P/I-2,4,6

L=thf,pyrldine,hmpa

2Sm+2Q鴫 +ArSS片 +阿 世SArllQttlthflx12

In Chapter 5, these complexes were found to catalyze the polymerization of

polar monomers such as MMA, acrylonitrile, lactones, and lactide. The polymerization

of MMA with samarium benzenethiolates bearing HMPA (hexamethylphosphoric

triamide) ligands, Sm(SPh)n(hmpa): (n = 2, 3), afforded syndiotactic PMMA with

narrow molecular weight distribution (Mn = 16000, MwlMn = 1.34, n = 80%).

Acrylonitrile (AN) can be polymerized not only by radical initiators but also anionic

initiators to give polyacrylonitrile (PAN), which has occupied an industrially important

position, particularly, as fibers. Alkyl, ketyl, amide and alkoxide compounds of alkali

metals and alkaline earth metals are mainly used as initiator for anionic polymerization of

(3)

-12-



AN. To our knowledge, however, polymerization of acrylonitrile by lanthanide

compounds has not been reported yet. The polymerization of AN by lanthanide thiolate

complexes was neither living nor stereospecific, although these complexes were highly

active for polymerization of the monomers. In the case of lactones, e-caprolactone and 6-

valerolactone could be polymerized by these complexes to produce polymers with

relativelynarrowmolecularweight distributions (MwlMn - 1.5). B-I-actones comprised

of 4-membered ring are rather difficult to be polymerized with early transition metal

initiators.sa'43 p-Butyrolactone could be polymerized by Sm(SAr):(py): ut 100 'C for

24 h without solvent to afford poly(p-butyrolactone) with bimodal molecular weight

distribution (Mn= 6400, MwlMn= 1.04 and Mn = 1200, M*lMn = I.23) n 237o yieId.

lactidewere polymerized only by [Sm(SAr)z(tht)z]z to afford a polymer with relatively

narrow molecular weight distribution (MwlMn - 1.2).

n CH2:QYeCO2Me

n GH2=QggP
Ln(SAr),\

(9)

;-(cHdm-1 Ln(SAr),\
"t I-l-c-o I

tl
o

\ro-lotl
oAoA

Ln(SAr)rL,

(10)

(11)

(12)
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Chapt er 2

Selective Synthesis of Mono- and Bis(2,6-
dimethylphenoxo) Complexes of Group 4-6

Transition Metals

Introduction

Early transition metal alkoxide complexes are athacting much interest in the field

of catalysis in organic synthesisl-11 and polymerization.l2-37 Especially, bulky aryloxide

complexes have an advantage to provide soluble mononuclear complexes.4'5'16'32-54

The previous synthetic methods for such compounds are summarized as follows.

L) The reaction of metal halides with alkali metal alkoxides is used for the

synthesis of alkoxide complexes. This reaction proceeds rapidly even at low temperature.

The number of introduced alkoxo ligands depends on the bulkiness of the ligands (eqn.

l).s3'43,s1,34

2) Highly Irwis acidic early transition metal halides react with alcohols releasing

HCI as shown in eqn. 2. In this reaction, both of the starting materials are commercially

available. However, this reaction sometimes yields a mixture of alkoxide complexes

bearing the deferent numbers of alkoxo ligands.sl'32'a7

3) The reaction of early transition metal amides with alcohols proceeds only at

high temperature (>80 "C). The remaining amido ligands can be replaced by chloro

ligands with MesSiCl (eqn. 3).ss'53'4e

4) In the case of group 4 metals, the reaction of tetraalkyl complexes, MR4 (M =

Ti, Zr; R = CHzPh, CHzSiMer), with 2,6-di-ferf-butylphenol are used to give
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bis(phenoxide) complexes (eqn. 4).41 The tetraalkyl compounds must be prepared just

before use and reacted in situ because of their high air- and moisture-sensitivity.

MClx + nLi(OAr) 

- 

MClr-n(OAr)n + nLiCt (1)

MClx + nAroH + MClr-n(OAr)n + nHCl (2')

M(NMe2), + nAroH+ M(NMejr-n(OAr)n + nNHMe2 (3)

MR+ + 2ArOH + MR2(OAr)2 + 2HR (4)
M = Ti, Zr,Hl

The catalytic property of those complexes is expected to be influenced by the

coordination environments. However, any systematic study about the effects of the

number of alkoxo ligands on the activities has not been performed except for a tungsten

oxytetrachloride system.s6 One reason for the difficulty of such studies is that the

selective synthesis of mono(alkoxide) complexes has been hindered by the serious

contamination of further substituted derivatives in the reactions noted above. Thus, the

author tried to find better synthetic methods. Up to now only one example was reported

for the synthesis of niobium mono(alkoxide) compounds, NbCl+(OR) (R = Me, Et,

SiMe3), from the reaction of Nbcls with Me:SioR.a7 The author applied this reaction

for the systematic synthesis of a series of early transition metal complexes bearing bulky

aryloxo ligands (eqn. 5).

MClx + nMe3SiOAr 

- 

MClr-n(OAr)n * rMe3SiCl

Results and Discussion

The Formation of Mono- and Bis(2,6-dimethylphenoxo) Complexes of

Tungsten and Molybdenum. The author has selected a bulkyphenoxo ligand,2,6-

dimethylphenoxo (dmp), as an ancillaly ligand in order to suppress agrrigation of the

products and to obtain monomeric complexes. A 1 : 1 reaction of anhydrous wClo with

2,6-dimethylphenoxy(trimethyl)silane in toluene at -78 "C followed by heating to ambient

(5)
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temperature resulted in the formation of WCls(dmp) (1a) as purple crystals n 73Vo yield.

Similarly, thel:2 reaction of WClo with the phenoxysilane in refluxing toluene for 2 h

gave WCI+(dmp)z (1b) as dark blue crystals n 607o yield (eqn. 6). Further addition of

2,6-dimethylphenoxy(trimethyl)silane to WClo or WCI+(dmp)z did not afford the tris- or

the tetrakis(phenoxide) complexes. However we have failed to isolate Mocla(dmp)(thf)

because of the predominant formation of the complex mixture. MoCl3(dmp)z(th} Q)

was successfully isolated as purple crystals n 757o yield from the 1 :2 reaction of MoCls

with Me:SiOCeHtMez-2,6 followed by recrystallization from THF / hexane (eqn. 7).

ａ

」Ｄ

WC16+nM%SOわ
一

‐ W銑 輌 0わ ヽ +nttβ 0 0

n=1
n=2

陥 C15 1 2 Mo3SiOわ ~陥 Щ Oわ 121thfl■ 2 Me3Si0 0

recryslallized f rom THF-hexane
2

In order to elucidate the exact geometries of these complexes, the X-ray structure

analyses of la and Lb have been performed. An ORTEP drawing of la is shown in Fig.

1(a) and the molecular structure of lb is shown in Fig. 1(b) together with partial atomic

labeling. Selected bond distances and angles for complexes la and lb are listed in Table

1. The compound La is six-coordinated on the tungsten atom and the W-O-C(11)

angle is exactly 180'. The W-O(1FC(11) and W-O(2)-C(22) angles of lb are

again I79" due to strong pn(oxygen){n(metal) interaction. Consequently, the W-O

distancesof 1.79-1.82 An la and lb are shortest in the tungsten phenoxide hitherto

reported, i. e., wCls(OCoH tPriz-2,6)s (7.832, 1.836, and 1.848 A),tt

wcl+(oCoHzPhz-2,6)z (1.840(3) and 1.851(3) A),ot w(oCoH:Pri2-2,6)t (1.849,

1.851, 1.851, and 1.866 A;33 and w(dmp)+ (1.843 A).33
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Figure 1. Molecular structures of 1a (a) and 1b (b).

Table l.Intcratomic bond distanccsハ )and bond anglcs(°)in∞mplcx la.

Bond distanccs

W― Cl(1)

W-0

C(1)――C(2)

C(2)――C(5)

Bond anglcs

Cl(lIW― Cl(2)   88.4(1)

CI(2EW― Cl(2)111  90.4(3)

Cl(2)一W一Cl(an  89.5(3)

CI(2トーW― Cl(2)lV 176.9(3)

2.299(9)

1.82(2)

1.45(2)

1.49(2)

W一 Cl②

い α l)

C(2)一C(3)

C(3)――C(4)

2.307(3)

1.41(4)

1.38(2)

1.41(2)

C(lEW-0 180.0 Cl(2HW-0 91.6(1)

W-0-C(1)     180.0         0-C(1ト ーC(2)   169.8(9)
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Table 2.Intcntomic bond distanccs(A)and bOnd anglcs(° )ill COmplcx lb.

Bond distanccs

W一 Cl(1)

は 1(1)

2.333(3)

1.34(1)

Bond anglcs

C(lEW― C(1ソ1  90・ 4(1)

C(1「W― C(1)Ⅳ  180.0

W-0(1)

Cl(1「W― Cl(1)111

Cl(lEW-0

1.860(7)

89.6(1)

90.2(3)

Cl(1)111-W4    89.8(1)     W― 0̈-C(1)      179(1)

The molecular structure of lb includes phenoxide groups in the trarc position

(O(1FW-O(Z) angle, 180") in sharp contrast to the cis position in an analogous

complex, WCIa(OC6H3Ph2-2,6)2.48 This conflict may arise from the steric bulkiness of

the 2,6-substituents. To examine this situation, we used 2,6-

diisopropylphenoxy(trimethyl)silane in place of the 2,6-dimethyl substituted phenyl

silane. The reaction was carried out under essentially the same conditions as described

for lb and WCla(OCeHzPriz-2,6)z (f c) was obtained in high yield. The X-ray structure

of this molecule revealed the location of bis(phenoxide) in crs position (Fig. 2(a)).

Therefore, we can estimate that the arrangement of two phenoxo ligands in tungsten

complexes is controlled by the steric bulkiness (scheme I).

‰馬≧碗≧

CI
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During the course of synthesizing a carbene complex, we have found that treatment

of lb with LiCHzBut in hexane produced WCI(dmp)+ (f d) in lSTo yield as dark red

crystals. This complex is presumably formed by the reduction of lb followed by the

disproportionation of the resulting WCl:(dmp)2. The X-ray analysis revealed a novel

square-pyramidal atructure where the Cl atom locates at the apical position and phenoxide

groups locate at the basal position (Fig. 2(b)). Similar W(V) phenoxide complexesare

known in cases of WClr(OCeHzPh2-2,6)z(thf),48 WCI3(OC6HzPhz-2,6)z(pMe2ph)a8

and WCI(OCsHzCl2-2,6)+(OEtz),32 but these complexes assume a six-coordinated

octahedral structure. Similar tungsten tetra(phenoxide), W(dmp)+ and W(OC6H3Pri2-

2,6)+ are reported to exhibit squar planar structure.33

Table 3. Interatomic bond distances (,4) and bond angles (') in complexe lc.
Bond distanccs

W一 Cl(1)

W一 Cl(3)

W-0(1)

0(1卜J3(11)

Bond anglcs

C(lEW― Cl(の   171.1(2)
C(lEW―C(4) 86.5(2)
Cl(lEW-0(a  92.5(3)
Cl(2EW―Cl(4)   86.6(2)

Cl(2)一W-0(a   94.1(3)
Ci(3)一W-0(1) 179.7(3)

Cl(4)一W-0(1)  90・ 6(3)

0(lEW-0(a   91.4(4)

Cl(lEW― Cl(3)   89.9(2)

Cl(lEW-0(1)  93.4(3)
Cl(2EW― Cl(3)   87.3(2)

Cl(2EW-0(1)  92.4(3)
Cl(3)一W一C(4)  89.5(2)

Cl(3)一W-0(a   88.6(3)
Cl(4)一W-0(の   177.9(3)
W-0(1)一 C(11) 169.8(9)

W-0(2>― C(21)  177.7(9)

Table 4.htcratomic bond distanccs lへ)and bOnd anglcs(°)in COmplcx ld.

Bond distanccs

W― CI(1)

0(1トヨ3(11)

Bond anglcs

O(1卜W-0(1)

1.844(7)

0(1)一W-0(1)‖    180(2)
Cl(1「W-0(1)   90.1(8)     W-0(1>― C(11)    176(3)

2.318(4)

2.327(4)

1.814(8)

1.39(1)

W― Cl(2)

W一Cl(4)

W-0(2/J

O(2>―C(21)

2.319(4)

2.325(5)

1.796(9)

1.40(2)

2.427(6)     W-0(1)

1.37(1)

90.0
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Figure 2. Molecularstructuresof 1c (a) and 1d (b).
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The Formation of Mono- and Bis(2,6-dimethylphenoxo) Complexes of

Niobium and Tantalum. The present method is also useful for the synthesis of

Group 5 niobium- and tantalum-phenixide. The 1 : 1 reaction of anhydrous NbCls with

2,6-dimethylphenoxy(trimethyl)silane in toluene at 80 'C for 2h followed by the addition

of 20 equivalents of THF gave NbCl+(dmp)(thf) (3a) in quantitative yield. Direct

addition of NbCls to THF must be avoided since cationic ring opening polymerization of

THF occurs promptly. Recrystallization of the product from THF/hexane provides 3a as

red crystals n 667o yield. Using essentially the same method, the 1 : 2 reaction of

anhydrous NbCls with 2,6-dimethylphenoxy(trimethyl)silane in toluene at 80 'C for 2 h

follou'ed by the addition of THF gave NbCl:(dmp)z(hf) (3b) as red crystals n 757o

yield. Direct reaction of 3a with 2,6-dimethylphenoxy(trimethyl)silane (1.5 : 1 ratio) in

THF also provides 3b as revealed by the NMR measurements. However, further

addition of 2,6-dimethylphenoxy(trimethyl)silane to 3b did not form higher analogues

such as NbCl2(dmp)r(thf), since 3b was completely inert to 2,6-

dimethylphenoxy(trimethyl)silane. In a similar way, TaCla(dmp)(thf; (4a) and

TaCl:(dmp)z(thD (4b) were prepared as yellow crystals.

MC15 1 n M03SiOわ ~編
わ

願 い 嘔 錮 0

recrystallized from ttHF―hexane

3a: M=Nbi n=1

3b: n=2

4a: M=Ta, n=1

4b:        n=2

nc cxact structurcs wcrc dctcllllincd by thc X‐ ray analysis of 3a and 3b. Thc Nb atom

in 3a has six― coordinated gcometry with thc THF molcculc in the″ α′雰 position to thc

phcnoxy group(Fig.3(a)).Four chlo五 nc atoms locatc ill thc mcridional position。 ¶hc

sclcctcd bond distanccs and angics of 3a and 3b arc sulnlncrizcd in Tablc 5. Thc Nb――

0(1)一 C(11)allgに of3a k cxacay 180° .獅 お お as∝ ibaЫ e Ю ぬ c strong四
(OXygCn)一

dπ(mCtal)intCradion c対 sting in thc compounds.  Thc plb O(1)diStalCC
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(a)

Figure 3. Molecular structures of 3a (a) and 3b (b).

…26-



Tabh 5.ScLctcd bond dstanccsは )and bond anJcs(° )OfCOmpLX 3a and 3b.

3a 3b

Bond distanccs

Nb―Cl(1)

Nb Cl(2)

Nb―Cl(3)

Nb-0(1)

Nb-0(2)

Nb-0(3)

0(1卜瓢ズ13)

0(3卜く3(31)

Bond anglcs

Cl(1ンーNb―Cl(1)(Cl(3))

Cl(1卜NトコCl(1ソ "

CI(ll―NトーCl(1)・ (CI(2))

Cl(1トーNb-0(1)

Cl(1卜_Nb-0(2)

Cl(lINb-0(3)

0(lINb-0(3)

0()■Nb-0(2)

Nb-0()一 C(11)

Nb-0(2>― C(21)

Nb-0(3トーC(31) 124.8(4)          122.6(6)

2.351(2)

1.819(8)

2.207(7)

1.40(1)

1.465(9)

2.366(3)

2.391(3)

2.388(3)

1.829(6)

1.854(6)

2.194(6)

1.360(11)

1.483(13)

89.6(1)

89.5(1)

169.8(1)

95.1(1)

84.9(1)

180.0

180.0

88.7(1)

168.8(1)

95.0(2)

92.5(2)

84.5(2)

177.4

96.3(3)

173.2(6)

170.2(5)
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(1.819 A) is significantly shorter than the sum of the covalent radii. Actually, the Nb-

O(1)-C(11) angle decreases with increasing the number of phenoxide groups attached.

The Nb-O(1FC(11) angle of NbCl+[O-2,6-(CH:)zCoH:](thf) decreases to 773.2" n

the case of NbCl:[O-2,6-(CHz)zCeHr]z(thf) (3b) (Fig. 3(b)). Nb-O bond distances in

complexes 3a and 3b (1.819 A and 1.829 A, respectively) are shorter than those in

complexes, Nb(OC6H:Pri2-2,6)z(OCeH:Pri-I2-CVte=CHzXth0 G.875(2), 1,,949(2)

and I,9 67 (2) A) anA Nb(oCoHrP ri2-2,6)z(oC6H3PriCMeCHzCPh=CPh) (1.9 43(4),

1.873(4) and 1.882(4) A).46

The 1 : 2 addition of 3a with 2,6-dimethylphenoxy(trimethyl)silane again provides

the compound 3b with six-coordinated geometry around the Nb atom (Fig. 3(b)). In this

case, one of the meridional chlorine atoms of 3a reacted with the phenoxysilane to afford

cls-bis(phenoxide) type compound and a THF molecule is coordinated in the haru

position of the phenoxide group. If the coordination site of THF does not change during

the reaction, we can readily conclude that Nb-mono(phenoxide) changes to Nb-

bis(phenoxide) by the attack on a chloro ligand with the phenoxysillane as illustrated in

Scheme II.

C, ,,rr.1...O ct.,? l^,..o

"ii\cl

*&r:o:CI

3b

Scheme II

The Formation of Mono- and Bis(2,6-dimethylphenoxo) Complexes of

Titanium, Zirconium, and Hafnium. The 1 : 1 reaction of TiCl+(th|z with 2,6-

dimethylphenoxy(trimethyl)silane in THF at ambient temperature for 2 h was found to

afford a pure sample of a new compound, TiCl:(dmp)(thf)z (5a) n 90% yield releasing

Me:SiCl as monitored by the NMR spectra. After the usual workup, the resulting

3a
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product was purified by recrystallization from THF / hexane to give red crystals of 5a in

737o yield. A bis(phenoxo) derivative, TiCl2(dmp)z(thf)z (5b) was also available by

refluxing a mixture of TiCla(thf)z and Me:SiOCsHtMez-2,6 (I : 2.5 ratio) in THF for 8

h. Recrystallization of the product from THF / hexane gave a titanium compound 5b as

dark-red crystals n7U7o yield.

Analogously, the corresponding zirconium and hafnium mono(phenoxide)

complexes, MCl3(dmp)(thf)Z (6a:M= 7,r; 7a: M = H0 were obtained in high purity by

stirring the 1 : 1 mixture in THF for 3 h, and were isolated as colorless crystals n 727o

and 9ITo yield, respectively. Bis(phenoxo) derivatives of zirconium (6b) and hafnium

(7b) were also available by refluxing the 1 : 6 mixture in THF for 8 h. Further addition

of 2,6-dimethylphenoxy(trimethyl)silane to MCI+ ( M = Ti, Zr, Hf) or MCl2(dmp)z(thf)z

did not form the tris- or tetrakis(phenoxide) of these metals.

旧 ‐ n Me3SiOわ ~MC14‐ n10わ 櫛 f12 1 n Me3SiC1 0

5a:M=Ti,n=1

5b:       n=2

6a:M=Zr,n=1

6b:       n=2

7a: M=Hf,n=1

7b:       n=2

1n ordcr to clucidatc thc cxact gcomct五 cs of TiC13(dmp)(th02 (5a),

TiC12(dmp)2(th02(5b)and Zrc12(dmp)2(th02(6b),the X― ray structurc analyscs havc

bccn pcrformcd.An OR■3P drawing illustratcd ill Fig.4(a)shOWS thc molccular

structurc of 5a and Fig.4(b)shOWS thc moLcular strudurc of 5b togcthcr wtth paiiJ

atollnic labcling. In both complcxes,thc ccntral Ti atoms have six― coordinatcd gcomctrics

andいvo phcnoxo groups of 5b arc locatcd in thc cお  position. 恭  thc rclnainingい vo

chlo五nc ・atoms occupy thc ″α
“
s position in both complcxcs, いVO CCbordinatcd THF

molcculcs assumc thc cな position.¶ hc ORπP drawing of 6b showcd gcomctry similar

to∞mplcx 5b(Fig.5).SclCCtCd bond distanccs and anglcs for∞ mplcxcs 5a,5b and
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Figure 4. Molecular structures of 5a (a), and 5b (b).
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Table 6. Selected bond distances (A) and bond angles (') of complex 5a, 5b

and 6b.

5b5a

Bond distances

M-c(i)
M-c(2)
M-c(3)
M--{(1)
M{(2)
M--o(3)
M--4(4)

Bond angles

cl(lFM-c(2)
cl(1FM-c(3)
cl(1FM-o(1)
cl(1FM-o(2)
cl(1FM-o(3)
c(1FM-o(4)
cl(2FNb{l(3)
c(2FM-o(1)
cl(2FM-o(2)
c(2FM-o(3)
cl(2FM-o(4)
cl(3FM-o(1)
cl(3FM-o(3)
cr(3FM-o(4)
o(1FM-o(2)
o(1FM{(3)
o(1FM-o(4)
o(2FM--o(3)
o(2FM-o(4)
o(3FM--o(4)
M-O(1FC(11)

2.327(3)

2.330(3)

2.217(3)

r.7s2(s)

2.r68(s)

2.r7r(6)

2.374(4) 2.476(s)

2.374(4) 2.4s6(s)

1.788(e) 1.e06(e)

1.788(e) 1.e04(8)

2.202(e) 2.27s(e)

2.re7(e) 2.288(70)

166.e(1)

e2.7(r)

es.e(2)

8s.0(1)

84.7(2)

es.6(1)

e3.r(2)

8s.0(1)

8s.3(2)

e7.4(2)

r6e.7(2)

88.4(2)

e2.8(2)

t74.2(2)

16s.0(2) 163,3(2)

e6.0(3) e6.0(3)

e3.3(3) e3.3(3)

83.8(3) 82.e(3)

83.4(2) 83.s(3)

e4.3(3) es.2(3)

es.8(3) e6.e(3)

8s.6(3) 84.e(3)

84.4(2) 83.1(3)

ee.2(4) 100.3(4)

88.8(4) 88.e(3)

169.3 1,68.7(4)

r7r.7(4) 170.4(3)

r6e.3(4) 768.7(4)

80.6(3) 7e.e(3)

16s.7(8) 166.6(8)

8r.4(2)

r73.4(s)

M-O(2)-C(21) 170.0(e) 170.8(8)

つ
つ



6b are listed in Table 6. The Cl(1)-Ti-C(2) angles show slight deformations of two

chloride ligands from the exact trans position. The central atoms lie on the basal plane

defined by O(1), O(3), O(4) atoms for complexes 5a, 5b and 6b. In the complexes 5b

and 6b, the O(phenoxy!-M-O(phenoxy) angles are much larger than the right angle

while the OCh0-M-O(thf) angles are smaller than 90'. These characteristics are also

found in other six-coordinated Ti complex bearing a bis-phenoxy group in the cls

position, Ti(OCeH:Pri2-2,6)z(bipy)2.38 Th" Ti-O(phenoxy) distances (1.788(11) and

1.789(10) A; in Sn are comparable or shorter compared with those of Ti(OC6H3Pri2-

2,6)z(bipy)2 (1.882 and 1.896 A)," TiI(oCeH:Btt2-2,6)z (1.79(2) A1+o and

Ti(oCeHrPri2-2,6)+(1.78(1) A;3e uut is longer than that of 5a (1.762(5) A). However,

the Zr-Q bonds (1.904 and 1.906 Al are tittle shorter than those in

Z(oAr)z{CaHqNC(CH:)C(CH3)NCsHI} (2.009 and t.lSo A).37

Figure 5. Molecular structures of 6b.
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These results indicate that complex 5a changes to 5b by the attack of 2,6-

dimethylphenoxy(trimethyl)silane to the Cl(3) atom of 5a, nevertheless the Cl(3)-Ti

bond distirnce[2.277(3)A1 in Su is significantly shorter than the Cl(1)-Ti (2.321Q) A)

and Cl(2)-Ti(2.330(3) A) UonO lengths due to the trans effect of the THF molecule

(Scheme III).

Scheme III

Experimental Section

General. All manipulations for air- and moisture-sensitive compounds were

canied out by the use of the standard Schlenk technique under argon atmosphere. All

solvents were purified by distillation under argon after drying over calcium hydride or

sodium benzophenone ketyl.

Nuclear magnetic resonance (1H NUn) spectra were measured on a JEOL JNM-

FX90Q and JEOL JNM-GSX-270 spectrometers. Mass spectra were recorded on a

JEOL SX-102 spectrometer. Elemental analyses were performed at Elemental Analysis

Centcr of Osaka University. All melting points were measured in sealed tubes and u,ere

not corrected.

Preparation of MerSi(OCeHt-2,6-Mez). A solution of n-Buli (210

mmol) in hexane (130 mL) u'as dropwise added to a solution of 2,6-dimethylphenol

(25.19,206mmol)inTHF (100 mL) at 0 "C. The reaction mixture was warmed up to

ambient temperature and stirred for t h. To the resulting solution of 2,6-

dimethylphenoxolithium was dropwise added Me:SiCl (27 .4 g,252 mmol) at 0 "C. After

stining the reaction mixture for t h at ambient temperature, the precipitated salt was

C!

5a

],i! o
ct/ j'-o
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rcmovcd by iltration.Distillation undcr rcduccd prcssurc(110° C,24 mmHg)affOrdcd

MC3S(OC6H3-2,6-Mc2)(36.6g,92%)as∞ 10JCSs oil.lH NMR(CDC13,30° o: δ

6.8‐-7.0(m,3H,aromatic protons),2.20(s,6H,CH3),0・ 40(s,9H,SiMc3).Mass

spcctrum″ /z,194(M+).SpCCtral data was supcrimposablc to that of litcraturc.5

Synthesis of WC15(OC6H3‐ 2,6‐ Me2)(la)。 TO a solution of WC16(3.49

g,8.80 mmol)in tolucnc(100 mD江 -78°C was addcd Mc3Si(OC6H3-2,6-Mc2)(1・ 75

g,8.99 mmol).ThC rcaction m破 turc was allowcd to wallll to arnbicnt tcmpcraturc.

Du五ng this Pcriod, dccp purplc powdcry product was prccipitatcd. ■ c po、vdcr was

dissolvcd in tolucnc by heating to 80° C。 ¶hc deep purplc crystals of WC15(OC6H3‐ 2,6-

McD(3.12g,73%),whiCh COntaincd a small alnount of thc bisphcnoxo complcx as an

impuHty(ca・ 6%),wcIC Obtaincd upon cooling thc solution to-20℃.Rcpcatcd

rc(IystanizatiOn afforded an analyticany purc cOInplcx,In.p. 244-248° C. Anal. 01cd

fOr C8H9C150W:C,19.92;H,1.88.Found:C,20.13;H,1.99.lH NMR(CDC13,30

°
o:δ 7.38(d,2H,″ ―H),6.28(t,lH,p― H),3.58(s,6H,CH3)・ MasS SPCCtrum for

184w″″,305(M+― C6H3MC2C12)・

Synthesis of WC14(OC6H3‐ 2,6‐ lヽe2)2(lb)。 A rc∝ tion mixturc of WC16

(2.25g,5.67 mmol)and Mo3Si(OC6H3-2,6-Mc2)(2.41g,12.41 mmol)in tolucnc(100

mり WaS・Cauxcd wih stiring for 2 h,and thcn thtt solution was cooにd to O℃ to afford

thc titlcd colnplcx as dccp purplc crystals(1.08g,39%)。 COnccntation of thc

supcmatant solution gavc 2nd and 3rd clops. Total yicid、 ″as 60%. M.p. 162--170° C.

Arlal.Calcd for C16H18C1402W:C,33.84;H,3.19.Foundi C,34.00;H,3.25.lH

NMR(CDC13,30° o:δ 7.21(d,4H,“ ‐H),6.76(t,2H,′ ‐H),2.91(s,12H,CH3).

NIass spcdrum for 184w“ ″,566(M+).

Synthesis of WC14(OC6H3‐ 2,6‐ Pr12)2(lC)。 A rcaction mixturc of WC16

(0.74g,1.87 mmol)and NIc3Si(OC6H3-2,6-Pr12)(0.99g,3.96 mmol)in t01ucnc(40

mD WaSrc■uxcd with stiring for 2 h,and thcn this solution was coolcd to O℃ to afford

thc titlcd colnplex as deep purplc crystals(0.64g,5%)。 ConCentration of thc supcmatant

solution gavc 2nd and 3rd clops. Total yicld was 50%.  M.p. 162--170 
°
C. Anal.

Calcd for C16H18C1402W:C,33.84;H,3.19.Found: C,34.00;H,3.25.lH NMR
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(CDCI:, 30'Q: 6 7.35 (d, 4H, m-H),6.92 (t,2H, p-H),3.99 (m, 4H, CHMe2), 1..22

(d,24H, CHMe2).

Synthesis of WCI(OC6 H3-2,6-Mez)4 (f d). To a solution of

WC14(OC6Hy2,6-Mez)z (1.15 g, 2.03 mmol) in THF (150 mL) at -78 "C was added

0.38 Msolution of LiCHzBut in hexane (11.0 mL,4.16 mmol). The reaction mixture

was allowed to warm to ambient temperature. The color of the solution turned to red

brou'n from deep purple. Then the solvent was removed in vacuo. The extraction from

the residue by toluene and cooling the extract to -20 "C gave dark red brown crystals of

WCI(OC6H3-2,6-MIz)q. Theyield wasI87o. M.p. >300'C. FAB Mass spectrum for

r84w mlz,7o3 (M+).

Synthesis of MoClr(OCcEt-2,6-Meilz0hf) (2). T\e 1:2 reaction of

anhydrous MoCls (0.56 g, 2.06 mmol) with Me3Si(OkHz-2,6-Me2) (0.81 g, 4.19

mmol) in toluene (30 mL) under reflux for 7 h followed by recrystallization from a

mixture of THF and hexane gave MoCl3(OCoH:-2,6-Mez)z(thf) (0.16 g, l1Vo) as purple

black crystals. Anal. C-alcd for CzoHzoClrMoOs; C, 46.49; H, 5.07. Found: C,

46.39;H, 5.27.

Synthesis of NbCll(OCeHr-2,6-Mez)(thf) (3a). To a suspension of

NbCls (350 mg, 1.30 mmol) in toluene (a0 mL) at -78'C was added Me3Si(OC6H3-2,6-

Me2) (250 mg, 1.30 mmol). The reaction mixture was allowed to stir at ambient

temperature for 12 h. After the solvents were removed, the resulting powdery product

was recrystallized from a mixture of THF and hexane to give NbCl+(OCoH:-2,6-

Me2)(thf) (369 mg, 667o) as red crystals. M.p. 141-145 'C. Anal. Calcd for

CrzHrzCl+NbO2: C,33.68; H, 4.00. Found: C, 34.00; H, 4.05. lU NVIR (CDCI:,

30'Q: 0 6.9-7.1 (m, 3H, aromatic protons), 4.92 (m,4H, th|, 2.83 (s, 6H, CH3),

2.24 (m,4H, th|. Mass spectrum for 93Nb mlz,354 (M+ - C+HaO).

Synthesis of NbClr(OCoHr-2,6-Mez)z(thf) (3b). T'he 1:2 reaction of

anhydrous NbCls (3.34 g, 12.4 mmol) with Me3Si(OCeH:-2,6-Me2) (4.93 g, 25.4

mmol) in toluene (100 mL) at 80 'C for 2 h followed by recrystallization from a mixture

of THF and hexane gave NbCl3(OCeH:-2,6-Mez)z(thD (4.17 g, 667o) as red crystals.
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M.p.173-176 "C. Anal. Calcd for CzoHzeCI:NbO:: C, 46.76; H, 5.10. Found: C,

46.43;H, 5.29. lFI NMR (CDCI:, 30 'Q: 6 6.7-7.0 (m, 6H, aromaric protons), 4.66

(m, 4H, th|, 3.80 (m, 2H, thf),2.54 (s, 6H, CHz), 2.45 (s, 6H, CHz), 2.14 (m, 4H,

thO, 1.89 (m,2H, thf). Mass spectrum for 93Nb mlz, 440 (M+ - C+H8O).

Synthesis of TaCll(OCeHr-2,6-Mez)(thf) (4a). To a suspension of

TaCls (1.56 g,4.35 mmol) in toluene (a0 mL) at -78 'C was added MesSi(OCoH:-2,6-

Me2) (0.86 g, 4.42 mmol). The reaction mixture was allowed to stir at ambient

temperature for 3 h. The color of the reaction mixture turned from yellow to orange. At

this time, 1 mL (0.89 g, 12 mmol) of THF was added at room temperature. The

precipitates were dissolved, yielding a clear yellow solution. Filtration and cooling to -20

'C afforded TaCl+(OCoHz-2,6-Mez)(thf) (1.67 E, 747o) as yellow crystals.

Concentration of the supernatant solution gave Znd crop. Total yield was 84Vo. M.p.

163-1.64 "C. Anal. Calcd for C:u.HtzClcOzTa: C,27.93;H,3.32. Found: C, 28.05;

H, 3.51. lu NptR (ceDe, 30 "Q: E 6.75 (d, 2H, .-H),6.60 (t, lH, p-H), 4.47 (m,

4H, thfl, 2.86 (s, 6H, CHg), 1.11 (m, 4H, th|. Mass spectru- 1or 1811u m/2, 442 (M+

- C+HaO).

Synthesis of TaCb(OCeHt-2,6-Mez)z(hf) (4b). The I:2 reaction of

anhydrous TaCls (1.09 g, 3.04 mmol) with Me:Si(OCoH:-2,6-Me2) (1.27 g, 6.52

mmol) in toluene (30 mL) at room temperature for 3 h followed by recrystallization from

a mixture of THF and hexane gave yellow crystals of TaCl3(OC6Hz-2,6-Mez)2(th\ (0.77

g, 427o). M.p. 17G-172 "C. Anal. Calcd for CzzHsoCl:O:.sTa (1.5thf / Ta): C,

41.43;H,4.74. Found: C,41.87;H,4.78. lg NV{R (CoDo, 30'Q: 6 6.6-7.2 (m,

6H, aromatic protons), 4.30 (m, 4H, th|, 2.70 (s, 6H, CH3), 2.49 (s,6H, CH:), 1.11

(m, 4H, thf). Mass spectrum 1sr 18lh mlz,528 (M+ - C+HaO).

Synthesis of TiCl:(OCoHr-2,6-Mez)Ghf)2 (5a). To a solution of

TiCl+(THF)z (1.82 g,5.46 mmol) in THF (80 mL) at -78 "C was added Me3Si(OCoH:-

2,6-Me2) (1.10 g, 5.66 mmol). The reaction mixture was allowed to warm to ambient

temperature. After THF was removed, the resulting powdery product was recrystallized

from a mixture of THF and hexane to give red crystals of TiCl:(OCeHz-2,6-MezXth0z
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(1.81 g, 73Vo). M.p. I22 - 27 'C. Anal. Calcd for CroHzsClrOsTi: C, 45.80; H,

6.01. Found: C,43.35;H,5.92. lu NvtR (CDCI:, 30'Q: 6 6.7-7.I (m,3H,

aromatic protons), 4.30(m, 8H, th|, 2.70 (s, 6H, CH:), 2.03(m, 8H, thf). Mass

spectrum for a8Ti m/2,274 (M+ - 2C+H3O).

Synthesis of TiClz(OCeHr-2,6-Me2)2(thf)2 (5b). Areaction mixture of

TiCl+ (4.67 g,24.6 mmol) and Me:Si(OCaHt-2,6-Mez) (9.54 g, 49.2 mmol) in hexane

(80 mL) was refluxed with stining for 2 h. After hexane was removed, the resulting

powdery product was recrystallized from a mixture of THF and hexane to give red

crystals of TiClz(OC6Ht-2,6-Mez)z(th\z (0.51 E, 47o). C-oncentration of the

supernatant solution gave 2nd and 3rd crops. Total yield was 707o. M.p. 122 - I27

'C. Anal. Calcd for Cz HsqClzOqTi: C, 57.05; H, 6.78. Found: C, 54.56; H, 6.79.

lU NVIR (CDClr, 30'Q: 6 6.8-7.0 (m, 3H, aromatic protons), 4.08(m, 8H, th0,

2.33 (s, 6H, CH3), 1.97(m, 8H, thg. Mass spectrum for 48Ti mlz, 360 (M+ -

2C+HaO).

Synthesis of ZrClr(OCoHr-2,6-Mez)Ghf)z {6a). To a suspension of

ZrCl+ (0.44 g, 1.90 mmol) in toluene (3 mL) at 0 'C was added THF (20 mL, 25 mmol).

Stining at ambient temperature made the precipitate dissolved. To the resulting solution

of ZrCla(thf)2 was dropwise added Me3Si(OCoHz-2,6-Mez) (0.38 g, 1.97 mmol) at - 78

"C. The reaction mixture was stirred at ambient temperature for 3 h. The solvents were

removed under reduced pressure to give colorless powdery product. Recrystallization of

the product from a mixture of THF and hexane gave colorless crystals of ZrCl:(OCoHr-

2,6-Me2)(thf)2 (0.58 g,6770). Concentration of the supematant solution gave 2nd crop.

Total yield was727o. M.p. 138 
-1.47 

"C(dec.). Anal. Calcd for CroHzsCl3O3Zr: C,

4I.51;H,5.44. Found: C, 40.35; H, 5.68. lH NtvtR (CDCI3, 30 "Q: 6 6.6-7.0 (m,

3H, aromatic protons), 4.46(m,8H, th|, 2.53 (s,6H, CH:), 2.09(m,8H, thf). Mass

spectrum for%Zr mlz,316 (M+ - 2C+H3O).

Synthesis of ZrClz(OCeHr-2,6-M ez)zghf)z (6b). ZrClt (2.15 g, 9.24

mmol) was dissolved in a mixture of benzene (10 mL) and THF (100 mL, 1.23 mol). To

the resulting solution of ZrCLq(thf)2 was dropwise addcd Me:Si(OCeHy2,6-Mez) (10.65
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g,54.92 mmol) at 0 "C and then the reaction mixture was refluxed for 6 h. The product

\^'as recrystallized from a mixture of THF and hexane to afford colorless crystals of

ZrCI2(OC6H3-2,6-Me2)2(thf)z (1.9a g,677o). Concentration of the supernatant solution

gave Znd and 3rd crops. Total yield was 8470 . M.p. 140 -ll6 
'C (dec.). Anal. Calcd

for CzqHzqClzOqZr: C,52.54;H, 6.25. Found: C, 50.98; H, 6.33. tg NiUR (CDCI:,

30 'Q: 6 6.6-7.0 (m, 3H, aromatic protons), 4,39(m,8H, th|, 2.36 (s,6H, CHr),

2.06(m,8H, th!. Mass spectrum formZr mlz, 402 (M+ - 2C+HsO).

Synthesis of HfClr(OCcH:-2,6-Mez)$hf)z Oa). To HfCl+ (0.49 g,

1.52 mmol) dissolved in a mixture of toluene (5 mL) and THF (20 mL,25 mmol) was

dropwise added MerSi(OCaHz-2,6-Mez) (0.31 g, 1.58 mmol) at - 78'C. The reaction

mixture was allowed to stir at ambient temperature for 24 h. Colorless powdery product

of HfCls(OC6Hz-2,6-Mez)(ttr0z (0,76 g,91,7o) was obtained by removing the volatiles,

washing the resulting powder with a minimal volume of hexane, and drying the sample rn

vqcuo. Recrystallization from a mixture of THF and hexane gave colorless crystals.

M.p. 154 - 168 "C (dec.). Anal. Calcd for CtoHxCl:HfOs: C, 34.93; H, 4.58.

Found: C,32.76; H,5.05. lH NvtR (CDCI:, 30'Q: 6 6.5-7.0 (m, 3H, aromatic

protons), 4.48(m, 8H, thf), 2.50 (s, 6H, CHt), 2.1.0(m,8H, th0. Mass spectrum for

rsoHf mlz,406 (M+ - zC+Hso).

Synthesis of HfClz(OCeHs-2,6-Mez)z(hf)z Qb). To a solution of

HfCl+ (0.39 g,1.23 mmol) in toluene (5 mL) and THF (20 mL,25 mmol) was dropwise

added Me:Si(OCeHz-2,6-Mez) (0.66 g, 3.42 mmol) at 0 'C. The reaction mixture was

refluxed for 30 h. The product was recrystallized from a mixture of THF and hexane

yielding HfClz(OCeH3-2,6-Mez)z(thf)z (0.66 g, 84Vo) as colorless crystals. M.p. 160

- 188'C(dec.). Anal. C-alcd for CzqHzqClzHfOq: C,45.33; H, 5.39. Found: C,

42.28;H,5.79. 1g NIr,tR (CDCI3, 30 "Q: 6 6.5-7.0 (m, 3H, aromatic protons), 4.38

(m, 8H, thf),2.33 (s, 6H, CH3), 2.06 (m, 8H, thf). Mass spectrum 1ot 18091 mlz, 492

(M+ - 2CaHsO).

Crystallographic Data Collections and Structure Determination of

1a, lb, lc, Ld, 3a, 3b, 5a, 5b and 6b. The crystals of la suitable for X-ray
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diffraction sealed in glass capillaries under argon atmosphere, were mounted on a Rigaku

AFC-5R four-circle diffractometer for data collection using MoK61 radiation. Three

standard reflections were chosen and monitored every 150 reflections. Measured non-

equivalent reflections with 1>3.0o(1) u'ere used for the structure determination. Empirical

absorption correction was carried out based on an azimuthal scan. The crystal structure

of la was solved by a heavy-atom method. Successive Fourier synthesis phased by the

tungsten atom found in Patterson maps clearly revealed the remaining nonhydrogen

atoms. The structures were refined anisotropically by a full-matrix least-squares method.

In the final refinement cycle, hydrogen atom coordinates were included at idealized

positions, and the hydrogen atoms were given the same temperature factor as that of the

carbon atom to which they were bonded. All calculations were performed using the

TEXSAN crystallographic software package.

The crystallographic studies for lb, lc, ld, 3a, 3b, 5a, 5b and 6b are

carried out similarly. Crystal data of these complexes are sumarized in Tables 7-10 and

atomic coordinates are listed in Table 11-19, respectively.
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Table 7. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

0, d"g.

v, ip

Z

Dcalcd

r'(000)

radiation

abs. coeff, cm-l

scan mode

temp, "C

scan speed, deglmin

scan width, deg

2011131, deg

unique data

unique data (1>3o(1))

no. of variables

R

R'6v

GOF

la

WC150C8H9

482.3

orthorhombic

C“ε″

12.952(5)

12.386(3)

8.279(3)

1328.0(10)

4

2.412

896

Mo Kα

98.7

0--20

23

8--16

1.0+0.30tan0

60

895

576

48

0.046

0.036

1.84

lb

WC1402C16H18

568.4

monoclinic

の 1/「4

17.615(4)

7.188(2)

8.396(2)

119。 93(2)

921.3(4)

4

2.047

544

Mo Kα

72.2

0--20

20

4

1.0+0.35tan0

60

912

908

101

0.032

0.016

1.969
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Table 8. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

0, deg.

V, A3

Z

Dcalcd

r(000)

radiation

abs. coeff, cm-1

temp,'C

scan speed, deg/min

scan width, deg

201113y, deg

unique data

unique data (1>3o(1))

no. of variables

R

R';,'

GOF

lc

WC1402C24H28

674.15

monocHnic

P21ル

9.697(2)

17.115(2)

16.799(2)

91.80(1)

2786.7(8)

4

1.607

1320

Mo Kα

46.37

25

10

1.73+0.35 tan0

55

7008

6625

280

0.079

0.056

3.97

ld

WC104C32H36

703.94

tctragonal

f4

12.328(1)

10.287(4)

1563.5(7)

2

1.495

702

Mo Kα

38.89

25

10

1.21+0.35 tan0

55

1038

952

87

0.049

0.063

5.77
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Table 9. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

cr, deg.

0, d"g.

Y, deg.

v, ;\3

Z

Dcalcd

F(000)

radiation

abs. coeff, cm-1

scan mode

temp,'C

scan speed, deglmin

scan width, deg

206ry, deg

unique data

unique data (1>3o(/))

no. of variables

R

Rv7

GOF

3a

NbC14QC12H17

482.0

orthorhombic

Cmc″

7.979(3)

17.094(4)

12.536(2)

3b

NbC1303C20H26

513.7

triclinic

Pl

9.639(9)

15.396(6)

8.763(4)

98.68(4)

98.61(9)

75.45(6)

1235.8(15)

2

1.379

524

Mo Kα

8.1

0--20

20

8-16

0.84+0.35tan0

60

7218

4483

349

0.080

0.130

4.937

1709。 7(8)

4

1.663

856

Mo Kα

13.0

0--20

23

8--16

1.63+0.30tan0

55

1146

702

60

0.053

0.038

2.27
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Table 10. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

qrA

b,A

C,A

0, d"g.

V, AJ

Z

Dcalcd

F(000)

radiation

abs. coeff, cm-1

scan mode

temp,'C

scan speed, deglmin

scan width, deg

20p3x, deg

unique data

unique data (1>3o(1))

no. of variables

R

R';,'

GOF

5a

C16H25C1303Ti

419.7

orthorhombic

Fttα 21

17.389(3)

10.610(1)

10.8358(2)

1998.9(5)

4

1.394

872

Mb Kα

8.5

0--20

20

4

1.0+0.35tan0

60

3058

2345

308

0.053

0.074

2.793

5b

C24H34C1204Ti

505.3

monoclinic

Cc

16.794(4)

13.498(2)

11.421(1)

90.72(1)

2588.8(7)

4

1.296

1064

Mo Kα

2.9

0……20

20

4

1.0+0.35tan0

60

3771

1948

415

0.084

0.092

3.040

6b

CZH34C1204Zr

548.7

monoclinic

α

16.660(9)

13.647(2)

11.589(2)

91.11(2)

2634.0(8)

4

1.383

1136

Mo Kα

6.4

0--20

20

8-…16

1.103+0.35 tan0

60

3997

2266

415

0.060

0.086

4.579
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'I'able L 1. Atomic coordinates for non-hydrogen atoms in complex la.

v         z         B∞

W

Cl(1)

Cl(2)

0

C(1)

C(2)

C(3)

C(4)

0.329(2)

0.443(3)

0.495(2)

0.607(2)

0.659(2)

2.82

5.4

5.0

4

7

4

4

4

7

0             0.1828(1)

0            -0.0028(7)

0.1264(2)     0.1777(4)

μ

　

μ

C(5)        -0.199(1)      0.432(2)

0

0

-0.100(1)

-0.096(1)

0

0.0538(4)

1/4

1/4

1/4

1/4

1/4

1/4

Table 12. Atomic coordinates for non-hydrogen atoms in complex lb.

YzBeo

W

Cl(1)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(7)

0             0

-0.04868(13)   0.2303(3)

0.1878(7)  0

0.1915(7)      0

0.2746(8)     0

0.3509(8)     0

0.3441(7)     0

0.2638(7)     0

0.1122(9)     0

0

0.1237(4)

0.2132(14)

0.366(3)

0.537(3)

0.687(4)

0.675(4)

0.502(4)

0.347(3)

0.547(3)

2.77

3.63

2.9

3.2

3.1

3.9

4.6

3.5

3.5

3.7

5.0

0        0.1090(5)   0

C(8)         0.2600(9)      0             0.160(4)
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Table 13. Atomic coordinates for non-hydrogen atoms in complex lc.
y         z         Bc。

W

CI(1)

Cl(2)

Cl(3)

Cl(4)

0(1)

0(2)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(21)

C(22)

C(23)

C(24)

C(25)

C(26)

C(51)

C(52)

C(53)

C(61)

C(62)

C(63)

C(71)

C(72)

C(73)

C(81)

C(82)

0.47807(7)

0.2391(4)

0.7129(4)

0.4629(5)

0.4543(6)

0.4908(9)

0.4934(8)

0.5060(13)

0.4176(14)

0.4332(19)

0.535(2)

0.6214(16)

0.6096(15)

0.5024(15)

0.4109(15)

0.424(2)

0.521(2)

0.6110(18)

0.6033(15)

0.3012(16)

0.1704(17)

0.277(2)

0.7136(14)

0.8525(16)

0.7313(16)

0.3026(17)

0.315(2)

0.1571(18)

0.7008(16)

0.848(2)

0.21657(4)

0.2124(3)

0.2294(3)

0.1584(3)

0.3386(3)

0.2619(5)

0.1208(5)

0.2833(9)

0.3396(8)

0.3572(11)

0.3228(13)    -0.0248(9)     7(1)

0.2698(11)

0.2445(9)

0.0470(9)

0.0295(9)

-0.0443(11)

-0.0969(10)

-0.0766(10)

‐0.0042(9)

0.3720(10)

0.3291(12)

0.4595(11)

0.1913(8)

0.2255(10)

0.1166(9)

0.0850(9)

0.1000(10)

0.0599(12)

0.0158(9)

0.0220(13)

0.30644(4)     3.77(3)

0.2986(2)     6.1(2)

0.3335(2)      5.5(2)

0.4310(2)     6.7(3)

0.3654(3)     7.9(3)

0.2093(5)      3.6(5)

0.2640(5)     3.1(5)

0.1304(7)     3.1(6)

0.0981(8)     3.7(8)

0.0181(9)      6(1)

0.0086(9)     5(1)

0.0874(8)      4.2(8)

0.2281(8)      3.4(7)

0.1644(8)     3.8(8)

0.1323(9)      6(1)

0.1606(10)    6(1)

0.2213(10)    5(1)

0.2590(8)      3.8(8)

0.1456(8)     4.3(9)

0.1286(10)    7(1)

0.1308(11)    7(1)

0.1224(8)      3.8(8)

0.1382(10)    6(1)

0.0724(9)     5(1)

0.1321(10)    4.6(9)

0.0429(10)     7(1)

0.1500(12)    9(1)

0.3270(10)    4.7(9)

0.2993(13)     9(1)

-0.0398(11)    0.3952(11)    9(1)C(83)        0.693(2)
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Table 14. Atomic coordinates for non-hvdrosen atoms in complex ld.
YZBeq

W(1)

Cl(1)

0(1)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

α7)

C(8)

０

　

０

０

　

　

０

0.1059(6)

0.185(1)

0.169(2)

0.246(2)

0.337(2)

0.354(2)

0.275(1)

0.073(2)

0.1069(6)

0.184(1)

0.275(1)

0.358(2)

0.343(1)

0.256(2)

0.171(1)

0.290(2)

0

0.2359(5)

-0.000(3)

0.008(3)

-0.073(2)

-0.075(2)

0.020(4)

0.074(2)

0.080(2)

-0.152(3)

3.64(4)

4.8(2)

3.6(4)

3.3(6)

4.8(9)

6(1)

6(1)

6(1)

4.0(8)

9(1)

6(1)0.292(2)       0.067(2)       0.166(2)

Tabte 15. Atomic coordinates for non-hydrogen atoms in complex 3a.

YZBeo

Nb

Cl(1)

0(1)

0(3)

C(11)

C(12)

C(13)

C(14)

C(15)

C(31)

C(32)

3.73

5.3

4.2

3.7

3.7

4.3

5.3

6.0

5.4

6.4

7.4

0

0.2075(2)

0

0

0

0

0

0

0

0

0

0.10268(7)

0.0905(1)

0.2091(4)

-0.0264(4)

0.2907(7)

0.3277(5)

0.4102(6)

0.4501(8)

0.2843(5)

‐0.0753(5)

-0.1555(6)

1/4

0.1179(1)

1/4

1/4

1/4

0.3492(7)

0.3446(8)

1/4

0.4519(7)

0.3460(7)

0.3081(7)
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Table 16. Atomic coordinates for non-hydrogen atoms in complex 3b.

v          z         Be。

Nb

Cl(1)

CI(2)

Cl(3)

0(1)

0(2)

0(3)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(21)

C(22)

C(23)

C(24)

C(25)

C(26)

C(27)

C(28)

C(31)

C(32)

C(33)

0.72962(8)

0.7812(4)

0.6400(3)

0.5030(3)

0.8168(7)

0.8891(6)

0.6164(6)

0.8966(9)

0.8839(10)

0。9699(13)

1.0637(13)

1.0707(11)

0.9855(10)

0.7807(13)

0.9886(13)

1.0127(8)

1.1447(10)

1.2727(11)

1.2673(14)

1.1321(13)

1.0063(10)

1.1536(12)

0.8612(12)

0.6733(11)

0.5766(13)

0.4419(13)

0.31630(5)    0.14411(9)    3.31

0.44889(17)   0.0846(3)     4.42

0.18751(17)   0.1640(4)     4.40

0.4054(2)     0.2165(4)     4.90

0.3248(4)     0.3443(7)     3.3

0.2426(4)      0.0575(7)      3.0

0.3107(5)     -0.0925(7)      3.3

0.3294(7)     0.4858(9)     3.3

0.4145(7)     0.5707(11)    3.6

0.4202(9)      0.7126(12)     4.7

0.3414(10)     0.7673(12)     5.2

0.2586(9)     0.6789(13)    4.7

0.2509(7)     0.5360(11)    3.7

0.4979(8)     0.5153(13)    4.9

0.1607(8)     0.4426(14)    5。2

0.1835(6)      0.0183(10)     2.9

0.2034(7)      0.0849(11)     3.3

0.1419(9)     0.0438(14)    4.9

0.0660(9

0.0486(8)

-0.0572(16) 5.8

-0.1243(15)     5.1

0.1087(6)     -0.0889(11)    3.6

0.2869(8)     0.1969(13)    5.0

0.0915(7)     -0.1670(12)    4.5

0.3338(8)     -0.2255(11)     4.2

0.3022(10)    ‐0.3688(13)    5.7

0.3069(12)    -0.3116(14)    6.7

C(34)        0.4732(12)    0.2938(12)    -0.1402(14)    5.7
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Table 17. Atomic coordinates for non-hydrogen atoms in complex 5a.

t{ z Beo

Ti

Cl(1)

Cl(2)

Cl(3)

0(1)

0(3)

0(4)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(31)

C(32)

C(33)

C(34)

C(41)

C(42)

C(43)

C(44)

0.17659(5)     0.05375(9)     0

0.12358(9)    -0・ 13336(14)   0.0729(3)

0.21494(10)   0・26119(15)   -0.0346(3)

0.13359(12)   0.0188(3)     -0.1956(3)

3.25

4.76

4.72

5.66

4.0

4.1

4.5

3.5

4.0

5.4

6.3

5.5

4.3

5.6

5.9

8.0

7.2

6.6

5.3

6.5

6.9

7.2

7.2

0.2703(2)

0.1963(3)

-0.0058(4)     -0.0204(5)

0.0963(5)      0.1931(5)

-0.0375(5)     -0.0360(7)

-0.1093(6)     0.0559(7)

=0.1430(8)     0.0382(9)

-0.1006(9)     ‐0・0667(10)

-0.0302(8)     -0.1540(9)

0.0029(6)     ‐0.1437(7)

0̈.1546(9)     0.1665(8)

0.0725(8)     -0.2437(9)

0.0483(13)    0.2980(9)

0.1021(12)    0.4095(10)

0.1393(10)     0.3735(9)

0.1717(8)     0.2382(8)

0.0720(7)     0.0190(12)

0.1744(8)     0.0208(12)

0.0650(2)     0.1342(4)     0.0432(6)

0.3450(3)

0.3807(4)

0.4579(4)

0.4975(5)

0.4614(5)

0.3832(4)

0.3374(5)

0.3423(6)

0.1516(6)

0.1857(7)

0.2672(6)

0.2613(5)

0̈.0090(4)

-0.0673(5)

-0.0343(5)      0.2665(9)      0.1095(13)

0.0502(5)     0.2613(7)     0.0856(14)
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Table 18. Atomic coordinates for non-hydrogen atoms in complex 5b.

y          z         Bc。

Ti

Cl(1)

Cl(2)

0(1)

0(2)

0(3)

0(4)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(21)

C(22)

C(23)

C(24)

C(25)

C(26)

C(27)

C(28)

C(31)

C(32)

C(33)

C(34)

C(41)

C(42)

C(43)

C(44)

0.25

0.2163(3)

0.2493(3)

0.3451(5)

0.2806(5)

0.1948(5)

0.1247(5)

0.4233(7)

0.4808(9)

0.5602(9)

0.5815(9)

0.5245(9)

0.4427(8)

0.4571(10)

0.3806(9)

0.2997(8)

0.2662(8)

0.2837(10)

0.3336(10)

0.3682(10)

0.3552(8)

0.2103(9)

0.3940(9)

0.2300(11)

0.1858(16)

0.1112(14)

0.1298(10)

0.0727(10)

-0.0107(10)

0.0053(10)

0.0819(9)

0.2787(3)

0.3073(3)

0.3423(7)

0.1582(7)

0.4329(6)

0.2431(7)

0.3622(9)

0.3189(10)

0.3411(11)

0.4027(13)

0.4418(10)

0.4245(11)

0.2557(12)

0.4676(12)

0.0606(11)

0̈.0087(10)

-0.1093(11)

-0.1364(13)

-0.0629(14)

0.0389(10)

0.0181(11)

0.1171(12)

0.5177(11)

0.6056(13)

0.5658(16)

0.4611(14)

0.2731(14)

0.2397(14)

0.1511(14)

0。 1742(12)

0.28505(15)    0.25 3.70

0.4511(3)      5.48

0.0462(4)     5.51

0.2717(8)      4.7

0.2468(8)     4.8

0.2570(8)     4.8

0.2233(8)      4.8

0.2931(10)    4.0

0.2196(13)    5.5

0.2421(16)    6.4

0.3377(16)    6.5

0.4085(12)     5。 8

0.3852(12)    5.2

0.1162(13)    6.7

0.4648(12)    5.9

0.2643(11)     4.3

0.1927(13)    4.8

0.2147(15)     6.5

0.3054(17)    7.0

0.3736(15)    6.8

0.3544(12)    5.0

0.0951(14)    5.8

0.4284(13)    6.1

0.1973(14)    7.0

0.2382(16)    9,7

0.292(2)      9.8

0.3301(15)    7.8

0.1225(14)     7.5

0.1551(19)    8.0

0.2339(16)     8.0

0.2946(15)    6.8
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Table 19. Atomic coordinates for non-hydrogen atoms in complex 6b.

v          z         B∞

Zr

Cl(1)

Cl(2)

0(1)

0(2)

0(3)

0(4)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(21)

C(22)

C(23)

C(24)

C(25)

C(26)

α27)

C(28)

C(31)

α32)

C(33)

C(34)

α41)

C(42)

C(43)

0.25

0.2107(3)

0.2493(3)

0.3513(5)

0.2819(5)

0.1908(6)

0.1189(6)

0.4302(7)

0.4892(8)

0.5679(9)

0.5887(9)

0.5286(9)

0.4491(8)

0.4677(10)

0.3827(10)

0.3025(7)

0.2725(8)

0.2915(9)

0.3406(11)

0.3738(10)

0.3568(10)

0.2170(9)

0.3941(10)

0.2270(11)

0.1830(19)

0.1119(18)

0。 1226(13)

0.0688(11)

-0.0129(11)

-0.0013(10)

0.28577(7)

0.2825(3)

0.3084(4)

0.3476(7)

0.1518(6)

0.4359(7)

0.2424(8)

0.3702(9)

0.3285(10)

0.3515(13)

0.4115(13)

0.4511(11)

0.4313(10)

0.2667(1幼

0.4737(13)

0.0522(9)

0̈.0153(10)

-0.1128(10)

-0.1352(12)

‐0.0648(13)

0.0343(11)

0.0104(12)

0.1171(13)

0.5210(11)

0.6051(13)

0.5744(16)

0.4678(15)

0.2665(14)

0.2322(16)

0.1483(16)

0.1746(13)

0.25           4.25

0.4549(3)     5.39

0.0397(4)     5.47

0.2763(8)     4.2

0.2506(8)     4.2

0.2536(8)     4.5

0.2168(8)      4.5

0.2991(11)    4.1

0.2293(13)    4.9

0.2540(16)    6.0

0.3482(16)    6.3

0.4150(14)    5.4

0.3912(11)    4.5

0.1272(15)    6.1

0.4650(14)    6.1

0.2698(10)    3.7

0.1990(12)    4.5

0.2226(15)    5.8

0.3133(17)    6.6

0.3801(15)    6.1

0.3593(12)    5.2

0.0972(15)    5.4

0.4329(13)    6.2

0.1948(14)    6.2

0.2384(18)    9.5

0.293(3)      10.0

0.323(2)      8.6

0.1157(18)    6.7

0.1435(19)    7.2

0.2256(18)    7.3

0.2924(17)    6.3C(44)        0.0747(10)
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Chapter 3

Polymerization of Monosubstituted Acetylenes
Catalyzed by 2,f-Dimethylphenoxo Complexes of

Group5and6Metals

Introduction

The polymerization of alkynes has attracted much interest in view of new organic

materials, e.g., as conducting or gas permeable polymers.l'2 In the case of the simplest

alkyne, acetylene, ziegler type catalysts such as Ti(o-n -Bu)+/EtrAl are most useful as

polymerization catalyst.3 On the other hand, group 5 and 6 transition-metal halides have

been reported as polymerization catalysts for bulky substituted acetylenes by Masuda er

al.a However, high polymers of less bulky substituted acetylenes such as r-

alkylacetylenes have not been obtained by the reported catalysts. Recently, the living

polymerization of 1-chloro-1-alkynes has been achieved by the catalyst system based on

a mixture of MoOCI+, tetrabutyltin, and ethanol.5 The ethanol might be a source of

alkoxide ligand which is important for the activity and selectivity of catalyst.

Alkoxide and aryloxide groups have been used as ligands stabilizing the carbene

species, which has been regarded as the key intermediate of the polymerization of 1-

alkyne.6 Although various carbene complexes with aryloxo ligands have been prepared

and were applied to the living ring-opening polymerization of cyclic olefins,T-9 only a

little examples of such complexes have been found useful for the polymerization of

acetylenes.lo
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We have systematically prepared a series of 2,6-dimethylphenoxo complexes of

group 5 and 6 transition metals (1,2, 3, and 4, dmp = 2,6-dimethylphenoxo) which

have been revealed to have monomeric structures by crystallographic studie5.ll'12 1n u

course of our research on the reactivity of these complexes, we found that they became

effective catalyst precursors for polymerization of l-alkynes upon treating them with a

reducing reagent such as Grignard reagent or alkyl aluminums.l3 The catalyst system

based on well-characterized Z,6-dimethylphenoxo complexes (1-4) affords some

important insights into the mechanism of alkyne polymerization, and thus we can tune the

catalyst to a highly active and selective one. The catalyst activity and selectivity for the

polymerization of 1-alkynes were found to be delicately affected by the number of bulky

aryloxo ligand and the geometry at metal center. Thus, an extra high molecular weight

polymer with narrow molecular distribution '*'as obtained as the result of our

investigation. Moreover, we report here that the tungsten complexes bearing three or

four 2,6-dimethylphenoxo ligands atalyzed the polymerization of less bulky substituted

acetylenes such as L-butyne, L-hexyne, and l-octyne to give high molecular wieght

polymers for the first time.

Results and Discussion

Preparation of 2,6-Dimethylphenoxo Complexes of Tungsten,

Molybdenum, Tantalum, and Niobium. A series of bulky aryloxo complexes of

group 5 and 6 metals have already been reported.l4 Some of them have been prepared

by the reaction of metal halides with phenol derivatives or alkali metal phenolate in

suitable solvents or without solvent.l4(aHc) However it is difficult to control the

number of aryloxo ligands to be introduced on metal by such methods. It is especially

difficult to prepare mono(aryloxo) complexes.

The author have synthesized mono- and bis(2,6-dimethylphenoxo) complexes of

group 5 and 6 metals by the reaction of metal halides with 2,6-
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dimethylphenyltrimethylsilyl ether.11'12 This method was used to prepare complexes

la, Lb, 2, 3a, 3b, 4a, and 4b as described in Chapter 2. Some of them have already

been characterized by our crystallographic studies, which provide information on the

catalytic mechanism (vide infra).

Complex lc was prepared according with the literature -"15o6.14(a) ld has

already been reported by Schrock and coworkers.l4(b) According to their paper, Ld was

prepared by the reaction of WClo in melt 2,6-dimethylphenol at 80 "C. We modified the

reaction condition for the ease of separation of ld from excess 2,6-dimethylphenol.

Thus ld was obtained by refluxing a mixture of WCle and 2,6-dimethylphenol in

toluene. Only the pure avove-mentioned complexes were used as catalyst precursors in

the present investigation to limit the structure of active spiecies.

W(dmp)nC16.

1

a:n=1

b:n=2
c:n=3

d:n=4

丁a(dmp)nC15 n(thつ

3

a:n=1

b:n=2

MO(dmp)2Ci3(thつ

2

Nb(dmp)nC15-n(thつ

4

ai n=1

b:n=2

dmp = 2,6-Dimethylphenoxo

Polymerization of 3,3-Dimethyl-1-butyne. Bulky monosubstituted

acetylene, e.g. 3,3-dimethyl-1-butyne, has been generally known to give higher

polymers by catalysis of MoCls- and WClo-based catalysts.ls Since 3,3-dimethyl-1-

butyne is reported to form stable high molecular weight polymers, we chose 3,3-

dimethyl-1-butyne as a monomer to investigate the catalytic feature of complexes 1-4
for the polymerization. In general, the stepwise replacement of chloride by aryloxide in
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WCln(OAr)o-n or WOCIn(OAr)+-n complexes makes the species harder to be reduced.

Therefore, we selected a stronger reducing agent such as a Grigard agent or

trialkylaluminum as a cocatalyst rather than alkyltin compounds which were usually used

as a cocatalyst for WCl6, MoCls, and MoOCI+.

The polymerization of 3,3-dimethyl-1-butyne was carried out in the presence of

lb with various molar equivalents of EtMgBr. The results are shown in Figure 1, which

Ratio of EtMgBr I 1b
Figure 1. The yield of poly(3,3-dimethyl-1-butyene) depending on the

molar ratio of complex lb and cocatalyst ethyl Grignard reagent.

Polymerization was canied out in toluene at 30 "C for 24 h. [monomer]6 =

1M; [1b] = 10 mM.

shows clearly that the more reduced tungsten species are less active as the catalyst for

polymerization. Thus, tungsten species in the high oxidation state may be a catalytic

species because 0.5:1 and 1:1 ratios for the mixture of reducing reagent/lb gave the

maximum yield of the polymerization. Such a tendency is consistent with the reported

fact that a tungsten complex, W(CHCMe:)(NCoH:Priz-2,6)(OBul)2, is the catalyst for

polymerization of CzHz. l0(a) This carbene complex is in a formal oxidation state (r+,
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which is in accord with the formal oxidation states (5+ or 6+) estimated for the present

catalyst species. Thus, the 1:1 ratio for catalyst/cocatalyst was used consistently for the

following polymerization.

The nature of cocatalyst sometimes caused difference in the catalyst activity. In

theseries of tungstencomplexeswhen complexes la or Lb was used above 30'C as a

catalyst for the polymerization, both of the cocatalysts, EtMgBr and EtrAl exhibit

essentialy the same activity. When complex lb/EtMgBr was used at -20 "C as a catalyst

for the polymerization, the yield of the polymer is only 37o. When EtMgBr was replaced

by AlEt3, the polymer yield increased to 28Vo at the same condition. Such a tendency can

speculatively be attributed to lrwis acidity of the metal center. C-omplex lb seems to

interact with magnesium salt such as MgCl2 to block the active site. On the other hand, a

system, ld/EtMgBr is the good catalyst at 60 'C to give high polymer n 887o yield,

while the low yield (57o) was observed for the catalyst system ldlAlEtr. This probably

resulted from the decreased reactivity of the chlorotungsten moiety of ld to MgCl2 or

MgB12-

Bis(2,6-dimethylphenoxoFmetal complexes with AlEts, were examined as

catalyst for polymerization of 3,3-dimethyl-1-butyne and results are summarized in Table

I. Generally, group 6 metals showed higher catalyst activity than group 5 metals. In the

case of tantalum, the activity for the polymerization of 3,3-dimethyl-1-butyne is very

low. It is interesting that the ligation of 2,6-dimethylphenoxo on niobium enabled

polymerization of monosubstituted acetylenes instead of cyclotrimerization (vide infra).

When mono- or bis(aryloxo)niobium complexes (4a and 4b/Grignard reagents or

triethylaluminium, were used as catalyst precursors for 3,3-dimethyl-1-butyne, high

polymers formed in modest yields with Mn values of >2 x 106 and 3.7 x 105,

respectively.

This is in sharp contrast to the fact that most niobium complexes such as

Nbcls,16 [cpNb(dienelct]z,ri cpNbcl+Mg,l8 [Nbcl3(THT)]z (THT =

tetrahydrothiophene)Ig and NbCI:(DME) (DME = 1,2-dimethoxvcthane)20 have been

used as catalysts for the cyclotrimerization of 1-alkynes.4' 16-20 ft prel'ious exception
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is the polymerization of HC=CCH(SiMe3)R (R = z-C5H11 and n-CzHts)2l and

HC=CCH(SiMezR)-n-Pr (R = n-C6Htg and Ph),22 which was catalyzed by NbCls

based catalysts. The bulkiness of the substituent on acetylene prevents the

cyclotrimerization and linear oligomerization.

Activity of our catalyst system might be attributed to the presence of a bulky

aryloxo group which has the same effect as the bulkiness on monomer. A catalyst

system 4altert-BuMgCl is also applied for the polymerization of phenylacetylene to find

the polymer with Mn = 1.9 x IO4, M*lMn = 2.7. In the case of less bulky acetylene 1-

butyne, however, only cyclotrimers were produced by 4a/EtMgBr and 4blEtMgBr

(monitored by GLC).

Table I. Polymerization of 3,3-Dimethyl-1-butyne by Various Catalysts.d

temp yieldD

run catalyst acatalyst "C 7o Mnl105 c M*lMnc

7.8      2.11     lb

2

3      2

4

5     3a

>20

6.1

AEt3       60      83

AIEt3      -20      28

AEt3       60      64

1.2

2.5

1.8

1.6

2.2

AEt3      -20

AEt3       60

82         7.5

9    bilnodal

AEt3

7     4a    `ι″―BuMgC1    60 92      >20

8     4b AEt3       60      69 3.7

603b

a Polymerization was canied out in toluene for 24 h; [monomer]o = 1 M,

[catalyst] = [cocatalyst] = 10 mM. D Insoluble part in methanol. c Determined

by GPC analysis.

Molybdenum complex 2 in the presence of AlEt: is the most active catalyst

precursor, and high polymers were obtained. As the number of aryloxo ligand

coordinated to tungsten can easily be controlled, we investigated the tungsten system

more precisely. Results are shown in Table II. Tungsten complexes such as WClo, la

and lb became the catalyst precursor for polymerization of 3,3-dimethyl-1-butyne, but

higher temperature (60 'C) was required for la and lb. While WCIO could be used as a
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catalyst even at 0 "C without cocatalysts, complex L showed no catalyst activity below 30

'C. On the other hand, the addition of cocatalyst activated the catalyst. At 60 'C, catalyst

activity of complex I in the presence of cocatalyst increased and higher number-averaged

molecular weight Mn values (5.4 x 105 to >20 x 105) are obtained for resulting

polymers. The Mn values of the obtained polymers are increased with increasing the

number of the aryloxo ligands. Thus, active species seems to be stabilized by increasing

the number of the bulky aryloxo ligands.

Table II.  Polymcrization of 3,3-E)imcthyl… 1-butync Catalyzed by Tungstcn

Complcxcs.′

tcmp     yicldb

run catalvst   ∝)catalvst    
°C    %     yl1/105 c  νw/2「nC

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

一　
一　
一

la

WC16 60

0

60

30

60

0

-20

60

30

60

0

‐20

60

60

0

60

60

0

76

55

76

<1

86

99

72

82

く1

83

79

28

く1

80

66

7

88

く1

1.4

2.3

2.6

5.4

14

>20

4.3

7.8

6.1

>20

18

>20

15

>20

2.0

2.6

1.7

2.5

1.7

1.5

2.3

2.1

2.0

1.2

1.5

1.2

1.5

1.4

lb

lc

ld

AIEt3

AEt3

AIEt3

AEt3

AEt3

AEt3

AEt3

AEt3

EtMgBr

EtMgBr

a Polymeization was canied out

[catalyst] = [cocatalyst] = 10 mM.

bv GPC analvsis.

in toluene for 24 h; [monomer]g = 1 M,
b Insoluble part in methanol. c Determined
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At lower temperature (0 "C or -20 "C), complexes ld showed low catalyst activity

with or without cocatalyst. Complexes I a , lb and lc still have catalyst activity for the

polymerization to afford extra high molecular weight polymers (Mn .2 x 106) with

narrow molecular weight distribution. The best system is the combination of lb with

AIEI: at -20 "C and lc with AlEtr at 0 "C. In the case of these catalyst systems, the

polydispersity index (MwlMn) reached to L.2. It is very interesting that such an extra

high polymer can be a result of a kind of living polymerization.

Conversion of 3,3-dimethyl-1-butyne was monitored by GLC analysis and the

molecular weight Mn of polymer at each stage was quantitatively estimated by GPC

analysis. The results were shown in Figure 2. The obtained good linear relationship

indicates that the reaction is considered to be almost living polymerization (M*lMn =

1.5-1.8) and thus active species are rather stable and long living. Although the initiator

efficiency is very low (<1 7o), it is interesting that such extra high polymers can be

obtained in a somewhat living fashion. This is attributed to the stabilization effect of

bulky aryloxide ligand on active species.

20

めＯ
ｒ
ヽ
工ヽ
く

40 60 80     100
Conversion f/")

Figure 2. A plot for the number averaged molecular weight M1 vs.

consumption of monomer for the polymerization of 3,3-dimethyl-1-butyene.

Polymerization was carried out in toluene at 0 'C by using catalyst system

1alAlEt:.

15

10

5

0 20
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Cis Content of poly(3,3-dimethyl-1-butyne) can be estimared by 13C NUn

spectroscopyz3 and is shown in Table III. The increase of the bulkiness around tungsten

increased the content of cls geometry of the polyene chain. As shown in scheme I,

alkylating reagents produce carbene species and there must be an open site available for

the following alkyne coordination.24,25 76ut, carbene-alkyne species s is assumed as

one of the intermediates, where trans geometry for two aryloxo groups are based on the

structure of lb determined by X-ray crystallography. In the next stage, the propagation

reaction is the cleavage of W-C(sp3) bond in the key intermediate, metallacyclobutene

6, with rotating c(sp3)-c(sp2) bonds around its axis to form a double bond. During

this rotation the steric repulsion between the aryloxo ligands on tungsten and r-butyl

group on C(rp3) can drive the r-butyl group away. The resulting polymer chain may

predominantly have cis geometry. Thus, the bulkiness both on monomer and on catalyst

are essentially important factors to produce high polymers with high cis content.

Table IHo αs―contcnts of Poly(3,3-dimcthyl-1-butync)QtalyZcd by

Va五ous Cat」ytts.′

nrn catalyst cocatalyst

cis-contentc

Mn/103 b 
Eo

1

2

3

4

5      1a

6     1b

7     1b

50

47

63

70

260           71

430           80

>2000           88

4a

4b

WC16

2

rarr_BuMgCI

rarr―BuMgCl

AEt3′

>2000

>2000

140

590

a Polymeization was canied out in toluene at 60 'C for 24 h unless othewise
noted; [monomer]s = 1 M, [catalyst] = [cocatalyst] = 19 mM. b Determined by
GPC analysis. c Determined by 13C NMR spectra.23 d Polymerization was
carried out at -20 "C.
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Cis- poly(alkyne)

7

Scheme I

concerted
ring opening

^4.R=f-Bu'(E)

Trans Complex

6

= polymer chain

The cis contens of polymers obtained by using niobium complexes 4a and 4b are

50 and 477o, respectivly. These values can be rationalized by assuming the intermediate

8, whose stereochemistry isbased on the crystal structure of 4b as shown in Figure 3.

The intermediate 6 has two aryloxo ligands at trans position and catalyzes formation of

cls-polyene as described above. On the other hand, niobium in 8 has tvvo aryloxo

ligands in cis-fashion and one coordination site is open to be coordinated by a solvent

molecule. Therefore, the propagation step through 8 is not effectively restricted and no

selection was observed.
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Trans Complex

6

Figure 3. Schematic drawings

responsible for the stereoselectivity of

4b.

8

for the metallacyclic intermediates

polymerization catalyzed by lb and

Polymerization of l-Alkynes with Less Bulky Substituents. We

investigated steric influence in the polymerization by a systematic variation of substituent

R on acetylene; thus, ethyl-, l-propyl-, r-butylacetylenes were examined for

polymerization. The polymerization of 3-methyl-1-butyne was carried out by using

tungsten complexes. As shown in Table IV, the catalyst system based on Lc gave a

polymer with higher M1 value (7.3 x 10s) than that (4.5 x 104) obtained by using WClo.

Bulkiness on tungsten also increased the value of Mn.

We have also examined polymerization of n -alkyl substituted acetylenes. Previous

reports on the polymers from n -alkylacetylene have shown that the molecular wight is

rather low (Mn = -19a1.25'26 l-Butyne has been reported to be polymerized by

Cis Complex
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Table IV. Polymerization of l-Alkynes by Tungsten Catalysts.4

monomcr

yicldb

mtalyst α)catalyst   %  ルイn/1036 M、 IM、 `

1 3-methyl-1-butyne

2

J

4

5 l-butyne

6

8

9

10 1-hexyne

ll

12

13 1-octyne

I4
15

―-       71

AIEt3     88

AIEt3     7

EtMgBr    7

―-      41       5

AIEt3      89  bilnodalグ

AEt3     59       4

EtMgBr   69     94

EtMgBr   92     50
--      50        8

EtMgBr   63

EtMgBr   92
―-      67       10

EtMgBr   98    220

EtMABr  17   350

WC16

la

lb

lc

WC16

la

lb

lc

ld

WC16

lc

ld

WC16

lc

ld

45

130

110

730

1.6

1.5

1.8

1.7

1.6

1.3

3.5

2.0

1.7

2.7

2.9

1.7

2.6

2.2

92

170

′Polymc五zation was“肛icd out in toluene at O℃ for 24 h;[monOmcr]0=lM,

ICatalySt]=ICOCatalyst]=10 mM.b lnsolublc part in mcthanol.C Detellllincd by

GP(〕 analysis. ′yII=2.4x104 and 2.2x103.

catalysis of WCl6, but the molecular weight of the obtained polymer is rather low (Mn =

S x t03). The catalyst systems based on la or lb exhibited comparable reactivity with

WCle. On the other hand, the system lclEtMgBr is the best catalyst precursor of

polymerization of L-butyne to give high polymet, Mn = 9.4 x l}a. The obtained

polymer is an orange elastomer.

Similarly, the polymerization of 1-hexyne and l-octyne by using WCI6 as a

catalyst afforded a yellow viscous oil, while the catalyst system ld/EtMgBr afforded red

elastomers (Mn = 1.7 x 105 and 3.5 x 105, respectively). These values of Mn were

about 10 times larger than those previously reported.25,26(a),(c) 16ir remarkable feature

can presumably be attributed to the bulkiness around the active metal center in these
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catalyst systems. The bulky phenoxo group may prevent the side reactions such as chain

transfer reaction2T or cyclotrime rization.%@)

UV-visible spectra (Figure 4) of the high potymer of l-hexyne show a new peak

at l"-"r of 305 nm. Compared with the low molecular weight conjugated polyenes,E the

l.nrs values of the poly(n-alkylacetylene)s obtained by ld/EtMgBr were close to those of

H(-CH=CH-)nH whose n values are 4 to 5 as shown in table V. Considering that the

l"px1 values of the polymers obtained by WCl6 were close to those of H(-CH=CH-)1H

whose n are 3, the present result indicates the extension of conjugated segments in the

polymers produced by aryloxo complex-based catalysts.

Figure 4. UV-visible spectra of poly(1-hexyne) in hexane. ep3; values of

the polymers were calculated per monomer unit.

Structural regularity of poly(1-butyne) can be estimated by 13C NMR

spectroscopy. Cis content of the poly(1-butyne) obtained by WCl6 and ldlEtMgBr was

similar, i.e.84To and867o, respectively. Thus, the extension of conjugated segments is

Ｔ
Ｅ
ｏ

Ｔ
Σ

ご
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mainly due to the increase of the molecular weight. Preparation of high polymers of 1-

butyne enabled us to prepare a firm pellet. The specific conductivity of poly(1-butyne)

measured with the two-probe method was less than 10-9 S/cm. After doping with iodine

vapor, the iodine uptake was 66 wtVo and the specific conductivity increased to 3.3 x

104 S/cm. The iodine-doped poly(1-butyne) was a black brittle solid. The

conductivities of poly(1-hexyne) and poly(1-octyne) were also less than 10-e S/cm, while

iodine-doped poly(1-hexyne) (including 62 wt 7o iodine) and poly(1-octyne) (including

42 wt % iodine) showed conductivities of 3.1 x 10-5 S/cm and 8.9 x 10-s S/cm,

respectively, and both were black gummy materials. These values were comparable to

the conductivities of iodine-doped poly(phenylacetylene) (10+-19-: S/cm)2e or

polypropyne (10-3 S7c6;.30

Table V. UV-visible spectral data of low molecular weight conjugated

polyenes and poly(1-alkyne)s.

compounds λmax εmax

H(― CH=CH― )nH♭

n=2

3

4

5

6

７

　

８

　

４

　

４

　

４

１

　

６

　

０

　

３

　

６

２

２

３

３

３

11000

11000

16000

24000

23000

poly(1-butyne)c

catalyzedby

poly(1-hexyne)c

catalyzed by

poly(1-octyne)c

catalyzed by

WC16

WCり(dmp)4/EtMgBr

WC16

WC12(dmp)4/EtMgBI

WC16

WC12(dmp)4/EtMgBI

240

291

248

305

255

330

2100

1900

1900

1900

1200

1900

4 Calculated per one double bond. b Measured in isooctane.28 t Measured in

hexane.
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Thus we have found that the ligation of the bulky aryloxo group on the active

metal center dramatically enhances the molecular weight of the resulting polymer with

higher conjugated structure.

Experimental Section

General. Nuclear magnetic resonance (1H, and 13C NMR) spectra were

measured on a JEOL JNM-FX90Q and a JEOL GX-210 spectrometers. Elemental

analyses were performed at the Elemental Analysis Center of Osaka University. All

melting points were measured in sealed tubes and were not corrected.

All manipulations involving air- and moisture-sensitive compounds were carried

out by the use of the standard Schlenk technique under argon atmosphere. All solvents

were purified by distillation under argon after drying over calcium hydride or sodium

berzophenone ketyl. Phenylacetylene, 1-butyne, 1-hexyne, and l,-octyne were

purchased from Tokyo Chemical Industry Co., Ltd. 3-Methyl-1-butyne and 3,3-

dimethyl-1-butyne were obtained from Lancaster. These monomers were dried by

calcium hydride and distiled under argon atomosphere before use.

C-omplexes la , lb, 2, 4a and 4b were prepared as described in Chapter 2.

Complexes 1",14(a) 3u1a(e) un6 361a(e) were prepared according to literature method, but

THF was used instead of ether.for 3a and 3b.

Preparation of 1d. To a solution of WClo (1.67 g,4.06 mmol) in toluene (40

mL) at 0 "C was added a solution of HOC6H:-2,6-Me2 (2.(t4 g,21.61 mmol) in toluene.

The color of the solution immediately changed from deep blue to deep purple. The

reaction mixture u'as refluxed for 5 h and then this solution was cooled to 0 'C to afford

the titled complex as deep purple microcrystals (2.45 g, 82 7o). Spectral data were

superimposable to those in 11"ru1ur" 14(b).

Polymerization of 1-butyne. General Procedures: To a suspension of

WCl2(dmp)a (15 mg, 0.02 mmol) in toluene (0.9 mL) was added an 0.2 M ethereal

solution of EtMgBr (0.1 mL, 0.02 mmol) at 0 'C. The color of the suspension scarcely
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changed from deep purple. After stining for 10 minutes at room temperature, the

reaction mixture was cooled to -78"C and then a solution of l-butyne (0.24 mL,0.16 g,

2 mmol) in toluene (0.76 mL) was added to the mixture. The reaction tube was sealed in

argon and kept for 24 h at 0 'C with stirring. A large excess(ca. 20 mL) of methanol was

added to the reaction mixture under argon atmosphere to precipitate the polymer. The

resulting orange rubbery solid polymer was collected by centrifugation and dried rir

vacuo. The yield was 92 Vo.

GPC Analyses. Gel permeation chromatographic (GPC) analyses'*'ere canied

out using TOSOH TSKgel HXL-H and L columns connected to a TOSOH RI-8021

differential refractometer and a TOSOH UV-8010 absorbance detector. Samples were

prepared in THF (0.I-O.37owlv) and were filtered through a Toyo Roshi DISMIC-

251p filter in order to remove particulates before injection. GPC columns were calibrated

versus commercially available polystyrene standards (Polymer I-aboratories Ltd.) which

ranged from 500 to 1.11 x 106 MW.
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Chapt er 4

A Novel Convenient Preparation of Arenethiolate
Complexes of Divalent and Trivalent Lanthanides
from Metallic Lanthanides and Diarvl Disulfides

Introduction

I-anthanide compounds are of current interest as highly active catalysts for the

polymerization of ethylene,l MMA,2-6 lactones,T-10 lactidel 1'12 and isocyanatel3 to yield

polymers with narrow molecular weight distribution, and in some case, high

stereoregularity. In the polymerizations of these monomers except for ethylene,

lanthanide alkoxide species are active initiators or propagating end groups. The author

expected the lzmthanide thiolate compounds to be also active because Ln-S bond is

weakerthan Ln--{ bond.la Such compounds are also of current interest in the field of

organic synthesisls and precursors of materia3.16-24

However, the synthesis of lanthanide thiolate complexes has remained to be rare.

Metathesis reactions of lanthanide halides with alkali metal thiolates have been reported

for the syntheses of lanthanide thiolates.2s-27 In these preparations, the isolation and

purification of the product is often hindered by the rather strong interaction of lanthanide

cations with the alkali metal halides. The salt free complexes have been successfully

prepared by the reaction of alkyl or amido complexes of lanthanide with thiols28-31 and

the oxidative reaction of low valent organosamarium or ytterbium complexes with
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organic disulfides.la'32-3s 76" author tried the direct reaction of lanthanide metals with

diaryl disulfides to prepare such compounds, since lanthanide metals are highly reactive.

I-anthanides are significantly electropositive elements, whose electronegativities

(1.0-1.2) are comparable to those of alkali metals and alkaline earth metals such as

lithium (1.0), sodium (1.0), magnesium (1.2), calcium (1.1) and strontium (1.0). They

have high reactivities even in their metallic states compared to the other transition metals.

Such high reactivities have been utilized to prepare a variety of lanthanide complexes,

e.g., halides,36-38 alkoxides,39-+t amides42 and organolanthanides.a3-50 Due to the

higher availability of pure lanthanide metals than anhydrous lanthanide halides, such a

synthetic route from metallic lanthanides is practically useful. However, the synthesis of

lanthanide thiolate complexes from lanthzmide metals have not yet been reported.

The author found a new synthetic method of Ln(II) and Ln(IIf arenethiolates by

the direct reaction of lanthanide metals with diaryl disulfides. Thus, the convenient one-

pot reaction of metallic samarium, europium, and ytterbium with diaryl disulfides cleanly

gives the thiolate complexes in the trvo or three oxidation states by controlling the

stoichiometry of metallic lanthanide and the disulfide.

Results and Discussion

Synthesis and structures of bis(thiolato)lanthanide(II). The binuclear

bis(2,4,6-triisopropylbenzenethiolate) complexes of samarium(Il) and europium(Il),

[Ln(SCeHzPr\-2,4,6)2(th0:]z(1: h = Sm;2: Ln = Eu), were prepared by a direct

reaction of an 2-fold excess of metallic lanthanide with bis(2,4,6-triisopropylphenyl)

disulfide in THF in the presence of a catalytic amount (ca. 3 molVo) of iodine (eqn. 1).

This reaction did not proceed at all without iodine. The lanthanide metal was

quantitatively consumed within 24 h at 50 'C. Dimeric structures bearing bridging

thiolate and terminal thiolate ligands for L and 2 have been revealed by the

crystallographic study.s1 In the case of dialkyl disulfide, such as di(r-butyl) disulfide or

dimethyl disulfide, no reaction was observed in the same condition. Once isolated as
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crystals, mmplexes I and 2 gradually became opaque due to the loss of THF ligands,

resulting in the formation of [Ln(SC 6HzPr\-2,4,6)z(thf)nlz (Ln = Sm, n = 1; l-n = Eu, n

= 2). The similar reaction of metallic Yb with bis(2,4,6-triisopropylphenyl) disulfide in

THF gave an orange oily product, from which black crystals of Yb(SCeHzPri:-

2,4,6)z(py)+ (3) were obtained on the addition of an excess amount of pyridine to the

solution (eqn. 2). Recently, Brennan et al. reported the preparation of Yb(SPh)z(py)+ by

the reaction of diphenyl disulfide with the solvated Yb metal ion in liquid ammonia or

Yb/Hg amalgam in THF.20 Nief er a/. reported the preparation of [Yb(p-X)(ns-

C+Me+P)(thf) zlz (X = Cl, SPh) from metallic Yb and C+Me+PX in THF.52

Ln(exceSS)+ ArSSAr

Yb(eXCeSS)  +  ArSSAr   
器

一
THF

1:Ln=Sm
2: Ln=Eu

Yb(SAr)2(thf)X

o‖y compOund

Yb(SAr)2(py)4

3
(2)

The samarium(Il) complex I has high reactivity. Reaction of I with one equiv.

of cyclooctatetraene afforded [Sm(p-SCoH2Pri3-2,4,6)(n-CsHs)(th0]z and

[Sm(SCeHzPr\-2,4,6)3(th0"]n. When I was treated with fwo equiv. of

cyclooctatetraene and one equiv. of metallic samarium, [Sm(p-SC6H2Pr\-2,4,6)(r'1-

CsHa)(th0]z was isolated as purple crystals n 697o yield. Reaction of benzyl bromide

with two equiv. of I afforded bibenzyl n 587o yield.

When diphenyl disulfide was used instead of the bulky substituted diaryl

disulfide, the separation of the product from the unreacted metal was hampered by their

low solubility. This was solved by the use of HMPA (hexamethylphosphoric triamide)

as a ligand. The reaction of excess samarium metal and diphenyl disulfide in the same

condition afforded a suspension ofhardly soluble dark green powder. The addition of 4
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equiv. of HMPA gave a dark green solution. Removal of the unreacted metal followed

by concentration and cooling of the supernatant solution gave the HMPA adduct of

samarium(Il) bis(benzenethiolate), [Sm(SPh)2(hmpa)r]z (4), as black crystals.

Elemental analysis of 4 indicated the composition of tris(hmpa) adduct instead of

monomeric tetrakis(hmpa) adduct similar to complexes L and 2. Europium (5) and

ytterbium (6) derivatives were prepared by the same method (eqn. 3). When the reaction

of excess samarium metal and diphenyl disulfide was carried out in the presence of

HMPA, tris(benzenethiolate) complexes such as Sm(SPh):(hmpa): are contaminated in

the product. Thus, the reactivity of Sm(II) thiolate complexes is affected by the

coordination of HMPA on samarium, forming mononuclear Sn(III) complex.

Ln PhSSPh
1)'2′ 丁HF

[Ln(SPh)2(hmpa)312

4:Ln=Sm
5: Ln=Eu
6:Ln〓 Yb

2)HMPA′ THF

■ c molccular structurcs of lanthanidc(II)COmplCXCs l and 2 arc shown in

Figurc l and thc sclcctcd bond distanccs and anglcs arc givcn in Tablc l.  Both

compounds havc binuclcar strudurc with onc brldging thiolate and onc tminal thiolate,

Il■thich cach monomcr rnoicty is lclatcd by a ccntcr of symmctry. nc Ln2S2 unitS arc

planar in both complcxcs.1■ c mc●l ccntcrs in l and 2 havc a distortcd octahcdral

gcometry with thrcc thiolate and thrcc thf ligands in mc五 dional Lshion.

勁cSm一S dstancc p.908(6)勾 oftmhJ hidttc h lお bngcr than■ osc of

hc tivalcnt complcxcs, Sm(SAr)3(py)2(thO[α ツ・ 2.740(3)Å , ソJdを ″リシα〕,

Sm(SPh)3(hnpa)3[α ツ・2.821(2)Å ,ソ Jαセルリヶα],[Li(tmcda)]3〔Sm(SBul)6]レツ・2.827(3)

勾
26 and ISm(SC6H2But3-2,4,6)3][α

ソ・ 2.644(8)Å ].28 Thc sm― S distancc[αソ.

3.017(5)勾 of b」dging thiol試 c h l is signiicandy longcr by O.136Å than mat Ofぬc

tr市alcnt sama五 um complcx[Sm(μ ―SAr)(η―C8H8)(th012[α ツ.2.881(5)Å ,ソJル け α].

ncsc diffcrcnccs of Snl― ―S distanccs can bc attributcd to thc sizc of mctal ions, J.`.

Sm(II)(1.11為 and Sm(III)(1.00Å ),as wdlas■ c coordhalon gcomctry.Comメcx 2

(3)
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sm_04 sm・

Figure 1. Molecular structures of 1 (a) and 2 (b).
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Tabh l.ScLdcd bond dЫ anccs d)and bond anJcs(° )of∞mpLx l and 2.

Bond distanccs

Ln―S(11)

Ln―S(11)*

Ln―S(21)

Ln-0(31)

Ln-0(41)

Ln-0(51)

S(11トーC(11)

S(21)――C(21)

Bond anglcs

S(11)一Ln―S(11)*

Ln―S(11卜Ln*

S(11)一Ln―S(21)

S(11)―Ln-0(31)

S(11)―L-0(41)

S(11)―Ln-0(51)

S(11)*―一Ln‐一S(21)

s(11)十_Ln-0(31)

S(11)*―Ln-0(41)

S(11)*一Ln-0(51)

S(21)―Ln-0(31)

S(21)―Ln-0(41)

S(219-Ln-0(51)

0(31トーLn-0(41)

0(31>―Ln-0(51)

0(41)一―Ln-0(51)

Ln一S(11)一C(11)

Lnt―S(11)一C(11)

Ln―S(21)―一C(21)

3.035(5)

2.999(6)

2.908(6)

2.62(2)

2.59(2)

2.62(2)

1.80(2)

1.78(2)

3.030(3)

3.001(3)

2.898(4)

2.593(9)

2.583(9)

2.557(10)

1.74(1)

1.76(1)

68.8(2)

111.2(2)

170.6(2)

94.0(4)

97.9(5)

85.0(4)

115.9(2)

103.7(4)

92.2(5)

151.2(4)

77.1(4)

90.2(5)

91.9(4)

162.8(6)

89.3(6)

79.4(6)

124.0(6)

123.4(7)

124.0(8)

69・0(1)

111.0(1)

170.82(9)

93.5(2)

97.9(2)

85.6(2)

115.3(1)

103.5(2)

92.0(3)

152.0(3)

77.7(2)

90.2(2)

91.7(3)

163.3(3)

88.9(4)

79.9(4)

124.8(4)

122.7(5)

124.6(5)
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has the similar Eu-S distances to those of 1, which is reasonable considering the similar

atom size of Eu(II) to that of Sm(lI).

Synthesis and structures of tris(thiolato)lanthanide(III). The

reaction of metallic lanthanide with three equiv. of bis(2,4,6-triisopropylphenyl)

disulfide in THF in the presence of a catalytic amount of iodine gave oily compounds

of the formula of Ln(SAr):(thf)x. Addition of pyridine to the reaction mixture resulted

in the formation of Ln(SAr):(py)z (7a: h = Sm; 8: Ln = Yb) as orange and red

crystals n397o and3oo/o yield, respectively (eqn. 4). When the crude crystals of 7a

was recrystallized from THF, one of the pyridine ligands on 7a was replaced by THF

ligand to afford Sm(SAr)s(py)z(th0 (7b), whose formula was revealed by X-ray

crystallography.5l The reaction of the isolated Sm(II) complex I with bis(2,4,6-

triisopropylphenyl) disulfide in THF also resulted in the formation of Sm(III) complex

7a after treatment with pyridine. The reaction of metallic europium did not give

tris(thiolate) complexes but afforded complex 2. The smaller negative value of normal

redox potential of Eu than Sm zmd Yb rationalizes the above finding.

Ln + 3/2 ArSSAr  L昼昼≧型駐
THF

Ln(SAr)3(thf)x

oi:y compOunds

SAr

(4)

SAr

7a: Ln = Sm
8:Ln=Yb

The direct reaction of metallic samarium and diphenyl disulfide in THF gave

hardly soluble yellow powder. When the reaction was carried out in the presence of 3

equiv. of HMPA, Sm(SPh):(hmpa): (9) was obtained as THF soluble colorless

crystals n77% yield. Similarly, europium (10) and ytterbium (11) derivatives were

prepared in moderate yield (eqn. 5). This is in sharp contrast to the fact that the

》仁I
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reaction of metallic europium with more than 3 equiv. of bis(2,4,6-triisopropylphenyl)

disulfide in THF without HMPA did not give europium(Ill) tris(thiolate). This is

consistent with the fact that the addition of HMPA to the solution of LnIz (Ln = Sm

and Yb) in THF greatly accelerates the electron transfer reactions.S3 Elemental

analysis of these complexes indicated that they have one THF as a solvent molecule,

which was further confirmed by crystallographic studies (vide infra).

SPh

Ln + 3/2 PhSSPh
HMPA,i2

SPh

Ln=Sm
Ln=Eu
Ln=Yb

In the case of other lanthanide metals such as lanthanum, praseodymium,

dysprosium, and neodymium, the rate of the reaction of metal were slower than Sm, Eu

and Yb. The reaction of lanthanum metals with PhSSPh in the presence of HMPA

consumed 80Vo of lanthanum, although crystallization of the product has been

unsuccessful yet.

Figure 2 shows the molecular structures of tris(thiolato)lanthanides 7b and 8

which are isostructural except that one of the coordinated pyridine in 8 was replaced by

one thf ligand in 7b. The selected bond length and angles are listed in Table 2.

Complexes 7b and 8 also have a distorted octahedral geometry with three thiolate ligands

in meridional fashion.

The average Sm-S distance (2.740(3) A; of tl. six coordinated complex 7b is

shorter by 0.I7 A thon terminal Sm--S bond in the six coordinated divalent samarium

complex I and 0.10 A longer than the three coordinated samarium(Ill) complex,

Sm(SCoHzBu\-2,4,6)3.28 In the comparison of three intramolecular Sm-S bonds,

Sm-S2 bond, which is trans to nitrogen, is shorter by 0.03 A than the other Sm-S

bonds trans to sulfur due to the trans effects. Similarly, YFS2 distance is the smallest

of the three Yb-S bonds in 8. The average Yb-S distance (av. 2.648(7; A1 is

丁HF

仰Mり薫ンド::|‖[10
針

α

■
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Sl

Figure 2. Molecular structures of 7b (a) and I (b).
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Table 2. Sclcctcd bond distanccs(A)and bond anglcs(° )of∞mplcx 7b and 8.

Bond distanccs

Ln―S(1)

Ln―S(2)

Ln一S(3)

Lll―[0(ln/N(1)]

Ln―N(2)

Lll N(3)

S(1トーC(41)

S(2)――C(51)

S(3)――C(61)

Bond anglcs

S(1)一Ln―S(2)

S(1)一―Ln―S(3)

S(1)一 Ln-10(13/N(1)]

S(1トーLn―N(2)

S(1)一Ln―N(3)

S(2)一―Ln―S(3)

S(の一 Ln― [0(1)/N(1)]

S(2)一Ln一N(2)

S(2)一Ln―N(3)

S(3)一 Ln-10(13/N(1)]

S(3)一―Ln―N(2)

S(3)一Ln一N(3)

[0(1)/N(1)]―Ln―N(2)

10(1)/N(lul~Lll一 N(3)

N(2)一Ln一N(3)

Ln―S(1)一 C(41)

Ln―S(2)一C(51)

2.751(3)

2.720(3)

2.749(3)

2.422(7)

2.533(9)

2.543(9)

1.792(10)

1.78(1)

1.77(1)

2.665(6)

2.622(7)

2.656(6)

2.38(2)

2.42(2)

2.43(2)

1.80(3)

1.77(3)

1.77(3)

104.6(1)

168.41(9)

89.6(2)

82.5(3)

84.3(2)

86.41(10)

88.4(2)

88.9(2)

167.5(2)

87.2(2)

101.5(3)

85.4(2)

170.7(3)

100.6(3)

83.6(3)

122.2(3)

116.4(3)

102.7(2)

169.2(2)

93.2(4)

82.4(5)

87.0(5)

87.9(2)

85.6(5)

91.7(5)

169.9(5)

89.7(4)

95.3(5)

82.5(5)

174.2(7)

91.1(8)

92.4(8)

114.4(8)

115.6(8)

Ln―S(3卜C(61)    126.9(4)   120.4(7)
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comparable to those of the Yb(IID complex having terminal thiolate,

(CsMes)zYblSPh)(NH:) (av. 2.675(T A; nvo molecules in an asymmetric unit),33 and

shorter than those of the Yb(III) complex bearing thiolate ligands bridging between Yb

and Li, [Li(tmeda)]:[Yb(SBut)o] (au. 2.737(2) A;,26 and the divalent complex,

I Y b( S Co H zB u\ - 2, 4, 6) 2(dme)z] (2.7 5 6( 8 ) A) . 
2 8

Molecular structures of 9 and 11 are shown in Figure 3. The selected bond

distances and angles in 9 and 11 are summarized in Table 3. Both complexes 9 and 11

have essentially the same mononuclear octahedral geometry with three benzene thiolato

ligands and three HMPA ligands in meridional fashion as observed for complexes 7b

and 8.

The Ln---S distances (av. 2.821(21 A; of 9 are significantly longer than other

samarium(Ill) complexes bearing terminal thiolato ligands, e.g., Sm(SC 6H2But3-2,4,6)t

(av.2.645(9; A;28 anO 7b (2.740(3)A;. rn" YrS bonds of ll (av. 2.728(3) A; u."

also longest among the ytterbium(Ill) complexes bearing terminal-thiolates, e.9., (q-

CsMes)zYb(SPh)(NH:) (av. 2.675(! A)" and 8 (av. 2.6486) A).s1 The similar

elongation of Sm-I bond caused by the coordination of hmpa has been reported in the

system of SmI2, e.g. Sm-I bond lengths are 3.260(1) and 3.225(I) A in 1S-1p-

I)z(NCCMer)z)*sa 3.265(1) A in rrarrs-Sml2io(CHzCH2oCHr)zlz,sa 3.33211) and

3.333(1) A in c;s-Stnl2{o(CHzCHzoCHt)z}z,ss Lz+t+1s1 and 3.3553(9) A in

[{(Me3Si)2N}Sm(p-I)(dme)(thf)]2s6 while 3.390(2) A in SmIz(hmpa)+.57

In comparison among the three Sm-S distances in complex 9, the Sm-S3

bond, which is trans to oxygen, is shorter by 0.015 A ttt- the av. distances of Sm-Sl

and Sm-S3 which are trans to sulfur. In this complex, the other two Sm-S bonds are

significantly different each other. In the case of 11, Yb-S3 is also shorter by 0.015 A

than YfSL and Yb-S2. The stronger trans effects have been observed in 7b and 8,

Ln-S bonds, which are trans to nitrogen, are ca. 0.03 A shorter than Ln-S bonds

trans to sulfur.s1
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Figure 3. Molecular structures of 9 (a) and 11 (b).
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Table 3. Thc sclcctcd bond distanccs(A)and anglcs(° )in 9 and ll.

11

bond distanccs

Ln一S(1)

Ln―S(2)

Ln―S(3)

Ln-0(1)

Ln O(2)

Ln-0(3)

S(1)――C(1)

S(2)――C(7)

S(3)――C(13)

bond anglcs

S(1)――Ln‐一S(2)

S(1)一―Ln―S(3)

S(1)―Ln-0(1)

S(1)―Ln-0(2)

S(1)―Ln-0(3)

S(2)一Ln―S(3)

S(2)―Ln-0(1)

S(2)―Ln-0(2)

S(2)―L-0(3)

S(3)――Ln-0(1)

S(3)――Ln-0(2)

S(3)――Ln-0(3)

0(1)―Ln-0(2)

0(1)―Ln-0(3)

Oo― Ln-0(3)

Ln―S(1)一 C(1)

Ln―S(2)一 C(7)

2.815(2)

2.837(2)

2.811(2)

2.307(4)

2.318(4)

2.271(4)

1.756(8)

1.734(7)

1.770(7)

2.740(1)

2.727(1)

2.718(1)

2.181(3)

2.232(2)

2.212(3)

1.752(4)

1.756(4)

1,768(4)

164.33(4)

97.42(3)

86.98(7)

80.93(7)

95.41(7)

98.25(4)

91.99(7)

83.42(7)

85.30(7)

93.14(7)

176.85(7)

88.04(7)

89.46(10)

177.18(9)

89.44(10)

117.7(1)

117.2(1)

113.2(1)

162.87(7)

99.87(7)

85.2(1)

83.0(1)

91.2(1)

97.25(6)

95.8(1)

80.0(1)

87.0(1)

88.6(1)

175.8(1)

94.2(1)

88.6(2)

175.8(2)

88.8(2)

115.6(3)

116.8(2)

Ln― S(3)――C(13)         111.5(2)
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On thc othcr hand,Sm-0(hmpa)0ソ ・2.299(4)対 and Yb-0(hmp→ (αソ・

2.208(3)● distanccs in 9 and l l arc mudh shortcr than othcr O― donor ligands such as

THF,ι .g.,Sm-0(tho(2.422(7)お h7b,51 sm-0(thう oソ・2.56(1)あ hドm(μ _

SPh)(η―C8H8)(th02]258 alld Yb-0(thO in[YbC13(th02]2(α ツ.2.265(8)Å ),38 and(η―

C5H5)2YbMccthO(2.311(6)為 .59 compttcd bぬ cd市」c■ lanぬanttc comメCXCS,

Sm12(mpa)40ソ .Sm-0=2.500(6)あ md[Yb(hpa)4(■OJL(αソ・Yb-0=

2.357(6)Å ),571■c Ln O(hmpa)diStanccs of 9 and l l arc comparablc to thosc found

in the divalcnt lathmide comptxcs such as Sm120mpa)4(α ν・Sm-0=2.500(6)あ

and[Ybompa)4(th02]12(α ソ.Yb-0=2.357(6)Å).57

Synthesis and structures of cyclooctatetraenyl(thiolato)-

samarium(Ill). When the metallic samarium was reacted with diaryl disulfides in the

presence of cyclooctatetraene, cyclooctatetraenyl(arenethiolato)samarium complexes were

obtained. Reaction among Sm, COT, znd diphenyl disulfide in THF afforded [S-(tt-

SPh)(cot)(thDzlz (12) n 767o yield ("qn. 6). Similarly, [Sm(p-SCoHzMe:-

2,4,6)(cot)(tht)zlz (13) and [Sm(p-S CeHzPriy2,4,6)(coQ(thf)]z (14) were prepared in

347o and 257o yields, respectively. A benzeneselenolate complex [S-(p-

SePh)(cot)(thf)z)z (15) was also prepared n 467o yield by the same procedure.

2 Sm + ,O + ATEEAT #

12:EAr=SC6H5,   n=2
13: EAr=SC6H2Me3,n=2
14:EAr=SC6H2Pr3,n=1
15:EAr=SeC6H5,  n=2

T■70 plausiblc pathways ofthc fomation ofthcsc complcxcs havc bccn found by

thc carcful scarch for thc possiblc intcrlncdittcs(SChCmc I).¶ C` rcaction of Sm with

cyclooctatctracnc without diaryl disul■ dcs havc bccn rcportcd to follll ISm(■ 8_cot)(thO〕
n

(6)
′

Ar

´ Ar

面ユぎ尋鰤%
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(16) in modest yield.a6 It is important to observe that complex L6 does not dissolve in

common organic solvents. In the reaction course of 12-15, the brown compound 16

was precipitated initially and then gradually disappeared by the reaction with diaryl

disulfides. Actually, the reaction of 16 with diphenyl disulfide afforded 12 n 497o yield

(eqn. 7).

1/n [sm(csHs)(ttt)]n 
AtSSAt

ISm(μ
‐SArl(C8H8)(thf)x12

Sm(SA4z

Scheme I

2/n [Sm(CsHsXth0]" + PhS-SPh --::::::> [Sm(p-SPh)(CsH8Xth02]2
16 THF 12

14

1/2 [Sm(SA0z(rh0s]z + 2CsHs * Sr ff [Sm(p-SAr)(C8H8Xrh0l2 (9)

114

(7)

On the other hand, the reaction of I with one equiv. of cyclooctatetraene afforded

14 and Sm(SCeHzPr\-2,4,6)3(th0x in quantitative yield as evidenced Uy 1H NUn

(eqn. 8). When 1 was treated with t'wo equiv. of cyclooctatetraene and one equiv. of

metallic samarium, 14 was isolated as purple crystals n69Vo yield (eqn.9). Such an

oxidative reaction of Sm(II) complexes with cyclooctatetraene has already been reported;

i.e. two moles of SmIICp*z with CsHs give SmlIICp*3 and 5*IIIgo*1n8-CsHs).60

Thus, both of these two pathways are possible for the formation of

cyclooctatetraenyl(thiolato)samarium(Ill) complexes.

[Sm(SAr)2(thf)3]2 + CsHs ;;-
1

1/2[Sm(p-SATXCBHd(thf)]2 + Sm(SAr)3(thf), (8)

The molecular structures of compound 12 and 14 are shown in Figure 4 and

their selected bond distances are listed in Table 4. Both compounds have thiolate-bridged
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Figure 4. Molecular structures of 12 (a) and 14 (b).
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Table 4. Selected bond distances (A) and bond angles (") of complex 12, 14 and

l5.a
151412

Bond distanccs

Sm―[S(1)/SC(1)]

Sm一[S(1)*/SC(1)*]

Sm-0(1)

Sm-0(2)

Sm一C(11)

Sm一C(12)

Sm一C(13)

Sm一‐C(14)

Sm一‐C(15)

Sm一C(16)

Sm一C(17)

Sm一‐C(18)

Sm一C8H8

1S(1)/SC(1)]――C(1)

Bond angics

C8H8¨―Sm――IS(ln/SC(1)]

C8H8-Sm一 IS(1)ホ /SC(1)*]

C8H8-―Sm-0(1)

C8H8-Sm-0(21

[S(1)/SC(1)]―Sm一 IS(1)ネ /sc(1)ホ ]

IS(1)/SC(1)]―Sm-0(1)

[S(ln/Sc(1)]―Sm‐ (2)

[S(1)*/SC(1)ホ ]―Sm_o(1)

IS(1)ホ /SC(1)ホ ]―Sm_o(2)

0()Sm-0(2)

Sm一IS(1)/SC(1)]―Sm*

Sm―IS(1)/SC(1)〕一αl)

Sm*―一iS(1)/Sc(1)l一 C(1)

2.914(8)

2.934(8)

2.55(1)

2.58(2)

2.65(2)

2.63(4)

2.72(4)

2.65(3)

2.68(4)

2.70(7)

2.70(5)

2.65(3)

1.97

1.79(2)

2.889(5)

2.873(5)

2.53(1)

2.61(3)

2.65(3)

2.68(3)

2.61(3)

2.61(3)

2.60(3)

2.61(3)

2.63(3)

1.90

1.79(2)

3.015(2)

3.174(2)

2.581(9)

2.503(9)

2.67(1)

2.68(1)

2.70(1)

2.70(1)

2.68(1)

2.69(1)

2.66(1)

2.66(1)

1.94

1.92(1)

127.3

127.8

124.5

114.0

63.6(1)

108.0(4)

79.1(4)

77.3(4)

118.0(5)

69.3(6)

116.4(1)

122.8(7)

119.9(7)

130.8

131.8

126.8

74.6(2)

87.0(4)

88.3(3)

105.4(2)

121.0(8)

132.9(8)

138.2

118.2

115.7

128.4

61.52(5)

79.7(2)

93.1(2)

126.0(2)

75。 7(2)

70.2(3)

118.48(5)

116.4(4)

119.1(4)

a CsHs denotes the center of gravity in the cyclooctatetraenyl ring.
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binuclear structure in which each monomer moiety is related by the center of symmetry.

The SmzSz units are strictly planar, and the sulfur atoms of thiolates are surrounded by

two samarium atoms and a carbon atom of the phenyl group, and these four atoms are in

a plane because the summation of angles around sulfur atom is 359.1" for 12 and 359.3'

for 14, respectively. The samarium atom has a pseudo square-pymmidal geometry in

12, while it has pseudo tetrahedral geomehy in 14. Thus, the geometry of samarium

atom depends on the steric effect of thiolate ligand.

The CsHs coordinates to samarium in q8-fashion and is planar. The bond

distances between Sm and carbons of CsHs [2.63(2) to 2.72(4) A for 12 and from

2.61(3)to2.70(3) A for 141 are normal.61 The bond distances (2.892(6) and2.874(5)

A; of S--S of 14 are somewhat shorter than those(2.899(8) and 2.949(8y A1 of f Z.

These Sm-S bond distances of dimeric complexes 12 and 14 are longer than those of

monomeric samarium complexes, Sm(SCeHzB u\-2,4,6)3 (2.646(7), 2.652(9) and

2.634(s) A)28 anO [Li(tmeda)]:[Sm(S-But)e] (2.838(3), 2.82I(3), and 2.82L(3) A),'u

and shorter than those in divalent complex | (av. 3.017(6) A). The S-Sm-S' bond angle

of 3 (75.6(3)') is larger than that of I (63.6(1)"), depending on the geometry.

An ORTEP drawing of 15 is shown in Figure 5 with pertinent bond distances

and angles in Table 4. The dimeric structure of 15 is essentially the same as that of 12.

The comparable data for 12 and 15 are summarized in Table 5. The samarium atom has

a pseudo square pyramidal and four-legged piano-stool geometry coordinated by one

planar q8-CgHg ring, two bridging selenium atoms, and two oxygen atoms of THF.

Each unit of the binuclear structure is related by the center of symmetry. The bond

distances and angles of Sm(q8-cotXthflz fragment is quite normal and is similar to that

found in 12.

The SmzSez unit of 15 is exactly planar and nvo bridging selenium ligands are in

a distorted trigonal-planar geometry; the angle sum for selenium atom is 354.0', which is

slightly deviated from the angle sum for sulfur atom (359.1") of 12. SmzEz and phenyl

planes are not parallel in 15, while almost coplanar in 12. The Sm-Se bond distances

of 3.015(2) and 3.naQ) A in fS are longer than that of monomeric selenolate

-93‐



complcxes,CP*2Sm(SCC6H2(CF3)3)(thO(2.919(1)あ34 and ttYb(ScPh)(thO(L=

二 Ⅳ
′―di― (t五mCthylsilyl)bettamidinatc)(2.793(2)Å ),62tょing into a∝ ount thc diffcrcncc

n ionic radii. Ъ c selenium bridgcs arc distinctly asymmctric. Thc diffcrcncc behvccn

“

o Sm―Sc bonds is O.159(2)Å and is largcr than hat(0.020(8)あ found h 12.

Figure 5. Molecular structure of 1 5.

Such a LnIIzSez fragment has been found in the extended one-dimensional

network of [Eu(p-SePh)z(THF):]n, in which the averaged Eu-Se distance is 3.14(1)

A.17 This boncl distance indicates that the bonding character is ionic. Thc complexes

Cp*zl-u(p-SePh)zLi(THF)230 and (py)zYb(Seph)z(p-SePh)zLi(Py)218 have the

bridging selenolate ligands. The Lu-Se bond distance is 2.80(1) A and Yf--Se bond

distances are2.813(2) and2.833(2) A, which are rather shorter than that of 15, even

though taking account of the difference of metal radii. This difference is attributed to the

bridging lithium atoms.

Sel
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Table 5。 Compa五son of structurJ data of 12 and 15.

12                15

ご(Sm―E)(ハ)

avcragc

diffcrcncc

∠(Sm― E― C)(° )

avcragc

diffcrcncc

∠(Sm―E―Sm)(° )

sum of angic(° )arOund E

ZL(E― Sm―E)(° )

dihcdral anglc(° )bCいVCCn

Sm2E2 and Ph plancs

2.914(8),2.934(8)

2.924

0.020

122.8(7),119・9(7)

121.4

2.9

116.4(1)

359.1

63.6(1)

8.5

3.015(2),3.174(2)

3.095

0.159

116.4(4),119.1(4)

117.8

2.7

118.48(5)

354.0

61.52(5)

50.6

Comparative Ln-S bond distances and Ln-S-C bond angles for these

complexes and previously X-ray characterized lanthanide metal thiolates are summarized

in Table 6. The Ln-S bond distances of Table 6 are plotted ys. the atomic number of

the lanthanide metal in Figure 6.

Among the 6-coordinated divalent complexes with terminal thiolate ligand, I

(2.e08(6) A1,z 1z.soe(4)A), 23 (2.75{t(8; A)28 ana 24 e.8zi(, A),,0 Ln-S bond

distance decreases according to the increase of the atomic number in accord with the

ionic radii.63 The differences of Ln-S bond length between the 6-coordinated Sm(III)

and Yb(lll) complexes, e.g. , 0.092 A b"w"en 7b and 8, 0.093 A between 9 and I I
and 0.090 Ab"t*""n 19 and 22, are in agreement with thc difference of 6-coordinated

ionic radii between 5-lII un6 YblII, 0.09 A.63 Fot the 6-coordinated trivalent complexes

bearing terminal thiolate ligand, the Ln-S distances of 7b (2.740(3) A), 8 (2.(148(6)

A1,l 1Z.tZt(2) A) and l1 (2.728(3; A) are apparently shorter than those of the clivalent

complexes such as 1,2,23, and24, indicating that the distance of Ln-S bond is a
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simple summation of ionic radii of h2+ and h3+ with S2-. As a result, these complexes

have the ionic Ln-S bond rather than covalent one.

Table 6. C-omparative structural data of lanthanide thiolate complexes

Complexesa グ(Ln33/Ab∠ (LnSC)′
b CNC Icf.

[(η
―C5H4But)2CC(μ‐SPri)]2(17) 2.882(2)

[Sm(SAIxμ ―SAr)(th03]2(1)     tellllma1 2.908(6) 124.0(8)

bridging 3.017(6)  123.7(7)

Sm(SAr)3(py)2(thO(7b)          2.740(3) 121.8(3)

Sm(SPh)3(hmpa)3・ THF(9)          2.821(2) 114.6(2)

Sm(SC6H2Bu13… 2,4,6)3(18)           2.645(9)  82.9(8)

[Sm(μ
―SPh)(η―C8H8)(th02]2(12)       2.924(8) 121.4(7)

ISm(μ―SAry(η _c8H8)(thつ〕2(14)        2.883(6) 127.0(8)

[Li(tmcda)]3[Sm(μ
‐SBul)6](19)      2.827(3)

[Eu(SAr)(μ―SAr)(th0312(2)      tcrrnina1 2.898(4)  124.6(5)

bridging 3.016(3)  123.8(5)

8   31

6   this、vork

[Gd{N(SiVIC3)2}2(μ―SBut)]2(20)

Yb(S村 3(py)3(3)

Yb(SPh)3(hnpa)3・ THF(11)

(η
―C5MC5)2Yb(SPh)(NH3)(21)

[Li(tmcd→]3[Yb(μ
―SBul)6〕 (22)

Yb(SC6H2Bu13-2,4,6)2(dmc)2(23)

Yb(SPh)20y)4(24)

〔Yb(μ‐X)(η5_c4MC4D(th0212¢ 5)

2.791(5)

2.648(6)

2.728(3)

2.675(3)

2.737(2)

2.756(8)

2.827(3)

2.817(3)

116.8(8)

116.0(1)

118.5(3)

125.0(8)

101.6(3)

6 this work

6 this work

328
8 this work

7 this work

626
6 this work

42s
6 this work

6 this work

833
626

628
620
752

(rt-CsMes)zlr(p-SBut)zU(thf)z (26) 2.766(2) 136.6(a) 8 30
a Ar = 2,4,6-triisopropylphenyl.
b Averaged value in each complex.
c CN = coordination number. q-Qclopentadienyl and q-cyclooctatetraenyl may be

taken as occupying three and four coordination sites around the metal, respectively.

-96-



口17

° 1° 2

口12
° lo2
口14

日lξ

口 20

日7b

■13

２

２５

　

８

２

‐１

　

２‐

８

８

　
　
　
　
●

口
■
一　
　
　
■
　
■

3.1

3.0

９

　

　

　

８

　

　

　

７

２

　

　

　

２

　

　

　

２

（＜
）
の
０
０
Ｃ‘
一望
０
∽
―
‐ｃ
Ｊ

: [12把|‖♀麗F
: [11把器智

26

2.6

57
La Ce

５９

Ｐｒ

63    65    67
Sm Eu Gd Tb Dy HO Er

61
Nd Pm

69
Tm

71
Yb Lu

atomic No.

Figure 6. Ln--S distances ys. atomic number plot.

Experimental Section

General. All manipulations involving air- and moisture-sensitive lanthanide

compounds were carried out by the use of the standard Schlenk technique under argon

atmosphere. THF and hexane were dried over sodium benzophenone ketyl and then

distilled before use.

lH NtrrtR (270 MHz) spectra were measured on a JEOL GSX-270 spectrometer.

Elemental analyses were performed at Elemental Analysis Crnter of Faculty of Science,

Osaka University. All melting points were measured in sealed tubes and were not

corrected.

Synthesis of [Sm(SC c[zPriy2,4,6)z!hfl)t 1z (f ). To a mixture of

samarium metal powder (453 mg, 3.01 mmol) and bis(2,4,6+riisopropylphenyl)

disulfide (7I2 mg,1.51 mmol) in THF (a0 mL) was added a catalytic amount of iodine

(I2 mg,0.05 mmol). The reaction mixture was stirred at 50 'C for 24 h. A dark green
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solution was separated from the unreacted metal. C-oncentration of the solution, addition

of hexane, and cooling to -20'Cafforded dark green prisms of I (351 mg,287o yield).

Further concentration and cooling the mother liquor gave 2nd, 3rd, and 4th crops. The

total yield was 74o/o. Mp 16L-178 'C (dec.). Anal. Calcd. for C:+Hs+OSzSm: C,

58.90; H, 7.85. Found: C, 58.94; H,8.25.

Synthesis of [Eu(SCeHzPrit-2,4,6)z(hf)s]z (2). The mixture of

europium metal (300 mg,I.97 mmol), bis(2,4,6-triisopropylphenyl) disulfide (430 mg,

0.91 mmol) and iodine (6 mg, 0.02 mmol) in THF (30 mL) was stirred at 50 'C

ovemight to give yellow solution. Removal of unreacted metal followed by

concentration, addition ofhexane and cooling the solution afforded yellow crystals (286

mg, 3770 yield). Further concentration and cooling the mother liquor gave the 2nd crop.

The total yield was 56%. Mp >300 'C (dec.). Anal. Calcd. for C:aHozOzSzEu: C,

59.51; H, 8.15. Found: C, 59.10; H, 8.51.

Synthesis of Yb(SCoHzPrit-2,4,6)z@9a (3). To a mixture of

ytterbium metal (172 mg, 0.99 mmol) and bis(2,4,6-triisopropylphenyl) disulfide (435

mg,092 mmol) in THF (a0 mL) was added a catalytic amount of iodine (5 mg, 0.02

mmol). The reaction mixture was stirred at 50 'C for 24 h. After removal of an excess

of ytterbium metal, the addition of pyridine (1 mL) to the solution caused immediate the

change of the color from orange yellow to black. Recrystallization afforded black micro

crystals of 3 (407 mg, 467o yield). Mp 170---215 'C (dec'). Anal. Calcd. for

CsoHoeN+SzYb: C, 62.54; H, 6.93; N, 5.83. Found: C, 61.85; H, 6'85; N, 6.25. lFI

NMR (270 MHz, THF- da, 30'q S 8.56 (s, 8H, py), 7 .67 (t, 4H, py), 7 .26 (m, 8H,

py), 6.73 (s, 4H, .-H), 4.23 (brs, 4H, o-CHMeZ), 2.75 (brs, 2H, p-CHMe2), l.l8

(m, 36H, o- and p-CHMe2).

Synthesis of [Sm(SPh)z(hmpa)r]z (). To a mixture of samarium metal

(912mg,6.07 mmol) and diphenyl disulfide (684 mg, 3.13 mmot) in THF (30 mL) was

added a catalytic amount of iodine (20 mg,0.08 mmol). The reaction mixture was stirred

at 50 'C for 24 h to give a mixture of dark green powder and the unreacted metal. When

the HMPA (2,20 mL, 12.6 mmol) was added to the reaction mixture, the dark green
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powder gradually disappeared within t h. Removal of the metal followed by

recrystallization afforded dark green prisms of 4 (241 mg, 87o yield) yield. Further

concentration and cooling the mother liquor gave 2nd crop. The total yield was 297o.

Mp 87-93 "C (dec.). Anal. Calcd for C:oHo+NsQP:SzSm: C, 39.76; H, 7.12; N,

13.91. Found: C,37.65; H,7.20; N, 13.45.

Synthesis of [Eu(SPh)z(hmpa)r]2 (5). The mixture of europium metal

(797 mg,1.30 mmol), diphenyl disulfide (l42mg,0.67 mmol) and iodine (6 mg, 0.02

mmol) in THF (10 mL) was stirred at 50 'C for 24 h to give yellow suspension. To the

reaction mixture, HMPA (2,20 mL, 12.6 mmol) was added to afford a red orange

solution. Removal of unreacted metal followed by recrystallization afforded yellow

crystals (79 mg, l3Vo yield). Mp 162-164 "C (dec.). Anal. Calcd for

C:oHo+EuNgO3P:Sz: C,39.69; H,7.11; N, 13.88. Found: C,37.16; H,7.07; N,

13.38.

Synthesis of [Yb(SPh)z(hmpa):]2 (6). To a mixture of ytterbium metal

(663 mg, 3.83 mmol) and diphenyl disulfide (429 mg,1.97 mmol) in THF (30 mL) was

added a catalytic amount of iodine (11 mg, 0.04 mmol). The reaction mixture was stirred

at 50 'C for 24 h to give a mixture of a red powder and the unreacted metal. When

HMPA (1.40 mL, 8.05 mmol) was added to the mixture, the powder gradually

disappeared. Removal of an excess of ytterbium metal followed by concentration and

cooling to -20 'C afforded dark red crystals of 6 (846 mg, 467o yield). Mp 135-137 'C

(dec.). Anal. Calcd for C:oHe+NqO:P:SzYb: C, 38.79; H, 6.94; N, 13.57. Found:

c,38.65; H,7.01; N, 13.33. IHNIrAR (27OMHz, THF-ds, 30'C) 67.48 (d,4H, o-

H),6.74 (m, 4H, m-H),6.55 (t,2H, p-H),2.95 (d, 54H, Me(hmpa)).

Synthesis of Sm(SC alilzPriy2,4,6)r(py)r (7a). To a mixture of

samarium metal powder (151 mg, 1.00 mmol) and bis(2,4,6-triisopropylphenyl)

disulfide (727 m9,1.54 mmol) in THF (a0 mL) was added a catalytic arnount of iodine

(6 -9, 0.02 mmol). Stining the mixture at 50 'C for 24 h afforded a red orange

solution. After removal of a small amount of insoluble impurities, pyridine (1 mL) was

added. Concentration, addition of hexane, and cooling to -20 "C afforded orange micro
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crystals of 7a(305 mg,28%yicld).Furthcr conccntration and cooling thc mothcr liquor

gavc thc 2nd clop. Thc total yicld was 39%.  MP 160--164 
°
C. Anal. Calcd. for

C60H84N3S3Sm:C,65.88;H,7.74;N,3.84. Found:C,65.12;H,7.62;N,3.76.lH

NMR(270 MHz,THF―グ8,30°C)δ 8.45(d,6H,py),7.64(t,3H,py),7.22(m,6H,

py),6.70(s,6H,″‐H),4.76(m,6H,ο―C″NIe2),2.67(m,3H,p― Che2),1・ 28(d,

36H,ο―CHルた2),1・ 15(d,18H,ρ C̈We2)・

Synthesis of Sm(SC6H2Pri3‐ 2,4,6)3(py)2(thO(7b)。  Complcx 7a(348

mD WaS rcdissolvcd in THF followcd by addition of hcxanc,conccntration and cooling

thc mixturc to-20℃ gavc orangc crystals(5m9of 7b.Furthcr conccntra● on to ca.1.5

mL and∞ oling thc mothcr liquor to…20°C gavc thc 2nd clop(83 mg).■ lC tOtal yicld

was 24%. MP 163-167°C. Anal.Calcdo for C59H87N20S3Sm:C,65.20;H,8.07;

N,2.58.Found:C,63.86;H,8.09;N,2.54.lH NMR(270 MHz,THF‐ ′8,30° (⊃ δ

8.45(d,4H,py),7.64(t,2H,py),7.21(m,4H,py),6.71(s,6H,″ ―H),4.77(m,6H,

ο―C″MC2),2.68(m,3H,P― C″ⅣL2), 1・29(d,36H,θ ―CHル名
`2), 1・

15(d, 18H,′ ―

CHルた2)・

Synthesis of Yb(SC6H2Pri3¨ 2,4,6)3(py)3 (8).  To a m破 turc of

y■crbium mctal powdcr(201 mg, 1.16 mmol)and bis(2,4,6-triisopЮ pylphcnyl)

disulidc(820 mg,1.74 mmol)in THF(30m⊃ waS added a catalytic amount of iodinc

(1l mg,0.04 mmol).]hC rc・ action m破 turc was stircd at 50°C for 24 h.Aftcr rcmoval

of insolublc impuritics,thc addition of py五dinc(lmり CausCd immcdiac c010r changc of

thc solution frorn rcd orangc to dark rcd. Conccntration,addition of hcxanc,and oooling

to-20°C affordcd black micro crystals of 8(217 mg,17%yicld).Furthcr conccntration

and cooling thc mothcr liquor gavc thc 2nd crop.nc tOtJ yicld was 30%。 Mp 198-

201° C. Anal.Calcd.for C60H84N3S3Yb:C,64.54;H,7.58;N,3.76. Found:C,

63.70;H,7.77;N,3.34.

Synthesis of Sm(SPh)3(hmpa)3・ THF(9). TO a mixturc of samarium

meml(402 mg,2.67 mmol),diphcnyl disulidc(883 mg,4.05 mmol)and HMPA(1.40

mL,8.05 mmol)in THF(30mり waS addcd a catalydc amount of iodinc(21 mg,0.08

mm01)。 口hC rcaction m破turc was stiHcd at 50° C in 24 h to g市c a brown solution.
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Removal of a small amount of insoluble impurities followed by cooling to -20 "C

afforded colorless crystals of 9 in (2.10 g, 777o yield) yield. Mp 142-746'C. Anal.

Calcd for C+oHzzNqO+P:S:Sm: C,44.17:, H, 7.74; N, 11.59. Found: C, 43.96; H,

7.28; N, 11.69. lU NVIR (270 MHz, THF-d3, 30 "q E 7.01 (m, 3H, p-H), 6.76 (d,

6H, o-H),6.35 (brs, 6H, m-H),2.58 (d, 54H, hmpa).

Synthesis of Eu(SPh)r(hmpa)r'THF (10). To a mixture of europium

metal (499 mg,3.28 mmol), diphenyl disulfide (1133 mg, 5.19 mmol) and HMPA (1.80

mL, 10.35 mmol) in THF (30 mL) was added a catalytic amount of iodine (16 mg, 0.06

mmol). The reaction mixture was stirred at 50 'C n 24 h to give a dark red solution.

Removal of a small amount of insoluble impurities followed by concentration and cooling

to -20 'C afforded dark red crystals of l0 (2.53 g,707o yield). Mp I2*I31 "C. Anal.

Calcd for C+oHzzEuNsO+P:St: C, 44.11; H,7.13; Eu, 13.95; N, 11.57. Found: C,

43.96; H,7.L4; N, 11.81. tU NVIR (270 MHz,THF-d3, 30 'C) 0 11.63 (brs, 6H, rn-

or o-H), 8.81 (brs, 3H, p-H),6.66 (brs, 6H, m- or o-H), 1.90 (d, 54H, Me(hmpa)).

Synthesis of Yb(SPh)rGmpa)r'THF (11). To a mixture of ytterbium

metal (492 mg,2.84 mmol), diphenyl disulfide (954 mg, 4.37 mmol) and HMPA (1.50

mL,8.62 mmol) in THF (30 mL) was added a catalytic amount of iodine (1,8 mg, 0.07

mmol). The reaction mixture was stirred at 50'C lri'24h to give a light yellow powder in

a brown solution. 30 mL oh THF was added to the suspension followed by removal of a

small amount of insoluble impurities and cooling to -20 "C afforded yellow crystals of l1

(2.48 g, 79Vo yield)- Mp 187-190 'C. Anal. Calcd for C+oHzzNqO+P:SrYb: C,

43.27; H,6.99; N, 11.35. Found: C,43.27; H,7.ll; N, 11.39.

Synthesis of [Sm(p-SPh)(q8-cot)(thf)z]z (t2). To the mixture of

samarium metal (0.36 g, 2.43 mmol), COT (0.30 mL, 2.66 mmol) and diphenyl

disulfide (0.28 g, 1.27 mmol) in THF (a0 mL) was added a catalytic amount of iodine

(19 mg, 0.15 mmol) and then this mixture was stirred at 50 'C for 24 h. 12 was

obtained by recrystallization from THF in 76Vo yield as deep purple crystals. Mp. >300

'C(dec.). lFINvtR (27oMHz,THF-dg,30"C) 6rr.z4 (s, 16H, CgHg), 10.41 (s,

4H, o-H),7.99 (s, 4H, m-H),7.83 (s, 2H, p-H).
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Synthesis of [Sm(μ‐SC6H2DIIe3‐ 2,4,6)(■ 8Ⅲcot)(th02]2(13). Ъ c

rcaction m破 turc of samarium mctal(0.50g,3.32 mmol),COT(0・ 40 mL,3.55 mmol),

bis(2,4,6-t五 mcthylphcnyl)disulfidC(0.51g,1.70 mmol)and a mtalytic amount ofiodinc

h THF(40 mD waS Stirrcd for a pcriod of 48 h to givc a dccp宙olct THF solution and

brown powdcr of[Sm(COt)(thO〕 n as a by―product.¶hc brown powdcr was iltcrcd off,

and thcn THF was lcmovcd fЮ m thc flltratc加 ″ c“ο.■ lC rCsulting rcsiduc was

cxtractcd with toluene. Cooling thc saturatcd tolucnc solution gavc 13 in 34%yicld as

dccp purplc crystals.MP.>300℃ (dCC.)。
lH NMR(270 MHz,THF― グ8,30°oδ

ll.19(s,16H,C8H8),8.07(s,4H,″ ―H),4.66(s,12H,ο ―Mc),2.65(s,6H,p― Mc).

Synthesis of[Sm(lt‐ SC6H2Pri3‐ 2,4,6)(η 8Ⅲc,1)(thO]2(14).  To a

m破turc of samarium mctal(0.24g,1.58 mmol),COT(0・ 20 mL,1.77 mmol)and

bis(2,4,6-triisopЮ pylphcnyl)diSulfidc(0.40g,0.86 mmol)in THF(40 mD waS addcd

a catalytic alnount of iodinc. 助 c oolol of the solution changcd to decp violct aftcr 5 d

alld brown powdcr ISm(cOt)(thO]n WaS P・ CCipitatcd in 49%yicld.¶ hc brown powdcr

was■ ltcrcd out,and thcn THF was lcmovcd from the Flltratc undcr rcduccd prcssurc.

Ъ c rcsiduc was extractcd with tolucnc,and oooling the saturatcd tolucne solution gavc

14 in 32%yicld as dccp purplc crystals.MP.二 300℃ (dCC・ )・

lH NMR(270 MHz,

THF‐グ8,30° (⊃ δ ll・ 27(s,16H,C8H8),7.95(s,4H,″ ―H),7.08(m,4H,ο ―C″Mc2),

3.33(m,2H,p― (hrNIc2),2.25(d,24H,θ ―Ctte2),1・21(d,12H,′ ―Ctte2)・

Synthesis of [Sm(μ ‐SCPh)(η 8_cot)(th02]2 (15).  To a miXturc of

sama五um mctal(0.57g,3.78 mmol),COT(0.50 mL,4.44 mmol)and diphcnyl

dおclcnidc(0.61g,1.96 mmoDin THF(40 1ntt Was・addcd aは Jytic ramount of iodinc

(21 mg,0.16 mmol)and thcn thc rcaction m破 turc was stirrcd at 50°C for a pc五 od of 5

d. RccrystanizatiOn from thc deep violct TIIF solution affordcd 15 in 46%yicld as dccp

purplc crystals.Mp.>300℃ (dCC.).lH NMR(270 MHz,THFイ 8,30°o δ ll・ 49(s,

16H,C8H8),9・ 74(s,4H,ο ―H),7.71(s,6H,“ ‐andPH).

Crystal10graphic Data Collections and Structure Deternlination of l,

2, 7b, 8, 9, 11, 12, 14 and 15。  Thc crystals of thcsc colnplcxcs suitablc for X¨ ray

diffraction scalcd in glass capinarics undcr argon atmosphcrc,wcrc mountcd on a Rigaku
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AFC-5R four-circle diffractometer for data collection using MoKs radiation. Measured

non-equivalent reflections with 1>3.0o(/) were used for the structure determination.

Empirical absorption correction was carried out based on an azimuthal scan.

Thestructuresof complexes l, 2, 7b,8,9, 1l and 1.4 were solved by heavy-

atom Patterson methods6a-66 *6 expanded using Fourier techniques.6T Th" structures

of complexes 12 and 15 were solved by direct methods.68'6e Complexes 9 and L 1 have

one THF as a solvent molecule which showed disordered form, and the occupancy of the

disordered atoms were fixed at 0.5. All the other non-hydrogen atoms were refined

anisotropically. In the final refinement cycle (fu11-matrix), hydrogen atom coordinates

were included at idealized positions, and the hydrogen atoms were given the same

temperature factor as that of the carbon atom to which they were bonded. All calculations

were performed using the TEXSAN crystallographic software package.

Crystal data of these complexes are summarized in Tables 7-10 and atomic

coordinates are listed in Table ll-I9, respectively.

-103-



Table 7. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

0, d"g.

V, A'

Z

Dcalcd

F(000)

radiation

abs. coeff., cm-l

scan mode

temp,'C

scan speed, deg/min

scan width, deg

20m3yg, deg

unique data

unique data (1>3o(1))

no. ofvariables

R

Rw

GOF

A, eA3

1

C84H14006S4Sm2

1675.06

monoclinic

P21/6

12.715(7)

20.802(4)

18.137(3)

108.92(2)

4538(2)

2

1.226

1760

Mo Kα

14.2

¨ 20

23

10

1.15+0.35tan0

55

10737

3319

433

0.068

0.079

1.87

0.79,-0.53

2

C84H14006S4Eu2

1678.19

monoclinic

P21た

12.685(5)

20。799(4)

18.130(3)

108.88(2)

4526(1)

2

1.231

3528

Mo Kα

30.1

…
20

23

10

0.79+0.35tan0

55

10690

3777

433

0.071

0.043

1.80

1.10,‐1.16
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Table 8. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

cr, deg.

0, deg.

Y, deg.

V, }Q

Z

Dcalcd

F(000)

radiation

reflections measd.

crystal size, mm

abs. coeff., cm-l

scan mode

temp, "C

scan speed, deg/min

scan width, deg

20'61ay,, deg

unique data

unique data (/>3o(/))

no. of variables

R

Rv,'

GOF

A, eA3

7b

C59H87N2S3SmO

1086.93

mclinic

Pl

14.580(3)

18.627(4)

12.383(4)

104.67(2)

96.44(2)

69.45(2)

3045(1)

2

1.185

1146

Mo Kα

+h,± k,± 1

0.30x O.30x O.10

11.1

-20
23

10

1.47+0.35tan0

55

14004

5269

595

0.067

0.063

1.30

1.03,‐ 0.63

8

C60H84N3S3Yb

ll16.56

monoclinic

P21ル

20.402(3)

16.654(3)

22.258(3)

117.10(1)

6731(1)

4

1.102

2332

Mo Kα

+h,+k,±1

0.50 x O.50 x O.10

15.1

o「20

23

10

1.63+0.35tan0

55

16050

4928

604

0.081

0.106

2.88

1.37,‐ 0.84
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Table 9. Crystal Data and Data Collection Parameters.

complex

formula

formula weight

crystal system

space group

arA

b,A

crA

cr, deg.

13, deg.

Y, deg.

V,N
Z

Dcalcd

F(000)

radiation

abs. coeff., crn-l

scan mode

temp,'C

scan speed, deg/min

scan width, deg

206a;, deg

unique data

unique data (1>3o(f)

no. ofvariables

R

Rv7

GOF

A, eA3

9

C40H7704N9P3S3Sm

1087.61

triclinic

Pl

14.719(3)

17.989(2)

11.344(2)

97.91(1)

110.30(2)

78.40(1)

2751.9(9)

2・

1.312

1134

Mo Kα

13.1

¨ 20

23

16

0.73+0.30tan0

55

12631

7111

536

0.045

0.041

1.99

0.75,-1.09
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11

C40H7704N9P3S3Yb

ll10.25

mclinic

Pl

14.565(2)

17.961(2)

11.302(1)

97.72(1)

110.49(1)

78.37(1)

2706.0(7)

2

1.363

1150

Mo Kα

19.8

…
20

23

16

0.84+0.30tan0

55

12410

9837

536

0.031

0.035

1.48

1.05,-0.68



Table 10. Crystal Data and Data C-ollection Parameters.

complex

formula

formula weight

crystal system

space group

''rA
b,A

crA

0, deg.

V,N

Z

Dcalcd

F(000)

radiation

crystal size, mm

abs. coeff., cm-l

scan mode

temp,'C

scan speed, deg/min

scan width, deg

2063x, deg

unique data (1>3o(1))

no. of variables

R

Rv,'

GOF

A, eA3

12

C44H5804S2Sm2

1015.86

orthorhombic

Pbca

18.762(5)

15.383(5)

14.775(4)

4264(4)

4

1.582

2040

Mo Kα

28.7

o-20

23

10

1124.13

monoclinic

C2/6

26.820(3)

10.793(3)

21.122(2)

98.424(8)

6048(2)

4

1.234

2296

Mo Kα

20.3

¨ 20

23

10

1109.66

monoclinic

P21/rt

8.500(5)

21.805(6)

12.042(5)

105.98(4)

2145(1)

2

1.717

1092

Mo Kα

14 15

Cs+HzaO2SzSmz C++HssO+SezSmz

0.30 x O.25 x O.25 0.60 x O.40 x O.10 0.25 x O.30 x O.50

1.68+0.35tan0   0.73+0.35tan0

55

2061

235

0.050

0.071

9.31

0.91,‐ 0.86

55

2942

271

0.073

0.098

6.50

1.20,-0.84

28.7

o「20

23

10

1.73+0.35tan0

55

2061

235

0.055

0.062

2.29

1.12,-0,78
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Table ll. Atonlic Coordinatcs of ComDlCX l.

v         z         Bm
Sm
S(11)

S(21)

0(31)
0(41)
0(51)
C(11)
C(12)

C(13)
C(14)

C(15
C(16
C(21
C(22
C(23
C(24
C(25
C(26
C(31)
C(32)

α 33)

C(34)

C(41)

C(42)

C(43)

C(44)

C(51)

C(52)

C(53)

C(54)

α 121)

C(122)
C(123)
C(141)
C(142)
C(143)
C(161)
C(162)
C(163)
C(221)
C(222)
Cx223)
C(241)
C(242)
C(243)
C(261)
C(262)

0.0271(5)

0.2115(6)

0.002(2)

0.301(1)

0.266(2)

0.077(2)

0.052(2)

0.094(2)
0.156(3)

0.180(2)

0.142(2)

0.317(a
O.292(2)

0.377(2)

0.483(2)

0.505(2)

0.426(2)
‐0。 110(3)
‐0.154(4)
‐0.079(3)
-0.021(3)

0.305(4)

0.381(8)

0.457(6)

0.412(2)
0.302(3)

0.373(5)

0.380(4)

0.320(3)
‐0.019(2)
-0.127(3)

0.035(3)

0.199(4)

0.259(4)

0.139(5)

0.174(2)

0.141(3)

0.298(3)

0.175(2)

0.119(3)

0.160(3)

0.574(3)

0.588(5)

0.609(7)

0.460(2)

0.452(4)

0.0124(3)

0.1794(3)

0.1889(9)

0.0155(10)
0.1325(9)
0.015(1)

0.068(1)

0.068(1)

0.022(2)
-0.029(1)

0̈.035(1)

0。 161(1)

0.130(1)

0.119(1)

0.139(1)

0.168(1)

0.182(1)

0.183(2)

0.245(2)

0.287(2)

0.255(2)
-0.045(2)

‐0.046(5)
-0.015(5)

0.035(2)

0.196(2)

0.195(2)

0.134(3)

0.093(2)

0.122(1)

0.128(2)

0.184(2)

0.020(2)

0.077(3)
‐0.011(4)
‐0.092(2)
-0.155(2)

‐0.096(2)

0.107(2)

0.144(2)

0.040(2)

0.127(2)

0.171(3)

0.076(3)

0.217(2)

0.287(2)

0.06404(7)
-0.0850(3)

0.1915(3)

0.014(1)

0.125(1)
-0.006(1)

-0.167(1)

-0.218(1)

-0.280(1)

-0.295(2)

-0.245(2)

-0.181(1)

0.281(1)

0.342(1)

0.413(1)

0.425(2)

0.365(2)

4.37(2)

5.0(1

6.8(2

7.4(5

8.1(5

7.4(5

4.3(5

4.6(6

6.7(8

0.12947(10)   0・08834(6)

7.7(9)

8.1(9)

6.0(7)

5.2(6)

6.3(7)

6.8(7)

7.5(8)

6.6(7)

0.293(1)       5.7(6)
-0.037(2)      8(1)
-0.055(3)     17(1)
-0.001(3)     11(1)

0.037(2)       10(1)

0.138(3)     16(1)
0.227(6)       25(4)

0.214(5)     29(3)
0.173(4)     18(1)
-0.005(2) 9(1)
-0.051(3)  15(1)
‐0.082(3)     13(1)
-0.046(2)     11(1)
-0.208(1)        6.4(7)

-0.268(3)      15(1)
‐0.200(3)     13(1)
-0.365(2)     12(1)

0̈.371(2)     16(1)
-0.424(2)      25(2)
‐0.130(1)      7.0(7)
-0.172(2)     10(1)
‐0.085(2)      10(1)
0.331(2) 8.0(9)

C(263)       0.571(3)      0.204(2)

0.377(3)     13(1)
0.344(3)        16(1)

0.502(2)     11(1)
0.558(2)     25(2)
0.520(4)     38(3)
0.234(2)      7.6(9)
0.244(2)     15(1)
0.229(2)      12(2)
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Table 12._Atomic Coordinatcs of Complcx 2.

XVZBn
Eu
S(11)

S(21)

0(31)
0(41)
0(51)
C(11)

C(12)

C(13)

C(14)

C(15)
C(16)
C(21)

C(22)

α23)

C(24)

C(25)

C(26)
C(31)

α 32)

C(33)

C(34)

C(41)
C(42)
C(43)

C(44)
C(51)
C(52)

C(53)

C(54)

C(121)
C(122)

α123)
C(141)
C(142)
C(143)
C(161)
C(162)

α163)

C(221)
C(222)
C(223)
C(241)
C(242)
C(243)
C(261)
C(262)

0.12966(6)    0.08826(4)    0.06368(4)    4.66(1)
0.0274(3)

0.2105(3)

0.0019(8)

0.0124(2)

0.1785(2)

0.1871(5)
0.3007(9)     0.0155(5)
0.2631(8)     0.1327(6)
0.074(1)      0.0139(7)
0.054(1)      0.0666(7)
0.093(1)       0.0690(7)
0.156(1)      0.0211(9)
0.179(1)      -0.0305(8)
0.141(1)      -0.0336(8)
0.314(1)       0.1611(6)
0.292(1)      0.1306(7)
0.374(1)       0.1192(7)
0.483(1)       0.1379(7)
0.506(1)      0.1682(8)
0.428(1)      0.1816(7)
-0.109(1)      0.1840(8)
-0.148(2)      0.247(1)
‐0.075(2)       0.2892(9)
0.024(1)       0.2518(9)
0.311(3)      -0.047(1)
0.370(4)      ‐0.032(4)

0.455(3)      -0.018(3)
0.414(o    O.037(1)
0.301(2)      0.196(1)
0.375(2)        0.196(1)

0.376(2)      0.134(1)

-0.0851(2)      5.23(9)

0.1914(2)      7.3(1)
0.0135(5)     6.8(3)
0.1253(6)      8.1(3)
-0.0035(6)     7.5(3)
-0。 1653(7)     4.5(4)

=0.2166(8)     5.6(4)
-0.2815(8)      6.5(5)

-0.2950(10)    7.7(6)
-0.245(1)       7.7(5)
-0.1810(9)      6.0(5)

0.2809(6)      5.1(4)

0.3405(9)     6.4(5)
0.4138(8)     7.1(5)
0.4247(9)      6.7(5)

0.3649(9)     7.2(5)
0.2936(9)     6.0(4)
-0.0383(9)      8.8(6)
-0.051(2)     18(1)

0.006(1)     13.2(9)
0.0372(10)   10.8(6)
0.138(2)      16(1)
0.226(3)     34(3)
0.217(2)     28(1)
0.165(2)   2∝ 1)
-0.0052(10)   10.5(7)
‐0.050(2)     17(1)
¨
0.081(1)       14(1)

‐0.2080(9)     7.2(5)
-0.268(1)       16.1(8)

-0.201(1)     14.4(8)
-0.367(1)     13.1(9)
-0.370(1)     17.2(10)
-0.424(1)     27(1)
-0.1295(9)      7.8(5)

-0.171(1)      10.4(7)
-0.0860(9)  11.26)

0.379(1)     13.8(8)
0.343(2)       19(1)

0.519(2)       29(1)

0.553(1)  221)
0.507(1)     26(1)
0.2326(8)      7.3(5)

0.241(1)     16.0(9)

0.317(1) 0.0967(lo  -0.044(1)   11.5(7)
-0.017(2)       0.1217(8)

-0.127(1)        0。 1288(9)
0.034(1)      0.1860(9)
0.191(2)      0.022(1)
0.259(2)      0.071(1)
0.143(2)      -0.014(2)
0.174(1)       -0.092(1)
0.141(1)      -0.1554(8)
0.297(1)      -0.0965(9)
0.174(2) 0.1069(10)    0・3322(9)     8.7(7)
0.123(1)      0.1411(9)
0.164(2)       0.040(1)
0.560(2)      0.121(1)
0.588(2)      0.171(1)
0.619(2)      0.083(2)
0.459(1)      0.2166(9)
0.451(2)       0.2878(9)

C(263)    0.572(1)    0.2039(9)   0.2283(10)  12:9(7)     _
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Table 13. Atomic C-oordinates of Complex 7b.

YzBeq
Sm(1)

S(1)

S(2)

S(3)

0(1)

N(2)

N(3)

C(11)

C(12)

C(13)

C(14)

C(21)

C(22)

C(23)

C(24)

C(25)

C(31)

C(32)

C(33)

C(34)

C(35)

C(41)

α42)

C(43)

C(44)

C(45)

C(46)

C(51)

C(52)

C(53)

C(54)

C(55)

0.05227(5)

-0.0929(2)

0.0632(3)

0.1909(2)

‐0.0701(6)

0.1586(8)

0.0823(7)

-0.066(1)

-0.144(2)

-0.207(1)

-0.152(1)

0.246(1)

0.308(1)

0.283(a

O.196(1)

0.1365(10)

0.084(1)

0.092(1)

0.106(2)

0。 106(1)

0.087(1)

-0.2181(7)

・0.2824(9)

‐0.3782(9)

-0.4133(9)

‐0.3490(10)

-0.2517(9)

0.1384(9)

0.2369(10)

0.2902(9)

0.2508(10)

0.1593(10)

-0.25124(4)

-0.3144(2)

-0.2458(2)

-0.1780(2)

-0.1210(4)

‐0.3951(6)

-0.2684(6)

-0.0627(9)

0.0098(10)

-0.008(1)

0.085(1)

-0.4107(8)

‐0.485(1)

‐0.5441(9)

0̈.529(1)

‐0.4567(10)

-0.3327(10)

-0.338(1)

‐0.279(1)

‐0.215(1)

‐0.2081(9)

-0.2541(6)

‐0.2332(6)

-0.1853(7)

-0.1589(7)

‐0。 1833(8)

-0.2298(7)

‐0.3334(6)

‐0.3417(7)

-0.4087(8)

-0.4652(7)

‐0.4575(6)

0.05950(5)

0.0554(3)

-0.1560(2)

0.1091(2)

0.0878(8)

0.0119(8)

0,2592(8)

0.033(1)

0.075(2)

0.137(2)

-0.161(2)

-0.031(1)

-0.062(1)

-0.050(2)

-0.010(2)

0.017(1)

0.292(1)

0.400(2)

0.471(2)

0.451(1)

0.342(1)

0.082(1)

‐0.0065(9)

0.0154(10)

0.123(1)

0.208(1)

0.1912(10)

‐0.2445(8)

‐0.2636(10)

‐0.342(1)

-0.4002(10)

‐0.3768(9)

3.90(1)

5.37(9)

5.72(9)

4.95(8)

6.4(2)

5.4(3)

5.1(3)

8.4(5)

12.9(7)

16.3(9)

11.4(6)

6.6(4)

10.0(5)

11.4(7)

12.3(7)

8.1(5)

7.8(5)

10.0(7)

11.9(8)

10.7(7)

8.2(5)

4.2(3)

4.7(3)

5.6(3)

5.8(3)

6.5(4)

5.3(3)

4.5(3)

5.5(4)

6.0(4)

5.1(3)

4.9(3)

‐110-



C(56)

C(61)

C(62)

C(63)

C(64)

C(65)

C(66)

C(421)

C(422)

C(423)

C(441)

C(442)

C(443)

C(461)

C(462)

C(463)

C(521)

C(522)

C(523)

C(541)

C(542)

C(543)

C(561)

C(562)

C(563)

C(621)

C(622)

C(623)

C(641)

α 642)

C(643)

C(661)

C(662)

C(663)

0.1007(9)

0.2535(8)

0.3338(9)

0.3852(10)

0.363(1)

0.286(1)

0.2285(9)

-0.2511(9)

-0.250(1)

-0.311(1)

-0.519(1)

-0.591(1)

-0.522(1)

-0.1887(10)

-0.198(1)

-0.205(2)

0.282(1)

0.390(2)

0.259(2)

0.313(1)

0.383(2)

0.338(2)

-0.0022(10)

-0.0681(10)

-0.014(1)

0.361(1)

0.457(2)

0.365(1)

0.424(1)

0.521(2)

0.420(2)

0.145(1)

0.174(1)

0.064(1)

‐0.3931(6)

-0.1603(6)

-0.2214(7)

‐0.2031(8)

-0.1280(9)

-0.0715(8)

‐0.0845(7)

-0.2609(8)

-0.1943(10)

-0.304(1)

-0.1050(9)

-0.1135(9)

-0.022(1)

-0.2518(9)

-0.186(1)

-0.319(1)

-0.281(1)

0̈.314(1)

=0.217(1)

-0.5357(9)

-0.592(1)

-0.5124(10)

-0.3875(7)

-0.3551(9)

0̈.4636(9)

-0.3034(8)

-0.3267(9)

0̈.363(1)

-0.109(1)

-0.122(2)

-0.137(2)

-0.0150(8)

0.0531(10)

0.0143(10)

-0.3005(8)     4.6(3)

0.2389(9)      4.5(3)

0.272(1)      5.4(3)

0.372(1)      7.0(4)

0.438(1)      6.6(4)

0.403(1)      7.1(4)

0.307(1)      5.7(4)

-0.125(1)       6.3(4)

-0.173(1)     11.3(6)

-0.197(1)     12.5(6)

0.149(1)      7.8(4)

0.061(2)     10.5(6)

0.177(2)     17.5(8)

0.289(1)      7.4(4)

0.393(1)     11.0(6)

0.321(2)     13.8(7)

-0.203(1)      8.1(5)

-0.186(2)      13.8(8)

‐0.266(2)     12.6(7)

-0.485(1)      8.3(5)

-0.445(2)      18.6(3)

-0.579(1)     13.3(7)

-0.2842(9)     5.9(4)

-0.379(1)      8.6(5)

-0.277(1)      9.2(5)

0.202(1)      8.5(5)

0.148(2)     13.7(7)

0.264(2)      12.7(7)

0.541(1)      9・ 8(6)

0.521(2)     19(1)

0.625(2)      24(1)

0.280(1)      7.5(4)

0.277(1)     11.2(6)

0.363(2)      13.8(7)



Table 14. Atomic C-oordinates of Complex 8.
y               z                 Bccl

Yb(1)

S(1)

S(2)

S(3)

N(1)

N(2)

N(3)

C(11)

C(12)

C(13)

C(14)

C(15)

C(21)

C(22)

C(23)

C(24)

C(25)

C(31)

C(32)

C(33)

α34)

C(35)

C(41)

C(42)

C(43)

C(44)

C(45)

C(46)

C(51)

C(52)

C(53)

C(54)

C(55)

0.36040(6)

0.3891(2)

0.4753(4)

0.3117(4)

0.305(1)

0.426(1)

0.244(1)

0.321(1)

0.290(2)

0.244(2)

0.228(2)

0.255(2)

0.454(1)

0.494(2)

0.514(2)

0.486(3)

0.444(2)

0.242(2)

0.174(3)

0.113(3)

0.116(3)

0.179(2)

0.349(2)

0.383(2)

0.346(3)

0.282(3)

0.252(2)

0.282(2)

0.547(1)

0.550(2)

0.609(2)

0.662(2)

0.658(2)

3.92(2)

5.5(2)

5.5(2)

4.6(2)

4.1(5)

5.4(6)

6.1(6)

5.3(7)

8(1)

8(1)

6.8(9)

5.6(8)

5.8(8)

9(1)

10(1)

10(1)

7.4(10)

8(1)

12(1)

14(2)

11(1)

7.6(9)

5.3(8)

6.5(9)

9(1)

9(1)

9(1)

6.9(9)

5.0(6)

6.6(8)

7.5(9)

7(1)

7.3(10)

0.01824(6)

0.1120(4)

0.0413(4)

-0.0863(4)

0.124(4)

-0.080(1)

-0.013(2)

0.132(2)

0.190(2)

0.243(2)

0.238(2)

0.179(2)

‐0.147(2)

‐0.199(2)

-0.193(2)

-0.134(2)

‐0.074(2)

‐0.046(2)

-0.067(3)

-0.056(4)

‐0.026(4)

-0.005(2)

0.211(2)

0.268(2)

0.343(2)

0.365(2)

0.307(3)

0.230(2)

-0.030(2)

-0.099(2)

0̈.152(2)

-0.140(2)

-0.078(2)

-112‐

0.12821(5)

0.0460(4)

0.2454(3)

0.1888(3)

0.1606(10)

0.096(1)

0.031(1)

0.226(1)

0.250(2)

0.206(2)

0.141(2)

0.119(1)

0.136(1)

0.126(2)

0.083(3)

0.036(2)

0.045(2)

-0.024(2)

-0.077(2)

-0.066(4)

‐0.019(2)

0.029(1)

0.034(2)

0.082(2)

0.070(2)

0.015(2)

‐0.032(2)

‐0.026(1)

0.268(1)

0.306(1)

0.324(2)

0.304(2)

0.262(2)



C(56)

C(61)

C(62)

C(63)

C(64)

C(65)

C(66)

C(421)

C(422)

C(423)

C(441)

C(442)

C(443)

C(461)

C(462)

C(463)

C(521)

C(522)

α 523)

C(541)

C(542)

C(543)

α561)

α562)

C(563)

α 621)

C(622)

C(623)

C(641)

C(642)

C(643)

C(661)

C(662)

C(663)

0.600(1)

0.222(1)

0.206(2)

0.137(2)

0.082(2)

0.095(2)

0.166(1)

0.457(2)

0.456(2)

0.519(2)

0.250(3)

0.241(3)

0.197(3)

0.247(2)

0.165(3)

0.273(3)

0.494(2)

0.479(2)

0.518(2)

0.722(2)

0.699(3)

0.792(3)

0.599(2)

0.640(2)

0.631(2)

0.272(2)

0.313(2)

0.244(3)

0.007(2)

0.005(3)

-0.044(2)

0。 175(2)

0.201(2)

-0.023(2)

-0.126(2)

-0.197(2)

0̈.235(2)

-0.206(3)

-0.137(3)

-0.094(2)

0.258(2)

0.294(2)

0.279(3)

0.444(2)

0.484(3)

0.454(3)

0.165(2)

0.160(3)

0.172(3)

-0.109(2)

-0.198(3)

-0.067(3)

‐0.203(3)

-0.271(3)

-0.180(3)

0.051(2)

0.116(2)

0.037(2)

-0.232(2)

‐0.292(3)

-0.269(3)

-0.250(3)

‐0.315(4)

‐0.210(3)

-0.019(2)

-0.035(3)

0.244(1)

0.146(1)

0.107(1)

0.077(1)

0.084(2)

0.126(2)

0.157(1)

0.144(2)

0.210(2)

0.135(2)

0.007(3)

-0.043(3)

0.032(3)

-0.082(2)

‐0.112(2)

‐0.133(2)

0.335(2)

0.341(2)

0.401(2)

0.325(3)

0.287(3)

0.360(3)

0.206(2)

0.253(2)

0.158(2)

0.093(1)

0.145(2)

0.023(2)

0.060(2)

0.093(4)

0.008(3)

0.196(1)

0.270(2)

5.0(6)

4.7(7)

7.1(10)

7.1(8)

11(1)

8(1)

6.3(8)

7(1)

9(1)

12(1)

13(1)

15(1)

13(1)

8(1)

14(1)

13(1)

6.9(9)

12(1)

10(1)

13(1)

17(2)

15(2)

6.9(9)

10(1)

9(1)

7.3(10)

10(1)

12(1)

12(1)

19(2)

15(1)

6.9(8)

12(1)

0.107(2)       0.038(2)       0.168(2)      10(1)
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Table 15. Atonlic Coordinatcs of
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0.2191(2)
0.2848(2)
0.2886(2)
-0.0136(1)

0.1996(2)
0.5170(1)
0.0894(3)
0.2209(3)
0.4167(3)
-0.0194(5)
-0.0749(5)
-0.0684(5)

0.1315(5)
0.2986(5)
0.1376(5)
0.5090(5)
0.5701(4)
0.5855(4)
0.2990(6)
0.3130(6)
0.3740(8)
0.4225(8)
0.4122(9)
0.3499(8)
0.2136(5)
0.1951(6)
0.1416(7)
0.1066(7)
0.1252(6)
0.1773(6)
0.4102(5)
0.4562(6)
0.4621(6)
0.5553(7)
0.5495(7)

o.5992(6)
0.0451(8)
-0.072(1)
-0.0333(7)
-0.1786(8)
-0.1387(9)
-0.0568(8)

0.1624(7)
0.0739(7)
0.3264(7)
0.3709(7)
0.1506(7)
0.0582(6)
0.6805(7)
0.4321(7)
0.5777(7)
0.6430(7)
0.5631(6)

0.0019(2)
-0.1806(2)
-0.1361(2)

0.2991(2)
0.2501(2)

0.1393(3)

-0.0724(4

0.2088(41

0.1578(41
-0.1932(71

-0.0374(81

-0.2573(7

0.2246(6)
0.3994(6)
0.3756(6)
0.3713(6)
0.2988(6)
0.1904(6)
0.1367(8)
0.0272(9)
0.026(1)
0.135(1)
0.246(1)
0.2476(10)
-0.1401(7)
-0.2548(8)
‐0.3665(8)
-0.3644(9)

:8::,3:{:,)
-0.1766(6)
-0.1369(7)
‐0.2197(7)
-0.2221(9)
-0.1396(8)
‐0.1821(9)
-0.258(1)
-0.170(2)

0.089(1)
-0.076(1)
‐0.376(1)
-0.2437(10)

0.4175(9)
0.4340(9)
0.5350(8)
0.3514(8)
0.2564(9)
0.1034(8)
0.187(1)
0.4231(8)
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Table 16. Atomic Coordinates of Complex 11.

Atom    x       y       z        Bcq
Yb(1)        0.25488(1)     0.232904(9)    0.04246(2)     2.718(3)
S(1)         0.2182(1)      0.37976(6)     0.1359(1)      5.69(3)
S(2)         0.28294(8)     0.07713(6)     0.00651(9)     3.96(2)
S(3)         0.28911(8)    0.26152(6)    -0.1673(1)     4.16(2)
P(1)        -0.00970(8)    0.28745(6)    -0.1335(1)     4.09(2)
P(2)         0.19817(9)    0.16421(6)    0.29791(10)   3.63(2)
P(3)         0.51323(8)    0.22664(6)    0.24896(10)   3.56(2)
0(1)         0・ 0943(2)     0.2500(1)     -0・ 0682(2)     3.67(6)
0(2)      0.2200(2)   0.2061(1)    0.2077(2)    3.75(6)
0(3)      0.4118(2)   0.2210(1)   0.1575(2)   3.72(6)
N(1)     -0.0158(3)   0.3670(2)   -0.1899(4)   5.8(1)
N(2)        -0.0731(3)     0.3019(3)     -0.0370(4)     6.2(1)
N(3)     -0.0634(3)   0.2320(2)   -0.2558(4)   5.53(10
N(4)        0.1307(3)     0.0991(2)     0.2253(3)     4.24(9)
N(5)      0.2984(3)   0.1226(2)   0.4006(3)   4.61(9)
N(6)        0.1346(3)     0.2257(2)     0.3729(3)     4.62(9)
N(7)        0.5066(3)     0.2851(2)     0.3700(3)     4.57(9)
N(8)        0.5682(3)     0.1426(2)     0.2997(3)     4.46(8)
N(9)        0.5812(2)     0.2588(2)     0.1874(3)     4.41(9)
C(1)         0.2980(3)      0.4410(2)      0.1353(4)      4.2(1)
C(2)         0.3118(4)      0.4543(3)      0.0263(5)      5.3(1)
C(3)         0.3726(5)     0.5053(3)     0.0277(6)     7.0(2)
C(4)         0.4212(5)     0.5430(3)     0.1372(8)     7.9(2)
C(5)         0.4102(5)      0.5307(4)      0.2452(7)      7.8(2)
C(6)         0.3490(4)     0.4794(3)     0.2461(5)     6.2(1)
C(7)      0.2133(3)   0.0367(2)   -0.1390(4)   3.25(8)
C(8)      0.1944(3)   0.0660(3)   -0.2538(4)   4.6(1)
C(9)      0・ 1433(4)    0.0290(3)   ―o.3654(5)    6.2(1)
C(10)     0.1093(4)   -0.0369(3)   -0.3656(5)   6.1(1)
C(11)     0・ 1266(4)   -0.0666(3)   -0.2539(6)    5.6(1)
C(12)        0.1781(3)     -0.0302(2)     -0.1414(4)     4.4(1)
C(13)        0.4100(3)     0.2214(2)     -0.1688(3)     3.54(9)
C(14)        0.4605(4)     0.2625(3)     -0.2157(4)     4.6(1)
C(15)        0.5530(4)     0.2320(3)     -0.2235(5)     6.0(1)
C(16)        0.5977(4)      0.1606(4)     ‐0.1851(5)      6.1(1)
C(17)     0.5493(4)   0.1187(3)   -0.1390(5)   5.7(1)
C(18)     0.4565(3)   0.1492(2)   -0.1304(4)   4.2(1)
C(19)     0・ 0491(5)   0.3734(4)   -0.2553(9)   11・ 9(3)
C(20)     ‐0.0668(9)    0.4380(4)   ‐0.1595(9)   17.0(4)
C(21)     -0.0320(5)    0.3314(4)    0.0919(6)    7.7(2)
C(22)     -0.1802(5)    0.2999(6)   -0.0790(9)   14.6(3)
C(23)     -0.1341(6)    0.2585(4)   -0.3740(7)   10.8(2)
C(24)     -0.0527(5)    0.1518(3)   -0.2433(6)    7.9(2)
C(25)        0.1592(4)     0.3012(3)     0.4148(5)     6.6(2)
C(26)      0.0694(4)    0.2035(3)    0.4307(5)    6.6(2)
C(27)        0.3238(4)     0.1299(3)     0.5367(4)     6.6(2)
C(28)        0.3740(4)     0.0720(3)     0.3569(5)     6.7(2)
C(29)        0.1505(4)      0.0217(3)      0.2594(5)      6.7(2)
C(30)     0.0550(4)   0.1120(3)    0.1016(5)   5.5(1)
C(31)     0.6768(4)   0.2220(3)    0.1823(7)    8.1(2)
C(32)      0.4294(4)    0.2862(3)    0.4241(4)    6.0(1)
C(33)      0.5783(4)    0.3346(3)    0.4374(5)    6.8(2)
C(34)      0.6427(4)    0。 1317(3)    0.4248(5)    7.4(2)
C(35)        0.5617(4)     0.0754(3)     0.2113(5)     5.8(1)
C(36)        0.5408(4)     0.3282(3)     0.1202(5)     6.0(1)
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Table 17. Atonlic Coordinatcs of Complcx 12.

Bcq

Sm(1)

S(1)

0(1)

0(2)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(11)

C(12)

α13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(21)

C(22)

C(23)

C(24)

C(31)

C(32)

C(33)

0.12922(4)

0.0026(2)

0.1089(9)

0.131(1)

0.006(1)

‐0.054(1)

‐0.050(1)

0.009(1)

0.068(1)

0.068(1)

0.199(2)

0.161(2)

0.165(2)

0.201(2)

0.244(3)

0.261(4)

0.272(3)

0.246(2)

0.157(2)

0.122(2)

0.055(2)

0.044(1)

0.184(2)

0.188(2)

0.119(2)

0.0021(1)

-0.1000(3)

0.078(1)

‐0.109(1)

-0.214(1)

-0.257(1)

-0.346(2)

‐0.392(1)

‐0.352(1)

-0.264(1)

0.132(a

O.071(4)

-0.019(5)

-0.087(3)

-0.089(5)

-0.066(9)

0.017(6)

0.100(4)

0.125(3)

0。 141(4)

0.131(3)

0.079(2)

-0.116(3)

-0.203(2)

‐0.243(2)

-0.030(1)

-0.062(2)

-0.078(2)

-0.062(2)

-0.030(2)

‐0.015(1)

-0.041(4)

0.263(2)

0.239(2)

3.6(8)

5(1)

6(1)

6(1)

6(1)

5(1)

9(a

0.03679(6)    3.66(3)

-0.0049(1)     4.3(2)

0.188(1)      5.1(8)

0.167(1)      7(1)

‐0.121(3)      12(4)

-0.140(2)     14(4)

-0.088(3)      9(3)

-0.016(4)      13(4)

0.053(7)     21(8)

0.056(4)     15(5)

0.034(3)     10(3)

0.245(3)      10(2)

0.331(3)     20(4)

0.317(2)      12(3)

0.239(2) 7(1)

0.234(4)     20(4)

8(2)

8(2)

C(34)        0.079(1)      ‐0.170(2)      0.200(1)      7(1)
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Table 18. Atonlic Coordinatcs of Complcx 14.

y          Z            BCG

Sm(1)

S(1)

0(1)

C(1)

αυ

C(3)

α4)

C(5)

α6)

C(11)

C(12)

C(13)

C(14)

α 15)

C(16)

α17)

C(18)

α21)

C(22)

α23)

C(31)

C(32)

C(33)

C(34)

C(41)

C(42)

α 43)

C(61)

C(62)

C(63)

0.879(1)

0.915(1)

0.966(1)

0.982(1)

0。947(1)

0.894(1)

0.698(2)

0.686(1)

0。713(a

O.760(2)

0.804(2)

0.818(1)

0.787(a

O。 738(2)

0.902(1)

0。916(2)

0.924(a

O.704(1)

0.690(2)

0.716(1)

0.723(1)

1.042(2)

1.060(3)

1.055(2)

0.858(1)

0.867(2)

0.315(3)

0.227(3)

0.253(4)

0.354(4)

0.434(4)

0.419(3)

0.210(4)

0.105(5)

0.016(4)

0.006(3)

0.063(5)

0.178(6)

0.268(4)

0.276(3)

0.114(4)

‐
0.010(4)

0.117(5)

0.545(3)

0.664(3)

0.673(2)

0.545(2)

0.381(8)

0.44(1)

0.357(9)

0.524(4)

0.554(5)

0.10688(4)

0.0183(2)

0.0993(7)

0.046(1)

0.028(1)

0.049(a

O.088(2)

0.106(1)

0.087(1)

0.207(2)

0.171(a

O.140(a

O.132(1)

0.153(2)

0.194(2)

0.225(2)

0.229(1)

‐0.017(2)

0.020(2)

-0.075(2)

0.150(1)

0.115(1)

0.064(2)

0.044(1)

0.099(4)

0.051(4)

0.159(4)

0.101(2)

0.170(2)

0.063(2)

3.69(4)

4.2(2)

4.8(7)

6(1)

7(1)

11(2)

12(3)

9(2)

7(1)

9(a

ll(3)

10(3)

7(2)

10(2)

11(3)

10(2)

9(a

10(a

13(3)

14(3)

8(2)

9(2)

9(a

5(1)

20(5)

11(1)

26(7)

9(2)

15(3)

12(3)

0.74352(4)    0.2406(1)

0.8133(2)     0.2926(5)

0.7202(6)     0.468(1)

0.863(2)       0.633(4)
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Table 19. Atomic Coordinates of Complex 15.

YzBea
Sm(1)

SC(1)

0(1)

0(2)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(18)

C(21)

C(22)

C(23)

C(24)

C(31)

C(32)

C(33)

0.11619(7)

-0.1473(2)

-0.139(1)

0.025(1)

‐0.262(1)

-0。 182(2)

0̈.268(2)

-0.429(2)

-0.511(2)

-0.428(2)

0.429(1)

0.359(2)

0.258(2)

0.187(2)

0.182(2)

0.253(2)

0.355(2)

0.429(1)

-0.130(2)

0.034(2)

0.135(2)

-0.138(2)

-0.151(2)

-0.294(3)

-0.370(2)

0.11332(3)

0.02963(6)

0.1799(5)

0.1006(5)

0.0573(6)

0.0932(6)

0.1137(7)

0.0995(8)

0.0634(9)

0.0433(7)

0.1234(7)

0.1799(8)

0.2237(8)

0.2273(7)

0.1886(8)

0.1320(7)

0.0902(6)

0.0875(7)

0.049(1)

0.064(1)

0.0902(7)

0.076(1)

0.228(1)

0.2617(9)

0.2415(8)

-0.247(1)

-0.312(1)

-0.423(1)

‐0.468(1)

-0.403(1)

-0.290(1)

3.8(3)

4.6(3)

5.3(4)

6.0(4)

6.7(5)

5.1(3)

5.1(4)

5.5(4)

5.3(4)

4.9(4)

4.4(3)

9.6(6)

9.2(6)

8.3(6)

6.4(5)

0.04404(6)    3.32(1)

‐0.0952(1)     4.93(3)

0.0304(8)     5.0(2)

0.2234(7)      4.9(2)

0.164(1)       4.8(3)

-0.129(1)  4.8(4)

-0.054(2)  5.1(4)

0.067(2)      5.0(4)

0.323(2)      8.8(6)
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0.179(1)

0.105(1)

-0.016(2)

‐0.114(1)

0.337(1)

0.217(2)

0.113(2)

0.066(2)

-0.055(2)

C(34)       -0.275(2)      0.1836(7)     -0.072(1)      5.2(4)
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Chapter 5

Polymerization of MMA, Acrylonitrile, Lactones,
and Lactide Initiated by Lanthanide Thiolate

Complexes

Introduction

Recently polymerization of vinyl as well as heterocyclic monomers has been a

focus of interest. I-anthanide compounds are expected to initiate the coordinated anionic

polymerizations of such kinds of monomers because lanthanide elements are generally

highly electropositive comparable to alkali metals and alkaline earth metals. Especially,

alkyl and alkoxide compounds of lanthanides have been reported to give polymers with

nanow molecular weight distribution, and in some cases, with high stereoregularity.l-11

Ianthanide hydride complexes, (Cp*zLnH)z (Ln = [a, Nd and Lu), has been

reported to polymerize ethylene. The lutetium complex yielded polyethylene with narrow

molecular weight distribution (MwlMn = I.37).1 ansa-Metallocene type complexes can

polymerize not only ethylene but also a-olefins such as l-hexene.s

Recently Prof. H. Yasuda and Prof. A. Nakamura have reported new finding that

metallocene alkyl or hydride complexes of lanthanides, Cp*zI-nR (Ln = Sm, Yb, Lu, Y;

R = H, Me), also catalyze the living polymerization of MMA to produce highly

syndiotactic PMMA with high molecular weight and narrow molecular weight

distribution, which open new era for the organolanthanide-assisted polymerization of

polar monom"rs.3'4 Th"se metallocrne complexes of lanthanides also cause the living
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polymerization of €-caprolactone and E-valerolactone. For ring opening polymerization,

metal alkoxide is the living chain end. Actually, the corresponding alkoxide complexes

such as Cp*zSm(OEt)(OEtz), [Cp*zY(OMe)]2, and Cp*zY(OMe)(thf) are able to conduct

the living polymerization of e-caprolactone and 6-valerolactone.2 In addition, these

alkoxide complexes catalyze the living polymerization of p-propiolactone which is not

polymerized by the alkyl complexes of lanthanides.2

Simpler examples of lanthanide tris(alkoxide) complexes can also initiate the

polymerization of polar monomers and cyclic esters. Trialkoxides such as M(OPri)3 (M

= yttrium and lanthanide) have recently been found to initiate the polymerization of e-

caprolactone,T lactide,s MMA,10 BulA(ButA= t-butyl acrylate),e DPAA (DPAA = N,N-

diphenylacrylamide),e and n-hexyl isocyanate.ll

Thus, lanthanide alkoxide species have high catalytic activities for the

polymerization of these kinds of monomers. Generally, the bond strength between

lanthanide metal ions and chalcogen atom can be evaluated by comparing with the bond

disruption enthalpy values, e.g. Cp*zSm-OBut (82.4 kcaUmol) and Cp*zSm-SPrn

(73.4 kcaVmol).l2 Since the lanthanide-sulfur bond is weaker than the lanthanide-

oxygen bond, thiolate complexes of lanthanide elements might also exhibit catalytic

activity superior to the corresponding alkoxide complexes. Therefore, the author

investigated the polymerization of polar monomers using the lanthanide thiolate

complexes to contribute this rapidly developing field of the polymerization.

Results and Discussion.

Polymerization of MMA. Methyl methacrylate (I\{N,IA) is one of the most

common monomers for industrial use. MMA can be polymerized by both radical and

arionic initiators, yielding poly(methyl methacrylate) (PMMA). Radical polymerization

of MMA at -40'C affords syndiotactic PMMA with n - 757o, while the anionic

polymerization by organo alkali metal compounds afforded isotactic PMMA (toluene) and

syndiotactic PMMA (THF), depending on the polarity of the solvent.l3'14
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The polymerization of MMA by lanthanide thiolate complexes was carried out in

THF at 0 "C for 24 h and the results are summarized in Table 1 . The catalytic activities of

these lanthanide arenethiolate complexes were lower than other lanthanide catalysts such

as Cp*zI-nR (Ln = Sm, Yb, Ir and Y; R = H, Me)a and Ln(OPri): (Ln = La, C"), to

which are reported to give PMMA n -9\o/o yield at 0 "C within t h. 10 The less activity

of thiolate complexes might be attributed to the bulkiness of aryl group of sulfur ligand.

As shown in Table 1, the activity of tris(thiolate) complexes of trivalent lanthanides was

higher than that of divalent lanthanide thiolates, indicating that the oxidation state of active

species should be three. The cyclooctatetraenyl complex, [Sm(SPh)(CsHs)(thf)z]2, was

inactive in this condition. Cyclooctatetraenyl ligand might prevent the coordination of the

monomer to the metal center to some extent.

The HMPA adduct of samarium benezenethiolates, Sm(SPh)n(hmpa): (n = 2, 3),

gave PMMA with relatively narrow unimodal molecular weight distribution, while GPC

analysis of the PMMA obtained by the other lanthanide thiolate catalysts showed broad or

bimodal pattern. As described in Chapter 4, HMPA ligand strongly coordinated to the

metal and weakened the Ln-S bonds, and kept the complexes monomeric. Such a

ligand effect might accelerate the initiation step and slow down the rate of the propagation

reaction, resulting the polymers with narrow molecular weight distribution. Moreover,

these hmpa complexes afforded syndiotactic PMMA (rr = 8O7o). These values of tacticity

for the resulting polymers were comparable to those reported in the polymerization of

MMAby Cp*zI-nR (Ln = Sm, Yb, Ir and Y; R = H, Me) in toluene at 0 'C (rr = 82-

847o),4 although catalytic activities of Sm(SPh)n(hmpa)r (n = 2,3) were far lower. The

catalytic properties of these two HMPA adducts of divalent and trivalent samarium were

quite similar to each other. Thus, the same active species should be regarded to be

generated in these systems.

The tacticity of PMMA obtained by the other lanthanide thiolate complexes

showed no simple tendency and the polymers were not stereoregular. The polymers

obtained by Sn(II) and Yb(II) complexes were syndio-rich, while that obtained by Eu(II)

complex was iso-rich. A toluene-soluble tris(thiolate) complex of samarium
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Sm(SAr)3(py): afforded iso-rich PMMA in toluene and syndio-rich PMMA in THF.

Such a solvent effect have already been observed in the polymerization of MMA catalyzed

by alkyl lithium.l3 Tacticities and molecular weight distributions of the resulting PMMA

by the catalysts without HMPA show that at least two different kinds of active species

catalyzed the polymerization of MMA.

Table 1. Polymerization of MMAwith lanthanide thiolate complexes.d

complexD solvcnt yicldε  yl1/103″ yw/yllグ tacticity(%)

(%) mm IIlr rr

[Sm(SPh)2(hnpa)312

1Sm(S2牡)2(th03]2

Sm(SPh)3(hmpa)3

Sm(SAr)3(py)3

Sm(SAr)3(py)3

[Eu(SAry2(thD3]2

Yb(SAr120y)4

Yb(SAr13(py)3

THF   14

THF   41

THF   24

THF   44

tolucnc   73

THF   85

THF   38

1.34   1  19  80

1.87  30  26  44

1.41    1  19  80

--     34  27  39

--     56  24  20

3.58  68  21  11

2.10  16  28  56

21  32  47

[Sm(SPh)(CsHsXth0z]z THF <1

16

21

17

bilnodal

bilnodal

29

21

THF   52 bilnodal
a Polymenzation was canied out at 0 "C for 24 h; [monomer]o = 1 M, [Ln] =

20 mM.
b Ar = 2,4,6-triisopropylphenyl.c Insoluble part in methanol.4 Determined by GPC analysis, calibrated to a polystyrene standard.

Considering that lanthanide thiolate compounds react with a,p-unsaturated

ketones and aldehydes to give Michael adducts (eqn. 1),1s it is ptausible that the initiation

reaction in these systems were the insertion of MMA to the Ln-S bonds to generate

lanthanide enolate species (Scheme I). In the case of Sm(II) system, the reductive

coupling of the monomer by divalent lanthanides might also be possible to initiate the

polymerization of MMA as proposed in the systems of SmI216 and Cp*zSml7 lscheme

II). Such lanthanide enolate species have been reported to c:italyzo the polymerization of

MMA.4
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Polymerization of acrylonitrile. The author further investigated the

polymerization of acrylonitrile as another polar vinyl monomer bearing electron

withdrawing group.

Acrylonitrile (AN) can be polymerized not only by radical initiators but also

anionic initiators to give polyacrylonitrile (PAN), which has occupied an industrially

important position, particularly, as fibers. It is recently reported that highly stereoregular

PAN (mm content 877o) can be synthesized by y-ray inadiation on AN-urea canal

complex through a radical polymerization mechanism,ls since the tacticity of PAN can be

estimated by 136 NMR spectroscopy.lg However, stereoregular anionic polymerization
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of AN in solution has been found to be difficult.20 Recently, Kamide et al. reported

isospecific (mm content -70Vo) polymerization of AN by RzBe and Mg(z-

CaHn)zlcocatalyst (cocatalyst = R3Al and R3B).21'22

AlkyI,23'24 ar"n",2s'26 anidezT and alkoxide2s compounds of alkali metals and

alkali earth metals are mainly used as initiator for anionic polymerization of AN. In the

case of polymerization of AN, side reactions based on the aftack of propagating carbanion

on cyano group result in loss of the living nature of the system. Thus, in order to obtain

high molecular weight PAN in high yield, it is necessary to polymerize under strictly

limited conditions, e.g., at very low temperature.z4 The author expected that the

polymerization of AN by lanthanide compounds afforded high polymer because of the

rather low activity of Ln-*C and Ln-S bonds on cyano group.

The author found that the lanthanide thiolate complexes have high catalytic activity

for the polymerization of acrylonitrile. The polymerization was carried out in THF at -78

'C to obtain high polymer and the results are shown in Table 2. Divalent samarium and

europium bis(thiolate) complexes, [Ln(SAr)z(thDs]z (Ln = Sm, Eu; Ar = 2,4,6-

triisopropylphenyl), showed high catalytic activity for polymerization of acrylonitrile. In

contrast, the pyridine adduct of divalent ytterbium, Y(Sfu)z(py)+, showed lower

activity. The tris(thiolate) complexes of lanthanide(Ill) have a tendency to show higher

activities than the corresponding divalent complexes. This result might indicate that the

active species in this catalyst system are lantharide(Ilf species. Unlike in the

polymerization of MMA, the coordination of HMPA showed no sigrrificant influence on

activity and stereospecificity. Catalytic activities of these complexes were comparable to

that of potassium alkoxides2s and butyl lithium,23 and higher than those of sodium

alkoxides2s and dialkyl magnesium.2o On the other hand, the coordination of a

cyclooctatetraenyl ligand to samarium dramatically lowered its catalytic activity as

observed in the case of the polymerization of MMA. All of the polymers obtained by

these catalysts were essentially atactic.
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Table 2. Polymerization of acrylonitrile with lanthanide thiolate complexes.a

complexb tcmp.solvcnt yicldC yl1/103′ M、lM、
a tac.city(%)

(°
C)      (%)           Illm m『  rr

ISm(SAry2(th03]2 -78  THF  52 71    2.2   32 45 23

[Sm(SPh)z(hmpa)z)z -78 THF 56

Sm(SAr)3(py)3

Sm(SPh)3(hnpa)3

‐78  THF  81    68

-78  THF  66

32 43 25

2.6   31 45 24

31 41 28

[Sm(SPh)(CsHaXth0z]z 50e THF 9 4    2.3   30 41 29

[Eu(SAry2(th03]2

Yb(SAr)2(py)4

-78   THF   83     32    2.8   27 47 26

-78   THF   15    65    3.3   30 45 25

Yb(SAr)t(pv): -78 THF 85 77 3.4 34 42 24
a Polymerization was canied out for L h; [monomer)o = 2 M, [Ln] = 20 mM.
D Ar = 2,4,6-triisopropylphenyl.
c Insoluble part in methanol.
d Determined by GPC analysis, calibrated to a polystyrene standard.
e Polymerizedfor 24h.

Polymerization of cyclic esters. Polymerization of cyclic esters such as

lactones and lactide are known to be catalyzed by compounds containing alkali

metals,29'30 lanthanides,2'6-8'31'32 transition metals,33'34 aluminum,35-39 tin"40'42 un6

6n.$-a7 Such polymers are attracting great interest for their biodegradability.as'42

Recently, yttrium and lanthanide alkoxide complexes has been reported to catalyze the

living polymerization of e-caprolactone and lactide.T'8 Evans and his coworkers have

reported the polymerization of e-caprolactone by a variety of samarium(Il) compounds.3l

The author tried the polymerization of lactones and lactide with samarium thiolate

complexes. As summariz.ed n Table 3, e-caprolactone and D-valerolactone could be

polymerized by a variety of samarium thiolate complexes. Both of the thiolate complexes

of divalent and fivalent lanthanides were active for the polymerization of e-caprolactone.

Tris(thiolate) complexes of lanthanide(Ill) also have a tendency to show higher activities

than the corresponding divalent complexes as observed in the polymerization of MMA

and AN.
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Poly(e-caprolactone) with relatively narrow molecular weight distribution was

obtained by a system of Sm(SAr):(py)r in toluene. HMPA adducts of benzenethiolate

complexes, [Sm(SPh)z(hmpa):]z and Sm(SPh)t(hmpa)t, exhibited higher activity for

the polymerization of e-caprolactone than other complexes, although the resulting

polymers had a tailing and broad molecular weight distribution. In the polymerization of

lactones, the cyclooctatetraenyl complex, [Sm(SPh)(CsHs)(thf)Z]2, showed also high

activity.

In the case of the polymerization of 8-valerolactone, [Sm(SPhXCsHs)(th0z]z

yielded the polymer with relatively narrow molecular weight distribution. Generally, the

polymer yields of 8-valerolactone were less than those of e-caprolactone in accord with

smaller ring-distortion in the 6-membered ring.

Table 3. Polvmerization of lactones with lanthanide thiolate complexes.a

monomer complexb solvcnt yicldC yn/103″ yw/Mlld

(%)

e-caprolactone [Sm(SAr)z(thDzlz THF

[Sm(SPh)2(hmpa)3]2 THF

Sm(SAr)r(py): THF

Sm(SAr)3(py)3 toluene

Sm(SPh)3(hmpa)3 THF

[Sm(SPh)(CsHa)(thf)z]z rHF

b-valerolactone [Sm(SAr)z(thf)r]z THF

[Sm(SPh)z(hmpa):lz THF

Sm(SAr):(py): THF

sm(SAr)r(py): toluene

Sm(SPh)3(hmpa)3 THF

lSm(SPhXCeHsXth0zlz THF

53     8.1    1.5

98    14     4.3

78     9.9    1.8

57    14     1.4

97    16     11

97    34     2.1

33     9.7    3.4

51   15     4.0

55    13      2.1

75    16      2.0

50     9.8    4.3

61   10     1.5
a Polymerization was canied out at 30 "C for 24 h; [monomer]o = 1 M, [Ln]

= 20 mM.
b 4t - 2,4,6-triisopropylphenyl.
c. Insoluble part in methanol.a Determined by GPC analysis, calibnted to a polystyrene standard.
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B-I-actones comprised of 4-membered ring are rather difficult to be polymerized

with early hansition metal initiators compared to 6- and e-lactones due to the formation of

the stable 6-membered chelate ring compounds as intermediate (Scheme III).2'33 P-

Butyrolactone could be polymerized by Sm(SAr)t(py): at 100 'C for 24 h without

solvent to afford poly(B-butyrolactone) with bimodal molecular weight distribution (Mn

= 6400, MwlMn = 1.04 and Mn = 1200, MwlMn = 1.23) n237o yield.

M―X

ⅣトーX=Lanthanid← Alkyl

or Titaniu― Alkox:de

Scheme III

It is reported that the active species in the polymerization of lactones with

Cp*2I-nR (Ln = Sm, Yb, h and Y; R = H, Me) are lanthanide alkoxides and the

cleavage of the lactone ring occur at O-C(carbonyl) bond. The author inferred that the

polymerization of lactones with lanthanide thiolate may proceed in a similar manner.

In the case of polymerization of lactide by lanthanide thiolates, Dl-lactide could

be polymerized only by the divalent samarium complex, [Sm(SAr)2(th0:]2, and was not

polymerized by Sm(SAr):(py)l and [Sm(SPh)(CsHs)(th02l2 (eqn. 2). Polymerization

was carried out in THF at 30 'C for 24 h to afford poly(lactide) with narrow molecular

weight distribution. At the present stage of this study, the author speculates that the

initiation step might include the reduction of monomer by the samarium(Il) compound as

proposed in the polymerization of MMA by SmI216 and Cp*zSm17 (Scheme IV).

Ｒノく、＞／〓、
Ｘ

。
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Ｍ
・、
。

や子O勺 0
ISm(SAr)2(thf)312

in THF,30°C,24h,
IM10=500 mM,[Ln〕 =10 mM

43Yoyield, Mn=8.3 x 103, WMn=1.25
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Thus, the author found that the lanthanide thiolate complexes have high catalytic

activity for the polymerization of polar monomers depending on the coordination

environment and oxidation state of the metal center.

Experimental Section.

General. Thiolate complexes of lanthanide(Il) and (III), [I{SAr)z(thf):]z (Ln

= Sm, Eu; Ar = 2,4,6-tiisopropylphenyl), Yb(SAr)z(py)+, In(SAr)f@y): (Ln = Sm,

Yb), [Sm(SPh)z(hmpa)tlz, Sm(SPh):(hmpa)s and [Sm(SPh)(CsHs)(th0z]z were

prepared as described in Chapter 4. Acrylonitrile was dried by PzOs and distilled under

argon atrnosphere. MMA and lactones were distilled from CaH2 under argon

atmosphere and dried over molecular sieves. Dl-lactide was used as purchased. All

polymerizations were canied out under argon atmosphere using the standard Schlenk

tube technique. Nuclear magnetic resonance (1H, and 13C NMR) spectra were measured

on a JEOL GX-270 spectrometer.

Polymerization of MMA. To a solution of Sm(SAr):(py)s (22 mg, 20

pmol) in THF (0.89 mL) was added MMA (0.11 mL, 0.10 g, 1.0 mmol) at -78 'C. The

reaction tube was sealed in argon and kept for 24 h at 0 "C with stining. An excess of

methanol was added to the reaction mixture. The resulting colorless polymer was

collected by centrifugation and dried rn vacuo. The yield was 447o.
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Polymerization of acrylonitrile. To an orange solution of Sm(SAr):(py):

(25 mg,23 pmol) in THF (0.58 mL) was added a solution of acrylonitrile (0.15 mL,

0.I2 g,2.3 mmol) in THF (0.a3 mL) at -78 "C. The polymer immediately begirn to

precipitate. The reaction tube was sealed in argon and kept for t h at -78 "C with

stirring. An excess(ca.2O mL) of methanol was added to the reaction mixture. The

resulting pale yellow polymer was collected by centrifugation and dried m vacuo. The

yield was 817o.

Polymerization of lactones. To a solution of Sm(SAr)t(py)z 1ZZ mg, ZO

pmol) in toluene (0.89 mL) was added e-caprolactone (0.11 mL, 0.11 g, 1.0 mmol) at

-78 'C. The reaction tube was sealed in argon and kept for 24 h at 30 'C with stirring.

An excess of methanol was added to the reaction mixture. The resulting colorless

polymer was collected by centrifugation and dried ln vacuo. The yield was 57Vo.

Polymerization of lactide. To a solution of [Sm(SAr)z(thf)t)z (17 mg, 10

pmol) in THF (0.50 mL) was added a solution of lactide (0.15 g, 1.0 mmol) in THF

(1.5 mL) at -78 'C. The reaction tube was sealed in argon and kept for 24 h at 3O "C

with stirring. An excess of methanol was added to the reaction mixture. The resulting

colorless polymer was collected by centrifugation and dried ril vacuo. The yield u'as

437o.

GPC Analyses. For PMMA, poly(lactone)s and poly(lactide), gel permeation

chromatographic (GPC) analyses were carried out using TOSOH TSKgel HXL-H and L

columns connected to a TOSOH RI-8021 differential refractometer and a TOSOH UV-

8010 absorbance detector. Samples were prepared in THF (1 mglml-) and were filtered

through a Toyo Roshi DISMIC-251p filter in order to remove particulates before

injection. GPC columns were calibrated versus commercially available polystyrene

standards (Polymer l-aboratories Ltd.). For polyacrylonitrile GPC data were recorded

on a Waters ALC/GPC Mode|242 with Hitachi GL-W500MT column using NMP (N-

methylpynolidone) as an eluent at Central Research l-aboratories, Idemitsu Kosan Co.,

Ltd.
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Summary and Conclusions

In Part I of this thesis, the author studied the polymerization of substituted

acetylenes by group 5 and 6 aryloxide based catalysts.

For this study, the novel synthetic method of early transition metal complexes

having one or two aryloxide ligands has been developed. A series of mono- and bis(2,6-

dimethylphenoxo) complexes of group 4-6 transition metals, MCl+-n(dmp)n(thf 2 ltvt =

Ti, Zr, Hf), MCls-n(dmp)n(hf) (M = Nb, Ta), MoCl3(dmp)z(thf), and WCle-n(dmp)n (n

= 7, 2; dmp = 2,6-dimethylphenoxide), were selectively prepared by the 1:'1. and I:2

reactions of metal chlorides with the (2,6-dimethylphenyl)trimethylsilyl ether. The

molecular structures of these complexes were characterized by the single crystal X-ray

analyses.

The polymerization of substituted acetylenes catalyznd by a series of 2,6-

dimethylphenoxo complexes of group 5 and 6 transition metals is precisely investigated.

The catalyst system, WCI+(dmp)z/Et3Al, was found to polymerize r-BuC=CH to a

extremely high molecular weight polymer (M, > 2 x lO6) with relatively nanow

molecular weight distribution (MwlMn - 1.2) afi with high stereoregularity (cis = 887o).

By increasing the number of aryloxo ligands on W(Vf species, Iess bulky l-alkynes

could be polymerized to get high molecular weight polymers. For instance, the

polymerization of l-butyne gave an orange polymer with Mn = 9.4 x I04, M*lMn = 3.5,

and poly(1-hexyne) and poly(1-octyne) u'ith high molecular weights (Mn > 105) were

obtained. Such high polymers of l-alkynes with less bulky substituents were obtained at

the first example.

In Part 11 of this thesis, the author investigated the polymerization of polar

monomers such as vinyl monomers having electron withdrawing groups and cyclic esters

by using lanthzmide thiolate complexes as the polymerization initiator.

The author developed a novel synthetic route for divalent and trivalent lzmthanide

thiolate complexes from metallic lanthanides. The reaction of an excess of Sm, Eu and

138 -



Yb metals with diaryl disulfides, ATSSAT (Ar = CoHzPr\-2,4,6, Ph), selectively

afforded bis(thiolato) complexes of divalent lanthanides. On the other hand, the reaction

of metallic lanthanides with 3 equiv. of the diaryl disulfides gave tris(thiolato) complexes

of trivalent lanthanides. Thus, the convenient one-pot reaction of metallic samarium,

europium, and ytterbium with diaryl disulfide cleanly gives the thiolate complexes in the

two and three oxidation states by controlling the stoichiometry of metallic lanthanide and

the disulfide. When the reaction was performed in the presence of cyclooctatetraene,

cyclooctatetraenyl(arenethiolate)samarium(Ill) complexes could be obtained in one step.

These complexes were structurally characterized by X-ray crystallography.

These complexes were found to catalyzn the polymerization of polar monomers

such.as MMA, acrylonitrile, lactones and lactide. The polymerization of MMA by the use

of samarium benzenethiolates bearing HMPA (hexamethylphosphoric triamide) ligands,

Sm(SPh)n(hmpa): (n = 2,3), as initiators afforded syndiotactic PMMA with narrow

molecular weight distribution (Mn = 16000, M*lMn = 1.34, n = 8O7o). These thiolate

urmplexes were highly active for polymerization of acrylonitrile, although this

polymerization was neither living nor stereospecific. In the case of lactones, e-

caprolactone and E-valerolactone were polymerized by these complexes to produce

polymers with relatively n:Irrow molecular weight distributions (Mw/Mn - 1.5). lactide

were polymerized only by [Sm(SAr)z(thf)slz to afford a polymer with narrow molecular

weight distribution (Mn = 8300, MwlMn = 1.25). Thus the thiolate complexes of

lanthanides proved to be versatile catalyst precursors. for a wide variety of the

polymerizations of polar monomers.
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