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DESCRIPTION

Title of Invention:
RUTHENIUM COMPLEX, METHOD FOR PRODUCING SAME, AND EMTHOD FOR
PRODUCING RUTHENIUM-CONTAINING THIN FILM

Technical Field
[0001]

The present invention relates to a ruthenium cempkeful as a raw material for the
production of a semiconductor element, a productisethod thereof, and a method for

producing a ruthenium-containing thin film using ttuthenium complex.

Background Art
[0002]

Ruthenium has features, e.g., exhibiting hightatad conductivity, permitting the
formation of an electrically conductive oxide, hayia high work function, and ensuring
excellent etching characteristics and excellenicatmatching with copper and therefore, is
attracting attention as a material for a memorgtedele such as DRAM, a gate electrode, a
copper-wiring seed layer/adhesion layer, etc. htnriext-generation semiconductor device, a
highly miniaturized and highly three-dimensionasid@ is employed for the purpose of more
enhancing the memory capacity or responsivenesscordingly, in order to use ruthenium as
a material constituting the next-generation sendcaior device, it is required to establish a
technique of uniformly forming a ruthenium-contaigi thin film with a thickness of
approximately from a few nanometers to a few teihesamometers on a three-dimensioned
substrate. As the technique for producing a ntatalfilm on a three-dimensioned substrate,
use of a vapor deposition method based on a chemsea&tion, such as atomic layer
deposition method (ALD method) and chemical vapspasition method (CVD method), is
believed promising. For example, in the case gbodiéing metallic ruthenium as a
next-generation DRAM upper electrode by using tipor deposition method, a metal oxide
such as Zr@is used as a capacitor insulating film for the emhdng base and therefore, the
deposition may be performed under the conditioneguan oxidizing gas. In the case of

using ruthenium as a next-generation DRAM lowerctetele or a copper-wiring seed
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layer/adhesion layer, titanium nitride, tantaluriride, etc. is expected to be employed as a
barrier metal for the underlying base. When aibammetal is oxidized at the time of
production of a ruthenium-containing thin film, thearises a problem such as deterioration of
the barrier performance, defective conduction t@asistor due to rise in the resistance value,
and reduction in the responsiveness resulting feomincreased interconnection capacity.
For the purpose of avoiding such a problem, a nat@nabling the production of a
ruthenium-containing thin film even under the caiwtis without using an oxidizing gas such
as oxygen and ozone is demanded.

[0003]

In Non-Patent Document 1 and Non-Patent Document, 2
(n°-2,4-dimethyl-1-oxa-2,4-pentadienyijt-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium
and
(n°-2,4-di-tert-butyl-1-oxa-2,4-pentadienyi)t 1,2,3,4,5-pentamethylcyclopentadienyl)rutheni
um are described as a compound having a strudimikasto that of the ruthenium complex
(1a) of the present invention. However, the conmoisudescribed in those documents are
limited to a complex having afr-1,2,3,4,5-pentamethylcyclopentadienyl ligand. adtition,
the synthesis methods described in those documargs based on a reaction of
chloro>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniurthvithium enolate or a reaction
of chlorof>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniunthvan enone derivative and
potassium carbonate and are different from the ymtioh method of the present invention.
Furthermore, those documents are absolutely sdlerib using such a complex as a material
for the production of a ruthenium-containing thimf
[0004]

A cationic ruthenium complexijf-cyclopentadienyl)tris(nitrile)rutheniurh]s useful
as a raw material for synthesis of various ruthenicomplexes including the ruthenium
complex of the present invention. Non-Patent Doenin3 describes a method for producing
[Ru(n®CsHs)(MeCN)][PFe] by irradiating [Rufi>-CsHs)(n®-CsHe)][PFs] with light in
acetonitrile.  In addition, Non-Patent Document dsaibes a method for producing
[Ru(n’-CsHs)(MeCNY][PFs] by reacting ruthenocene with aluminum chloridéngnum,
titanium chloride, naphthalene and potassium boooitle to prepare am®-naphthalene
complex and further reacting acetonitrile therewith
[0005]
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However, the synthesis methods of a cationic nitisie) complex described in
Non-Patent Document 3 and Non-Patent Document 4 laproblem, for example, that
equipment for intense ultraviolet irradiation iscassary or an expensive raw material or a
large amount of a reactive agent is used, and thesthods can hardly be a practical
production method excellent in the cost benefit.

As a cationic tris(nitrile)ruthenium complex hagin a monosubstituted
cyclopentadienyl  ligand,  fiP-methylcyclopentadienyl)tris(acetonitrile)rutheniim is
described in Non-Patent Document 5. In additi@na &ationic ruthenium complex having a
pentasubstituted cyclopentadienyl ligand,
[(n°>-1,2,3,4,5-pentamethylcyclopentadienyl)tris(acetiigjruthenium] is described in
Non-Patent Document 6. However, there is no reparta cationic tris(nitrile)ruthenium
complex having a monosubstituted cyclopentadidggind containing an alkyl group having a
carbon number of 2 to 6.

[0006]

In Non-Patent Document 7, tricarbom{1,3,5,7-cyclooctatetraene)ruthenium
(Ru(n*-CgHg)(COY), tricarbonyl*-methyl-1,3,5,7-cyclooctatetraene)ruthenium
(Ru(n’*-CgH;Me)(CO), and tricarbonyt{*-ethyl-1,3,5,7-cyclooctatetraene)ruthenium
(Ru(n*-CgH/Et)(CO)) are described as a compound capable of produainmetallic
ruthenium thin film under the conditions using dueing gas as the reaction gas. However,
the metallic ruthenium thin films produced usinggb compounds have a high resistivity of
93, 152 and 12HQe<cm, respectively, and can be hardly a practicaensl.

[0007]

In Non-Patent Document 8,
(1-3:5-6n°-cyclooctadienyl)q>-2,3,4,5-tetramethylpyrrolyl)ruthenium
(Ru(1-3:5-6R°-CgH11)(N>-NCsMey)) is described as a compound having a structunéasi to
that of the ruthenium complex (2) of the presentemtion. However, the compound
described in this document is limited to a compiaxing a 1-3:5-6y°-cyclooctadienyl ligand.

In addition, the synthesis method described in doeument is based on a reaction of
di-p-chloro-f*-1,5-cyclooctadiene)ruthenium (IR CgH12)Clo]x) with

2,3,4,5-tetramethylpyrrolyl-lithium and is diffefefitom the production method of the present
invention. Furthermore, the document is absoluglgnt as to using this complex as a

material for the production of a ruthenium-contagthin film.
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[0008]

In Non-Patent Document 9,
(n°-6-exo-methylcyclohexadienyl¢-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium is
described as a compound having a structure simailrat of the ruthenium complex (3) of the
present invention, but the compound describedigndbcument is limited to a complex having
an n°1,2,3,4,5-pentamethylcyclopentadienyl ligand. tRemmore, the document is
absolutely silent as to using this complex as aendt for the production of a

ruthenium-containing thin film.

Background Art Document
Non-Patent Document
[0009]
Non-Patent Document 1: Organometallics, Vol. EHge1686 (1992)
Non-Patent Document 2: Organometallics, Vol. 2igep592 (2002)
Non-Patent Document 3: Organometallics, Vol. Ziggp2544 (2002)
Non-Patent Document 4: Advanced Synthesis & Caisl\ol. 346, page 901 (2004)
Non-Patent Document 5: Dalton Transactions, pa®e(2003)
Non-Patent Document 6: Inorganic Chemistry, V8. age 3501 (1986)
Non-Patent Document 7: Dalton Transactions, Vb).phge 1678 (2012)
Non-Patent Document 8: Organometallics, Vol. Eyg2853 (2000)
Non-Patent Document 9: Journal of the Americann@lbal Society, Vol. 122, page
2784 (2000)

Summary of Invention
Problem that Invention is to Solve
[0010]

An object of the present invention is to providemduction method capable of
producing a ruthenium-containing thin film both endhe conditions using an oxidizing gas
as the reaction gas and under the conditions usimgducing gas as the reaction gas, a
ruthenium complex useful as a material for the pobidn method, and a method for

producing the ruthenium complex.
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Means for Solving Problem
[0011]

As a result of intensive studies to attain thevabdescribed object, the present
inventors have found that a specific ruthenium dems useful as a material for producing a
ruthenium-containing thin film both under the cdmais using an oxidizing gas as the
reaction gas and under the conditions using a redugas as the reaction gas. The present
invention has been accomplished based on thisnigndi
[0012]

That is, the present invention relates to a rutlrercomplex represented by formula
(A), more specifically, ruthenium complexes repraed by formulae (1a), (2) and (3), a
production method of the ruthenium complex, a mettas producing a ruthenium-containing
thin film wusing the ruthenium complex, and a semductor device using the

ruthenium-containing thin film:

[0013]
[Chem. 1]
RB RF
RD
i€
Ru (CHz>m
RE
RC
\ v 4 p . J
pentahapto ligand . .
pentahaptodienyl ligangl (A)
[0014]

(wherein T represents CRor a nitrogen atom; U represents an oxygen ato@Hireach of
RY R, R RP, RF, R, R® R" and R independently represents a hydrogen atom or a alk
group having a carbon number of 1 to 6; m reprasany one integer of 0, 1 and 3; and the
pentahaptodienyl ligan@ has a cyclic structure when m is 1 or 3, and hasmcyclic
structure when m is 0, provided that when m is & TR®, U is an oxygen atom, Rand F°

are an alkyl group having a carbon number of 1,tarél R' and R are a hydrogen atom,

excluding a case where all of RRE, R®, R° and K are a methyl group at the same time, that
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when mis 1, Tis CR U is CH and Ris an alkyl group having a carbon number of 1 to 6
excluding a case where all of RR® and R' are a hydrogen atom at the same time and all of
R, R®, R°, R°, RF and R are a methyl group at the same time, and that wimém 3, T is a
nitrogen atom, U is CH, Rand R are an alkyl group having a carbon number of @,t8°,

RF, R” and K are a hydrogen atom, andf Rnd R are a hydrogen atom or a methyl group):
[0015]

[Chem. 2]
R2a H RBa
RSa
H
R'a O Ru > H
R4a O
R5a R?a

(1a)

[0016]

(wherein each of R R*® R* and R?independently represents a hydrogen atom or an
alkyl group having a carbon number of 1 to 6, edirly a case where all of RR?? R*? R*

and R®are a methyl group at the same time; and eac{%dril R®independently represents

an alkyl group having a carbon number of 1 to 6):

[0017]
[Chem. 3]
RB
(Me),
9 )
R (2)
[0018]

(wherein each of Rand R independently represents an alkyl group havingraan number
of 1 to 6; and n represents an integer of O to 2):
[0019]
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[Chem. 4]
R11 R15
R12 R18
R10 O Ru R16
R13
R14 R17

(3)

[0020]
(wherein each of B R™, R*, R, R R, R* and R’ independently represents a hydrogen
atom or an alkyl group having a carbon number o6 6; and B represents an alkyl group
having a carbon number of 1 to 6, excluding a cabkere all of R°, R'® and R’ are a
hydrogen atom at the same time and all 8 R*, R*2, R}, R** and R® are a methyl group at
the same time).

Another aspect of the present invention relatestethod for producing a ruthenium
complex, involving reacting a cationic tris(nitjileomplex represented by formula (4):
[0021]

[Chem. 5]

F R2 It
3
R /NECR19

R @—Ru—NECR19 z

\
R4 —CR"9
R5

- - (4)

[0022]
(wherein each of RR?, R’, R* and R independently represents a hydrogen atom or g alk
group having a carbon number of 1 to 8° Rpresents an alkyl group having a carbon number

of 1 to 4; and Zrepresents a counter anion) with an enone derevatipresented by formula

(5):
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[0023]
[Chem. 6]

R20

N

H,C

21
R (5)

[0024]
(wherein each of ® and B* independently represents an alkyl group havingraan number

of 1 to 6) in the presence of a base to produagtrenium complex represented by formula

(2):
[0025]
[Chem. 7]
R? H R
RS
R’ O R H
u H
R? 0
R® R’ (1)
[0026]

(wherein each of RR?, R, R* and R independently represents a hydrogen atom or g alk
group having a carbon number of 1 to 6; and eadR®°afnd R independently represents an

alkyl group having a carbon number of 1 to 6).

Effects of Invention
[0027]
By virtue of using a novel ruthenium complex regeneted by formula (A) of the

present invention, more specifically, a rutheniuamplex represented by each of formulae
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(1a), (2) and (3) or a ruthenium complex represete each of formulae (1) and (3a) as a
material, a ruthenium-containing thin film can beguced both under the conditions using an

oxidizing gas and under the conditions using acedygas.

Brief Description of Drawings
[0028]
[Fig. 1] Fig. 1 is a view showing a CVD apparatised in Examples 14 to 37, 40 to
45 and 55 to 65, Evaluation Examples 1 and 2 andpgaoative Examples 1 to 10.
[Fig. 2] Fig. 2 is a view showing an atomic formecroscope (hereinafter, AFM)
image of the film obtained in Example 15.
[Fig. 3] Fig. 3 is a view showing an AFM imagetbé film obtained in Example 27.
[Fig. 4] Fig. 4 is a view showing an AFM imagetbé film obtained in Example 28.
[Fig. 5] Fig. 5 is a view showing an AFM imagetbé film obtained in Example 29.
[Fig. 6] Fig. 6 is a view showing an AFM imagetbé film obtained in Example 31.
[Fig. 7] Fig. 7 is a view showing an AFM imagetbé film obtained in Example 33.
[Fig. 8] Fig. 8 is a view showing an atomic formecroscope (hereinafter, AFM)
image of the film obtained in Example 41.
[Fig. 9] Fig. 9 is a view showing a cross-sectiof&-SEM image of the film
obtained in Evaluation Example 1.
[Fig. 10]Fig. 10 is a view showing a cross-sewioFE-SEM image of the film

obtained in Evaluation Example 2.

Mode for Carrying Out Invention
[0029]

The present invention is described in more détlbw.

The ruthenium complex of the present inventioa isithenium complex represented
by formula (A), and among others, ruthenium comeesepresented by formulae (1a), (2) and
(3) are preferred.

The ruthenium complex represented by formula @@jesponds to a subordinate
concept of the ruthenium complex represented byndta (1). The ruthenium complex
represented by formula (1a) does not encompasseavaaere all of B R R R*and R?

are a methyl group at the same time. On the dthed, the ruthenium complex represented
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10

by formula (1) encompasses a case where alf oRRR®, R* and R are a methyl group at the
same time.

Definitions of R? R?® R® R R2 RP?and R?in formula (1a) are described below.
The alkyl group having a carbon number of 1 to resented by B R*® R*® R*®and R®
may be any of a linear alkyl group, a branched latkpup and a cyclic alkyl group, and
specific examples thereof include a methyl groupethyl group, a propyl group, an isopropyl!
group, a cyclopropyl group, a butyl group, an idgbgroup, a sec-butyl group, a tert-butyl
group, a cyclobutyl group, a pentyl group, a 1-rgkityl group, a 2-methylbutyl group, an
isopentyl group, a neopentyl group, a tert-pentybbug, a cyclopentyl group, a
cyclobutylmethyl group, a hexyl group, a 1-methylyé group, a 2-methylpentyl group, a
3-methylpentyl group, a 4-methylpentyl group, adirhethylbutyl group, a 1,2-dimethylbutyl
group, a 1,3-dimethylbutyl group, a 2,2-dimethyibugroup, a 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a omtntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendfmoint that the ruthenium complex (1a)
of the present invention has vapor pressure arthtidestability suitable as a CVD material or
an ALD material, preferably, Ris an alkyl group having a carbon number of 1 &nél R?,
R* R*and R®are a hydrogen atom; and more preferabl?,ilka methyl group or an ethyl
group and B, R* R*®and R*are a hydrogen atom.

The alkyl group having a carbon number of 1 tegresented by Rand R may be
any of a linear alkyl group, a branched alkyl graumd a cyclic alkyl group, and specific
examples thereof include a methyl group, an ethylig, a propyl group, an isopropyl group, a
cyclopropyl group, a butyl group, an isobutyl groapsec-butyl group, a tert-butyl group, a
cyclobutyl group, a pentyl group, a 1-methylbutybgp, a 2-methylbutyl group, an isopentyl
group, a neopentyl group, a tert-pentyl group, @apentyl group, a cyclobutylmethyl group,
a hexyl group, a 1-methylpentyl group, a 2-methgtgegroup, a 3-methylpentyl group, a
4-methylpentyl group, a 1,1-dimethylbutyl group, &,2-dimethylbutyl group, a
1,3-dimethylbutyl group, a 2,2-dimethylbutyl groum 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a omtntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendfeoint that the ruthenium complex (1a)
of the present invention has vapor pressure amthtiestability suitable as a CvVD material or
an ALD material, B and R?are preferably a methyl group.

Specific examples of the ruthenium complex (1ajhef present invention are shown
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in Tables 1-1 to 1-6. Here, Me, Et, Hor, Bu,'Bu, Bu, '‘Bu, Pe,°Pe and Hx stand for a
methyl group, an ethyl group, a propyl group, apispyl group, a butyl group, an isobutyl
group, a sec-butyl group, a tert-butyl group, atylegroup, a cyclopentyl group and a hexyl
group, respectively.

[0030]
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[Table 1]
(Table 1-1)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.
le-1 H H H H H Me Me
la-2 Me H H H H Me Me
1la-3 Et H H H H Me Me
la-4 Pr H H H H Me Me
la-5 'Pr H H H H Me Me
la-6 Bu H H H H Me Me
la-7 'Bu H H H H Me Me
128 ‘Bu H H H H Me Me
1a-9 '‘Bu H H H H Me Me
1a-10 Pe H H H H Me Me
la-11 Pe H H H H Me Me
la-12 Hx H H H H Me Me
la-13 Me Me H H H Me Me
la-14 Me H Me H H Me Me
1&-15 ‘Bu H '‘Bu H H Me Me
la-16 Me Me Me H H Me Me
la-17 Me Me H Me H Me Me
la-18 'Pr 'Pr H 'Pr H Me Me
1a-19 Me Me Me Me H Me Me
1a-20 Et Me Me Me Me Me Me
la-21 Pr Me Me Me Me Me Me
1e-22 H H H H H Me Et
1a-23 Me H H H H Me Et
la-24 Et H H H H Me Et
1la-25 Pr H H H H Me Et
la-26 'Pr H H H H Me Et
1a-27 Bu H H H H Me Et
1a-28 'Bu H H H H Me Et
1e-29 ‘Bu H H H H Me Et
1a-30 '‘Bu H H H H Me Et
1a-31 Pe H H H H Me Et
1la-32 ‘Pe H H H H Me Et
1a-33 Hx H H H H Me Et
1e-34 Me Me H H H Me Et
1a-35 Me H Me H H Me Et
1&-36 '‘Bu H '‘Bu H H Me Et
1a-37 Me Me Me H H Me Et
1a-38 Me Me H Me H Me Et

[0031]
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[Table 2]
(Table 1-2)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.

1e-39 'Pr H 'Pr H 'Pr Me Et
1a-40 Me Me Me Me H Me Et
la-41 Et Me Me Me Me Me Et
la-42 Pr Me Me Me Me Me Et
1a-43 H H H H H Et Me
la-44 Me H H H H Et Me
1la-45 Et H H H H Et Me
1z-46 Pr H H H H Et Me
1la-47 'Pr H H H H Et Me
1a-48 Bu H H H H Et Me
1a-49 'Bu H H H H Et Me
1a-50 ‘Bu H H H H Et Me
1a-51 '‘Bu H H H H Et Me
la-52 Pe H H H H Et Me
1e-53 ‘Pe H H H H Et Me
la-54 Hx H H H H Et Me
1la-55 Me Me H H H Et Me
1la-56 Me H Me H H Et Me
la-57 '‘Bu H '‘Bu H H Et Me
1a-58 Me Me Me H H Et Me
1a-59 Me Me H Me H Et Me
1&-60 'Pr H 'Pr H 'Pr Et Me
la-61 Me Me Me Me H Et Me
la-62 Et Me Me Me Me Et Me
1a-63 Pr Me Me Me Me Et Me
la-64 H H H H H Me 'Pr
1e-65 Me H H H H Me 'Pr
1a-66 Et H H H H Me 'Pr
1e-67 Pr H H H H Me 'Pr
1a-68 'Pr H H H H Me 'Pr
1a-69 Bu H H H H Me 'Pr
1a-70 '‘Bu H H H H Me 'Pr
la-71 ‘Bu H H H H Me 'Pr
1&-72 '‘Bu H H H H Me 'Pr
la-73 Pe H H H H Me 'Pr
1le-74 °Pe H H H H Me 'Pr
1la-75 Hx H H H H Me 'Pr
1la-76 Me Me H H H Me 'Pr

[0032]
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[Table 3]
(Table 1-3)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.

1e-77 Me H Me H H Me 'Pr
1a-78 '‘Bu H '‘Bu H H Me 'Pr
1la-79 Me Me Me H H Me 'Pr
1a-80 Me Me H Me H Me 'Pr
la-81 'Pr H 'Pr H 'Pr Me 'Pr
la-82 Me Me Me Me H Me 'Pr
1a-83 Et Me Me Me Me Me 'Pr
1z-84 Pr Me Me Me Me Me 'Pr
1a-85 H H H H H 'Pr Me
1a-86 Me H H H H 'Pr Me
1a-87 Et H H H H '"Pr Me
1a-88 Pr H H H H 'Pr Me
1a-89 'Pr H H H H 'Pr Me
1a-90 Bu H H H H 'Pr Me
1291 'Bu H H H H 'Pr Me
1a-92 ‘Bu H H H H 'Pr Me
1a-93 '‘Bu H H H H 'Pr Me
la-94 Pe H H H H 'Pr Me
1a-95 ‘Pe H H H H 'Pr Me
1a-96 Hx H H H H 'Pr Me
1a-97 Me Me H H H 'Pr Me
12-98 Me H Me H H 'Pr Me
1a-99 '‘Bu H '‘Bu H H 'Pr Me
1a-100 Me Me Me H H 'Pr Me
la-101 Me Me H Me H 'Pr Me
1a-102 'Pr H 'Pr H 'Pr 'Pr Me
1e-102 Me Me Me Me H 'Pr Me
1la-104 Et Me Me Me Me 'Pr Me
1e-10E Pr Me Me Me Me 'Pr Me
1a-106 H H H H H Me '‘Bu
la-107 Me H H H H Me ‘Bu
1a-108 Et H H H H Me '‘Bu
1a-109 Pr H H H H Me 'Bu
1&-11C 'Pr H H H H Me '‘Bu
la-111 Bu H H H H Me 'Bu
1e-112 'Bu H H H H Me '‘Bu
la-113 *Bu H H H H Me 'Bu
la-114 '‘Bu H H H H Me '‘Bu

[0033]
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[Table 4]
(Table 1-4)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.

le-11F Pe H H H H Me '‘Bu
la-116 ‘Pe H H H H Me '‘Bu
la-117 Hx H H H H Me ‘Bu
la-118 Me Me H H H Me '‘Bu
1a-119 Me H Me H H Me 'Bu
1a-120 '‘Bu H '‘Bu H H Me '‘Bu
la-121 Me Me Me H H Me 'Bu
1e-122 Me Me H Me H Me '‘Bu
1a-123 'Pr H 'Pr H 'Pr Me 'Bu
la-124 Me Me Me Me H Me '‘Bu
la-125 Et Me Me Me Me Me '‘Bu
1la-126 Pr Me Me Me Me Me '‘Bu
la-127 H H H H H '‘Bu Me
1la-128 Me H H H H '‘Bu Me
1e-12¢ Et H H H H '‘Bu Me
1a-130 Pr H H H H '‘Bu Me
la-131 'Pr H H H H ‘Bu Me
1la-132 Bu H H H H '‘Bu Me
1a-133 'Bu H H H H ‘Bu Me
la-134 ‘Bu H H H H '‘Bu Me
1la-135 ‘Bu H H H H ‘Bu Me
1e-13€ Pe H H H H '‘Bu Me
1la-137 ‘Pe H H H H ‘Bu Me
1a-138 Hx H H H H '‘Bu Me
1a-139 Me Me H H H '‘Bu Me
la-140 Me H Me H H '‘Bu Me
1e-141 '‘Bu H '‘Bu H H '‘Bu Me
la-142 Me Me Me H H '‘Bu Me
1e-14% Me Me H Me H '‘Bu Me
la-144 'Pr H 'Pr H 'Pr '‘Bu Me
la-145 Me Me Me Me H ‘Bu Me
la-146 Et Me Me Me Me '‘Bu Me
la-147 Pr Me Me Me Me ‘Bu Me
le-14€ H H H H H Et Et
la-149 Me H H H H Et Et
1e-15C Et H H H H Et Et
la-151 Pr H H H H Et Et
la-152 'Pr H H H H Et Et

[0034]
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[Table 5]
(Table 1-5)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.

1e-153 Bu H H H H Et Et
la-154 'Bu H H H H Et Et
la-155 *Bu H H H H Et Et
1a-156 ‘Bu H H H H Et Et
la-157 Pe H H H H Et Et
1a-158 ‘Pe H H H H Et Et
la-159 Hx H H H H Et Et
1e-16C Me Me H H H Et Et
la-161 Me H Me H H Et Et
1a-162 '‘Bu H '‘Bu H H Et Et
la-163 Me Me Me H H Et Et
la-164 Me Me H Me H Et Et
la-165 '"Pr H 'Pr H '"Pr Et Et
1la-166 Me Me Me Me H Et Et
1e-167 Et Me Me Me Me Et Et
1la-168 Pr Me Me Me Me Et Et
1a-169 H H H H H 'Pr 'Pr
1a-170 Me H H H H 'Pr 'Pr
la-171 Et H H H H 'Pr 'Pr
la-172 Pr H H H H 'Pr 'Pr
la-173 '"Pr H H H H 'Pr 'Pr
1e-174 Bu H H H H '"Pr '"Pr
1la-175 'Bu H H H H 'Pr 'Pr
1a-176 ‘Bu H H H H 'Pr 'Pr
1a-177 '‘Bu H H H H 'Pr 'Pr
1a-178 Pe H H H H 'Pr 'Pr
1e-17¢ ‘Pe H H H H 'Pr 'Pr
1a-180 Hx H H H H 'Pr 'Pr
12181 Me Me H H H 'Pr 'Pr
1a-182 Me H Me H H 'Pr 'Pr
1la-183 '‘Bu H '‘Bu H H 'Pr 'Pr
la-184 Me Me Me H H 'Pr 'Pr
1a-185 Me Me H Me H 'Pr 'Pr
1&-18¢€ 'Pr H 'Pr H 'Pr 'Pr 'Pr
1a-187 Me Me Me Me H 'Pr 'Pr
1&-18€ Et Me Me Me Me 'Pr 'Pr
1a-189 Pr Me Me Me Me 'Pr 'Pr
1a-190 H H H H H '‘Bu '‘Bu

[0035]
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[Table 6]
(Table 1-6)
(1a)
Compound Rla R2a R3a R4a RSa Rﬁa R7a
No.
1e-191 Me H H H H '‘Bu '‘Bu
1a-192 Et H H H H '‘Bu '‘Bu
1a-193 Pr H H H H ‘Bu ‘Bu
1la-194 'Pr H H H H '‘Bu '‘Bu
1a-195 Bu H H H H ‘Bu ‘Bu
1a-196 'Bu H H H H '‘Bu '‘Bu
1a-197 ‘Bu H H H H ‘Bu '‘Bu
1e-19€ '‘Bu H H H H '‘Bu '‘Bu
1a-199 Pe H H H H ‘Bu '‘Bu
1a-200 ‘Pe H H H H '‘Bu '‘Bu
1a-201 Hx H H H H '‘Bu '‘Bu
1a-202 Me Me H H H '‘Bu '‘Bu
1a-203 Me H Me H H '‘Bu '‘Bu
1a-204 '‘Bu H '‘Bu H H '‘Bu '‘Bu
1e-20E Me Me Me H H '‘Bu '‘Bu
1a-206 Me Me H Me H '‘Bu '‘Bu
1a-207 'Pr H 'Pr H 'Pr ‘Bu 'Bu
1a-208 Me Me Me Me H '‘Bu '‘Bu
1a-209 Et Me Me Me Me ‘Bu 'Bu
1a-210 Pr Me Me Me Me '‘Bu '‘Bu
[0036]
Among those exemplified in Tables 1-1 to

(n°-cyclopentadienyl){>-2,4-dimethyl-1-oxa-2,4-pentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadieny)-methylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyii-ethylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyij-propylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyijtisopropylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyiitbutylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyfj-isobutylcyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyijt-(sec-butyl)cyclopentadienyl)ruthenium

(n°-2,4-dimethyl-1-oxa-2,4-pentadienyi-(tert-butyl)cyclopentadienyl)ruthenium
(n°-2,4-dimethyl-1-oxa-2,4-pentadienyiji-pentylcyclopentadienyl)ruthenium

1-6,
(Da-1
(1a-2),
(1a-3),
(1a-4),
(1a-5),
(1a-6),
(1a-7),
(1a-8),
(1a-9),
(1a-10),

(n°-(cyclopentyl)cyclopentadienyhjf-2,4-dimethyl-1-oxa-2,4-pentadienyl)ruthenium (18-1
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and 6°-2,4-dimethyl-1-oxa-2,4-pentadienylfthexylcyclopentadienyl)ruthenium (1a-12) are
preferred, and 1a-2 and 1a-3 are more preferred.
[0037]

The production method of the ruthenium complex) (@&athe present invention is
described below. The ruthenium complex (1a) camprhoeluced according to the following
production method 1 of a ruthenium complex (1).odection method 1 is a method of
reacting a cationic tris(nitrile) complex (4) wittn enone derivative (5) in the presence of a
base to produce a ruthenium complex (1).

[0038]

[Chem. 8]

Production Method 1:

R2 + R20 2 6
R 019 H4C R®
N=CR
RL<I RENSCR'S) 7+ VYt o+ basc - w Or—ru > H
4 N=CR'" R ©
R5 R R21 R R
1
(4) (5) M

(wherein R, R, R, ", R°, R°, R, R™®, R®®, R*! and Z have the same meanings as above.)
[0039]

Definitions of R, R, R, R, R°, R® and R in formula (1) are described below. The
alkyl group having a carbon number of 1 to 6 repnésd by B, R?, R®, R* and R may be any
of a linear alkyl group, a branched alkyl group anclyclic alkyl group, and specific examples
thereof include a methyl group, an ethyl group, rappl group, an isopropyl group, a
cyclopropyl group, a butyl group, an isobutyl groapsec-butyl group, a tert-butyl group, a
cyclobutyl group, a pentyl group, a 1-methylbutybgp, a 2-methylbutyl group, an isopentyl
group, a neopentyl group, a tert-pentyl group, @apentyl group, a cyclobutylmethyl group,
a hexyl group, a 1-methylpentyl group, a 2-methgtgegroup, a 3-methylpentyl group, a
4-methylpentyl group, a 1,1-dimethylbutyl group, &,2-dimethylbutyl group, a
1,3-dimethylbutyl group, a 2,2-dimethylbutyl groupm 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a om#ntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. In view ohigh yield, preferably, Ris an alkyl
group having a carbon number of 1 to 6 aAdAR, R* and R are a hydrogen atom; and more

preferably, Ris a methyl group or an ethyl group anfg R, R* and R are a hydrogen atom.
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[0040]

The alkyl group having a carbon number of 1 t@presented by Rand R may be
any of a linear alkyl group, a branched alkyl graumd a cyclic alkyl group, and specific
examples thereof include a methyl group, an ethylig, a propyl group, an isopropyl group, a
cyclopropyl group, a butyl group, an isobutyl groapsec-butyl group, a tert-butyl group, a
cyclobutyl group, a pentyl group, a 1-methylbutybgp, a 2-methylbutyl group, an isopentyl
group, a neopentyl group, a tert-pentyl group, @apentyl group, a cyclobutylmethyl group,
a hexyl group, a 1-methylpentyl group, a 2-methgtpkegroup, a 3-methylpentyl group, a
4-methylpentyl group, a 1,1-dimethylbutyl group, &,2-dimethylbutyl group, a
1,3-dimethylbutyl group, a 2,2-dimethylbutyl groum 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a om#ntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. In view ohigh yield, R and R are preferably a
methyl group.

[0041]
Specific examples of the ruthenium complex (1)ude the compounds shown in

Table 2, in addition to 1a-1 to 1a-210 shown inléald-1 to 1-6.

[0042]
[Table 7]
(Table 2)
1)
Compound R R? R® R R® R° R’
No.
1-211 Me Me Me Me Me Me Me
1-212 Me Me Me Me Me Me Et
1-21z Me Me Me Me Me Et Me
1-214 Me Me Me Me Me Me '"Pr
1-215 Me Me Me Me Me '"Pr Me
1-21€ Me Me Me Me Me Me '‘Bu
1-217 Me Me Me Me Me 'Bu Me
1-21¢ Me Me Me Me Me Et Et
1-219 Me Me Me Me Me '"Pr '"Pr
1-22C Me Me Me Me Me '‘Bu '‘Bu
[0043]

Among those exemplified in Tables 1-1 to 1-6 abl€ 2, 1a-1, 1a-2, 1a-3, 1a-4,
la-5, 1a-6, 1a-7, 1a-8, 1a-9, 1a-10, la-11 and?lard preferred by virtue of having vapor



20

pressure and heat stability suitable as a CVD nahter an ALD material, and 1a-2 and 1a-3
are more preferred.
[0044]

The alkyl group having a carbon number of 1 tegresented by Rin the cationic
tris(nitrile) complex (4) may be any of a lineakgl group, a branched alkyl group and a
cyclic alkyl group, and specific examples therewtlide a methyl group, an ethyl group, a
propyl group, an isopropyl group, a cyclopropyl @gspa butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, and a cyclgbgroup. In view of a high yield of the
ruthenium complex (1), Ris preferably a methyl group.

[0045]

Specific examples of the cation moiety of thearat tris(nitrile) complex (4) include
[tris(acetonitrile)°-cyclopentadienyl)ruthenium(ll)] ([RQP-CsHs)(MeCN))),
[tris(acetonitrile)>-methylcyclopentadienyl)ruthenium(ll)] ([Rg{-CsMeH,)(MeCNY)),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)] ([ROP-CsEtH)(MeCNY]),
[tris(acetonitrile)°-propylcyclopentadienyl)ruthenium(ll)] ([ROP-CsPrHs)(MeCN)y)),
[tris(acetonitrile)>-isopropylcyclopentadienyl)ruthenium(ll)]  ([Rg-Cs PrHs)(MeCN))),
[tris(acetonitrile)>-butylcyclopentadienyl)ruthenium(ll)] (IRQP-CsBuH,)(MeCN)y)),
[tris(acetonitrile)>-isobutylcyclopentadienyl)ruthenium(ll)]  ([Rg{-Cs BuHs)(MeCNY]),
[tris(acetonitrile)>-(sec-butyl)cyclopentadienyl)ruthenium(ll)] ([RyCs"BuH)(MeCNY)]),
[tris(acetonitrile)>-(tert-butyl)cyclopentadienyl)ruthenium(I1)] ([Rai-CsBuH)(MeCN))),
[tris(acetonitrile)>-pentylcyclopentadienyl)ruthenium(ll)] ([Rg{-CsPeH;)(MeCN))),
[tris(acetonitrile)°-(cyclopentyl)cyclopentadienyl)ruthenium(il)]
([Ru(n®>-CsPeH;)(MeCN)]), [tris(acetonitrile)>-hexylcyclopentadienyl)ruthenium(ll)]
([Ru(n’-CsHxH4)(MeCNY]),
[tris(acetonitrile)>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujih(ll
(IRu(n>-CsMes)(MeCNJ)),

[0046]

[(n°-cyclopentadienyl)tris(propionitrile)ruthenium(l1)] ([Ru(n®-CsHs)(EtCNY]),
[(n>-methylcyclopentadienyl)tris(propionitrile)ruthemigl!)] ([Ru(n>-CsMeHg)(EtCN)]),
[(n°>-ethylcyclopentadienyl)tris(propionitrile)rutheniit] ([Ru(n>-CsEtH,)(EtCNY)),
[tris(propionitrile)q>-propylcyclopentadienyl)ruthenium(l1)] ([RO{-CsPris) (EtCN))),
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[(n°>-isopropylcyclopentadienyl)tris(propionitrile)ruthiem(I)]  ([Ru(n>-Cs PrHs)(EtCN)]),
[(n°-butylcyclopentadienyl)tris(propionitrile)ruthenit)] ([Ru(n>-CsBuH4)(EtCN))),
[(n®-isobutylcyclopentadienyl)tris(propionitrile)ruthiem()]  ([Ru(n>-Cs BuH.)(EtCN)]),
[(n°-(sec-butyl)cyclopentadienyl)tris(propionitrile)henium(ll)] ([Ruf-Cs"BuH4)(EtCNY]),
[(n°-(tert-butyl)cyclopentadienyl)tris(propionitrile)fuenium(l)] ([Ruf®-CsBuH4)(EtCN)]),
[(n°>-pentylcyclopentadienyl)tris(propionitrile)ruthenagl)] ([Ru(n®>CsPeH;)(EtCNY]),
[(n°-(cyclopentyl)cyclopentadienyl)tris(propionitrilehenium(l1)]

([Ru(n’-Cs°PeH,)(EtCNY)), [(n°-hexylcyclopentadienyl)tris(propionitrile)ruthenii]
([Ru(n’-CsHxH4)(EtCN)]), [(n>-cyclopentadienyl)tris(pivalonitrile)ruthenium(l)]
([Ru(n®-CsHs)('BUCN))), [(n°>-methylcyclopentadienyl)tris(pivalonitrile)ruthemigl1)]
([Ru(n®>-CsMeHJ)('BUCNY]), [(n°-ethylcyclopentadienyl)tris(pivalonitrile)ruthenit]

([Ru(n®-CsEtH4)('BUCN)]), [tris(pivalonitrile)(n °>-propylcyclopentadienyl)ruthenium(l)]
([Ru(n®>-CsPrHy)('BUCNY]),  [(n>-isopropylcyclopentadienyl)tris(pivalonitrile)rutheim(ll)]
([Ru(n®-Cs PrHs) (‘BUCNY]), [(n°-butylcyclopentadienyl)tris(pivalonitrile)rutheniuyif)]
([Ru(n®-CsBuHs)(‘BUCNY]),  [(n*-isobutylcyclopentadienyl)tris(pivalonitrile)ruthiem(l1)]
([Ru(n®-CsBuH,)(‘BUCNY]),
[(n°-(sec-butyl)cyclopentadienyl)tris(pivalonitrile)hgnium(ll)] ([Ruf®-Cs"BuH4)('BUCN)]),
[(n°-(tert-butyl)cyclopentadienyl)tris(pivalonitrile)oenium(l)] ([Ruf®CsBuHJ)(‘BUCN)]),
[(n°-pentylcyclopentadienyl)tris(pivalonitrile)ruthemigl!)] ([Ru(n®>-CsPeH;)(‘BUCN)]),
[(n®-(cyclopentyl)cyclopentadienyl)tris(pivalonitrilejthenium(l1)]
([Ru(n®-CsPeH,)('BUCNY]), and [f>-hexylcyclopentadienyl)tris(pivalonitrile)rutheni)]
([Ru(n®-CsHxHa)(‘BUCN)g]).

[0047]

Examples of the counter anion idA formula (4) include those generally used as a
counter anion of a cationic metal complex. Specékamples thereof include a fluoro
complex anion such as tetrafluoroborate ion JBFhexafluorophosphate ion (PF
hexafluoroantimonate ion (Sk)and tetrafluoroaluminate ion (AF, a monovalent sulfonate
ion such as trifluoromethanesulfonate ion {86;), methanesulfonate ion (MeSD and
methylsulfate ion (MeSg), a counter anion of a monobasic acid, such aataiion (NQ),
perchlorate ion (ClQ), tetrachloroaluminate ion (AlE) and

bis(trifluoromethanesulfonyl)amide ion ((6¥0,).N’), a counter anion of a polybasic acid,
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such as sulfate ion (§®), hydrogen sulfate ion (HSQ, phosphate ion (P®),
monohydrogen  phosphate ion (HPQ dihydrogen phosphate ion {POy),
dimethylphosphate ion ((MeghOy) and diethylphosphate ion ((E#P)X,), and a derivative
thereof. In view of a high yield of the rutheniuomplex (1), the counter anion %
preferably a fluoro complex anion such as,Bihd Pk, or a monovalent sulfonate ion such
as CESG; and MeSQ.

[0048]

More preferred specific examples of the catiomis(titrile) complex (4) include
[tris(acetonitrile)°-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
(IRu(n*CsHs)(MeCN)][BF4]),
[tris(acetonitrile)>-methylcyclopentadienyl)ruthenium(ll)][tetrafluorotate]
([Ru(n®-CsMeHz)(MeCN)][BF4]),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotaie]
([Ru(n®-CsEtH,)(MeCN)Y]|[BF ),
[tris(acetonitrile)°-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujiitétrafluoroborate]
(IRu(n*-CsMes)(MeCN)][BF]),
[tris(acetonitrile)°-cyclopentadienyl)ruthenium(il)][hexafluorophospéiat
([Ru(n®>-CsHs)(MeCN)][PF]),
[tris(acetonitrile)>-methylcyclopentadienyl)ruthenium(ll)][hexafluorapsphate]
(IRu(n®>-CsMeHa)(MeCN)][PF]),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(il)][hexafluoropsmhate]
([Ru(n®>-CsEtHs)(MeCN)[PF]),
[tris(acetonitrile)>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujiitiexa-
fluorophosphate] ([Ru(n’-CsMes)(MeCN)][PF]),
[tris(acetonitrile)°-cyclopentadienyl)ruthenium(ll)][trifluoromethandfanate]
(IRu(n®-CsHs)(MeCN)J[CFsSOy)),
[tris(acetonitrile)>-methylcyclopentadienyl)ruthenium(ll)][trifluoromeanesulfonate]
([Ru(n®>-CsMeHJ)(MeCN)][CFsSOy)), [tris(acetonitrile)>-ethylcyclo-
pentadienyl)ruthenium(ll)][trifluoromethanesulfoeht ([Ru(’-CsEtH)(MeCN)][CFsSOy]),
[tris(acetonitrile)°-1,2,3,4,5-pentamethylcyclo-
pentadienyl)ruthenium(ll)][trifluoromethanesulforft ([Ru@®>-CsMes)(MeCN)][CFsSO3)),
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[tris(acetonitrile)>-cyclopentadienyl)ruthenium(ll)][methanesulfonate]
(IRu(n*-CsHs)(MeCN)][MeSOy3)),
[tris(acetonitrile)°-methylcyclopentadienyl)ruthenium(ll)][methanesuiée]
([Ru(n®>-CsMeH,)(MeCN)][MeSOx)),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][methanesulée]
([Ru(n®-CsEtHs)(MeCN)][MeSOs]), and [tris(acetonitrile){>-1,2,3,4,5-pentamethylcyclo-
pentadienyl)ruthenium(il)][methanesulfonate] ([RtHCsMes)(MeCN)][MeSOs]).

[0049]

The alkyl group having a carbon number of 1 toepresented by R and R* in
formula (5) may be any of a linear alkyl group, rrched alkyl group and a cyclic alkyl
group, and specific examples thereof include a yheftoup, an ethyl group, a propyl group,
an isopropy! group, a cyclopropyl group, a butywg, an isobutyl group, a sec-butyl group, a
tert-butyl group, a cyclobutyl group, a pentyl goo@a 1-methylbutyl group, a 2-methylbutyl
group, an isopentyl group, a neopentyl group, &pentyl group, a cyclopentyl group, a
cyclobutylmethyl group, a hexyl group, a 1-methylyé group, a 2-methylpentyl group, a
3-methylpentyl group, a 4-methylpentyl group, adirhethylbutyl group, a 1,2-dimethylbutyl
group, a 1,3-dimethylbutyl group, a 2,2-dimethyibugroup, a 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a om#ntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group.

[0050]

Specific examples of the enone derivative (5) udel 4-methylpent-3-en-2-one
(mesityl oxide), 5-methylhex-4-en-3-one, 2-methylhB-en-4-one,
2,5-dimethylhex-4-en-3-one, 2-methyloct-2-en-4-one, 2,6-dimethylhept-2-en-4-one,

2,5-dimethylhept-2-en-4-one, 2,2,5-trimethylhexm3zone, 2-methylnon-2-en-4-one,
2,5,5-trimethylhept-2-en-4-one, 2-methyldec-2-eong;,
1-cyclohexyl-3-methylbut-2-en-1-one, 4-methylheei32-one, 4-methylhept-3-en-2-one,

4,5-dimethylhex-3-en-2-one, 4-methyloct-3-en-2-one, 4,6-dimethylhept-3-en-2-one,
4,5-dimethylhept-3-en-2-one, 4,5,5-trimethylhexf820ne, 4-methylnon-3-en-2-one,
4-methyldec-3-en-2-one, 4-cyclohexylpent-3-en-2;one  5-methylhept-4-en-3-one,
6-methylnon-5-en-4-one, 2,5,6-trimethylhept-4-eorz,

2,2,5,6,6-pentamethylhept-4-en-3-one, and 3,3 {&ntamethylnon-5-en-4-one. In view of

a high vyield of the ruthenium complex (1), mesityloxide or
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2,2,5,6,6-pentamethylhept-4-en-3-one are prefeaed mesityl oxide is more preferred.
[0051]

The base that can be used in production methodltdes an inorganic base and an
organic base. Examples of the inorganic base declan alkali metal carbonate such as
lithium carbonate, sodium carbonate and potassamnonate, an alkali metal bicarbonate salt
such as lithium bicarbonate, sodium bicarbonate moidssium bicarbonate, a Group 2 metal
carbonate such as magnesium carbonate, calciuraraeand strontium carbonate, a typical
metal hydroxide such as lithium hydroxide, sodiumdroxide, potassium hydroxide,
magnesium hydroxide, calcium hydroxide and strontioydroxide, a typical metal hydride
such as lithium hydride, sodium hydride, potassiwride, magnesium hydride, calcium
hydride and aluminum hydride, a typical metal hgdrcomplex compound such as sodium
borohydride and aluminum lithium hydride, and akailmetal amide such as lithium amide,
sodium amide and lithium dialkylamide. Examples tbie organic base include an
alkylamine such as diethylamine, triethylamine,tlifisopropylamine and tributylamine, a
cyclic amine such as pyrrolidine, piperidine, pgmne and 1,4-diazabicyclooctane, and
pyridine. In view of a high yield of the rutheniucomplex (1), the base is preferably an
alkali metal carbonate or an alkyl amine, more gnagfly lithium carbonate, sodium carbonate,
potassium carbonate or triethylamine, still moref@rably lithium carbonate or triethylamine.

For the reason that the yield of the rutheniummem (1) is high, production method
1 is preferably performed in an inert gas. Spe@iamples of the inert gas include helium,
neon, argon, krypton, xenon, and nitrogen gas, angjon or nitrogen gas being preferred.
[0052]

For the reason that the yield of the rutheniumglem (1) is high, production method
1 is preferably performed in an organic solvenn thie case of performing production method
1 in an organic solvent, specific examples of thganic solvent include an aliphatic
hydrocarbon such as pentane, hexane, heptane,epatgolohexane, methylcyclohexane,
ethylcyclohexane and petroleum ether, an ether asichiethyl ether, diisopropyl ether, dibutyl
ether, cyclopentyl methyl ether, cyclopentyl ethsther, tetrahydrofuran, dioxane and
1,2-dimethoxyethane, a ketone such as acetone, ymedthyl ketone, 3-pentanone,
cyclopentanone and cyclohexanone, and an alcoheit as methanol, ethanol, propanol,
isopropanol, tert-butanol and ethylene glycol. tdse organic solvents, one kind may be

used alone, or a plurality of kinds may be mixeémarbitrary ratio and used. In view of a
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high yield of the ruthenium complex (1), diethyhet, tetrahydrofuran, acetone, methanol and
hexane are preferred as the organic solvent.
[0053]

Methods for obtaining the cationic tris(nitrilepraplex (4) and the enone derivative
(5) are described below. The method for obtairtimg cationic tris(nitrile) complex (4)
includes the production methods described, for gtemin Non-Patent Document 3 and
Non-Patent Document 4, other than the later-desdrifroduction method 2 of the present
invention. The method for obtaining the enonedgive (5) includes the methods described,
for example, in Journal of Organometallic Chemistfgl. 402, page 17 (1991), and Japanese
Patent 3,649,441, other than the purchase of a evamah product.

[0054]

The molar ratio between the cationic tris(nitridl@mplex (4) and the enone derivative
(5) when performing production method 1 is desatibelow. Preferably, an equimolar or
greater amount of an enone derivative (5) per rhal cationic tris(nitrile) complex (4), and a
base are used, whereby the ruthenium complex (iLbeafficiently produced.

In production method 1, the reaction temperaturd the reaction time are not
particularly limited, and general conditions emg@dyby one skilled in the art when producing
a metal complex may be used. As a specific exgnapleaction temperature appropriately
selected from a temperature range of°€8@o 120C and a reaction time appropriately
selected from the range of 10 minutes to 120 hawesemployed, whereby the ruthenium
complex (1) can be efficiently produced.

The ruthenium complex (1) produced by productiosthnd 1 may be purified by
appropriately selecting and using a general patificn method employed by one skilled in the
art when purifying a metal complex. The purificatimethod specifically includes filtration,
extraction, centrifugation, decantation, distilbatj sublimation, crystallization, etc.

[0055]

The cationic tris(nitrile) complex (4b) of the pest invention is described below.
The alkyl group having a carbon number of 2 toiresented by R in formula (4b) may be
any of a linear alkyl group, a branched alkyl graamd a cyclic alkyl group, and specific
examples thereof include an ethyl group, a propglg, an isopropyl group, a cyclopropyl
group, a butyl group, an isobutyl group, a sec-bgtpup, a tert-butyl group, a cyclobutyl
group, a pentyl group, a 1-methylbutyl group, a @mlbutyl group, an isopentyl group, a



10

15

20

25

30

26

neopentyl group, a tert-pentyl group, a cyclopegtgup, a cyclobutylmethyl group, a hexyl
group, a 1-methylpentyl group, a 2-methylpentyl ugro a 3-methylpentyl group, a
4-methylpentyl group, a 1,1-dimethylbutyl group, &,2-dimethylbutyl group, a
1,3-dimethylbutyl group, a 2,2-dimethylbutyl groum 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a omtntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendfmint of producing a raw material for
synthesis of a ruthenium complex (1) having vap@sgure and thermal stability suitable
particularly as a CVD material or an ALD materigl’ is preferably an alkyl group having a
carbon number of 2 to 4, more preferably an ethylig.

[0056]

The alkyl group having a carbon number of 1 tegresented by ¥ in formula (4b)
may be any of a linear alkyl group, a branched lakpup and a cyclic alkyl group, and
specific examples thereof include a methyl groumpethyl group, a propyl group, an isopropyl
group, a cyclopropyl group, a butyl group, an iggbgroup, a sec-butyl group, a tert-butyl
group, and a cyclobutyl group. In view of a higielg when used as a raw material for
synthesis of the ruthenium complex (1}*Rs preferably a methyl group.

[0057]

Specific examples of the cation moiety of the arat tris(nitrile) complex (4b)

include [tris(acetonitrile)(>-ethylcyclopentadienyl)ruthenium(ll)] ([RoP-CsEtHs)(MeCN))),

[tris(acetonitrile)°-propylcyclopentadienyl)ruthenium(ll)] ([ROP-CsPriHs)(MeCN)y)),
[tris(acetonitrile)>-isopropylcyclopentadienyl)ruthenium(ll)]  ([Rg-Cs PrHs)(MeCN))),
[tris(acetonitrile)>-butylcyclopentadienyl)ruthenium(ll)] ([RQP-CsBuH,)(MeCN)y)),

[tris(acetonitrile)>-isobutylcyclopentadienyl)ruthenium(ll)]  ([Rg{-Cs BuHa)(MeCNY]),
[tris(acetonitrile)>-(sec-butyl)cyclopentadienyl)ruthenium(ll)] ([RyCs"BuHz)(MeCNY)]),
[tris(acetonitrile)>-(tert-butyl)cyclopentadienyl)ruthenium(I1)] ([Rai-Cs'BuH)(MeCN))),
[tris(acetonitrile)>-pentylcyclopentadienyl)ruthenium(l)] ([Rg{-CsPeH;)(MeCN))),
[tris(acetonitrile)°>-(cyclopentyl)cyclopentadienyl)ruthenium(l1)]
([Ru(n®>-CsPeH;)(MeCN)]), [tris(acetonitrile)>-hexylcyclopentadienyl)ruthenium(ll)]
([Ru(n’-CsHxH4)(MeCNY]), [(n°-ethylcyclopentadienyl)tris(propionitrile)rutheni@]
([Ru(n®>-CsEtH4)(EtCN))), [tris(propionitrile)>-propylcyclopentadienyl)ruthenium(l1)]
(IRU(N®-CsPrHy)(EtCN)]),

[0058]
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[(n°>-isopropylcyclopentadienyl)tris(propionitrile)ruthiem(I1)]  ([Ru(n>-Cs PrHs)(EtCN)]),
[(n°-butylcyclopentadienyl)tris(propionitrile)ruthenit)] ([Ru(n>-CsBuH4)(EtCN))),
[(n®-isobutylcyclopentadienyl)tris(propionitrile)ruthem(l)]  ([Ru(n®-Cs BuH,)(EtCN)]),
[(n°-(sec-butyl)cyclopentadienyl)tris(propionitrile)henium(ll)] ([Ruf®-Cs"BuH4)(EtCNY]),
[(n>-(tert-butyl)cyclopentadienyl)tris(propionitriletenium(il)] ([Ruf®>-Cs'BuH4)(EtCN)]),
[(n°-pentylcyclopentadienyl)tris(propionitrile)ruthemnigl!)] ([Ru(n>-CsPeHy)(ELCN)]),
[(n°-(cyclopentyl)cyclopentadienyl)tris(propionitrilehenium(l1)]
([Ru(n’-Cs°PeH,)(EtCNY)), [(n°-hexylcyclopentadienyl)tris(propionitrile)ruthenii]
([Ru(n’-CsHxH4)(EtCN)]), [(n®-ethylcyclopentadienyl)tris(pivalonitrile)ruthenigH]
([Ru(n®-CsEtH4)('BUCN)]), [tris(pivalonitrile)(n °>-propylcyclopentadienyl)ruthenium(il)]
(IRu(n®>-CsPrHs)('BUCNY]),  [(n>-isopropylcyclopentadienyl)tris(pivalonitrile)ruthieim(l1)]
([Ru(n®-Cs PrHy) (‘BUCN)), [(n®-butylcyclopentadienyl)tris(pivalonitrile)rutheniyit]
(IRu(n®>-CsBuH,)(‘BUCNY)]),  [(n°>-isobutylcyclopentadienyl)tris(pivalonitrile)ruthiemn(11)]
([Ru(n®-CsBuH,)(‘BUCNY]),
[(n®-(sec-butyl)cyclopentadienyl)tris(pivalonitrile)hgnium(I1)] ([Ruf®-Cs"BuH4)('BUCN)]),
[(n°-(tert-butyl)cyclopentadienyl)tris(pivalonitrile)oenium(l)] ([Ruf®CsBuHJ)(‘BUCN)]),
[(n°-pentylcyclopentadienyl)tris(pivalonitrile)ruthemigll)] ([Ru(n>-CsPeHy;)(‘BUCNY]),
[(n°-(cyclopentyl)cyclopentadienyl)tris(pivalonitrilejthenium(l1)]
([Ru(n®-CsPeH,)(‘BUCNY]), and [f>-hexylcyclopentadienyl)tris(pivalonitrile)rutheni)]
([Ru(n®>-CsHxH4)("BUCN)]). Among others, [Ru-CsEtH,)(MeCNY,
[Ru(n®~CsPrHy)(MeCN), [Ru(n®-Cs PrHs)(MeCN)], [Ru(n®-CsBuH,)(MeCN)],
[Ru(n®-Cs'BuH,)(MeCNY], [Ru(n®>-Cs"BuHs)(MeCN)], [Ru(n®CsBuHs)(MeCN)], etc. are
preferred, and [RuC-CsEtH,)(MeCN)] is more preferred.

[0059]

Examples of the counter anion b formula (4b) include those generally used as a
counter anion of a cationic metal complex. Specékamples thereof include a fluoro
complex anion such as tetrafluoroborate ion ;BFhexafluorophosphate ion (P¥
hexafluoroantimonate ion (Sp)and tetrafluoroaluminate ion (A, a monovalent sulfonate
ion such as trifluoromethanesulfonate ion {885), methanesulfonate ion (MegPp and
methylsulfate ion (MeS§), a counter anion of a monobasic acid, such aataiion (NQ),

perchlorate ion (Clo), tetrachloroaluminate ion (AlE) and
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bis(trifluoromethanesulfonyl)amide ion ((6¥0;)o:N’), a counter anion of a polybasic acid,
such as sulfate ion (S©), hydrogen sulfate ion (HSQ, phosphate ion (P),
monohydrogen  phosphate ion (HBQ) dihydrogen phosphate ion {POy),
dimethylphosphate ion ((MeghOy) and diethylphosphate ion ((E#P)Ys), and a derivative
thereof. In view of a high yield of the rutheniutomplex (1), the counter anion Zis
preferably a fluoro complex anion such asyBihd Pk, or a monovalent sulfonate ion such
as CESG; and MeSQ.

[0060]

More specifically, preferred examples of the aatotris(nitrile) complex (4b)
include [tris(acetonitrile)(>-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotzde]
(IRu(n®>-CsEtH:)(MeCN)I[BF ),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][hexafluoropdmhate]
(IRu(n®>-CsEtHs)(MECN)][PF]),
[tris(acetonitrile)°>-ethylcyclopentadienyl)ruthenium(ll)][trifluoromedinesulfonate]
(IRu(n®>-CsEtH,)(MeCN)][CFsSOy)),
[tris(acetonitrile)°-propylcyclopentadienyl)ruthenium(ll)][tetrafluorotate]
(IRu(n®>-CsPrH:)(MeCN)I[BF ),
[tris(acetonitrile)>-propylcyclopentadienyl)ruthenium(ll)][hexafluoropsphate]
(IRu(n®>-CsPrH:)(MeCN)][PF]),
[tris(acetonitrile)°-propylcyclopentadienyl)ruthenium(ll)][trifluoromieanesulfonate]
(IRu(n®>-CsPrH:)(MeCN)][CF3SOy)),

[tris(acetonitrile) -isopropylcyclopentadienyl)ruthenium(ll)][tetrafltaborate]
(IRU(n®>-CsPrH,) (MeCN)][BF ),

[tris(acetonitrile) >-isopropylcyclopentadienyl)ruthenium(ll)][hexafluphosphate]
(IRu(n*-Cs PrHy)(MeCN)][PF]),
[tris(acetonitrile)>-isopropylcyclopentadienyl)ruthenium(il)][trifluomethanesulfonate]
([Ru(n®>Cs PrHs)(MeCN)][CF3SOj)),
[tris(acetonitrile)>-butylcyclopentadienyl)ruthenium(ll)][tetrafluorokate]
([Ru(n®-CsBuH,)(MeCNJ][BF ),
[tris(acetonitrile)>-butylcyclopentadienyl)ruthenium(l)][hexafluoropéphate]
(IRu(n®>-CsBuH,)(MeCN)][PF¢]),



10

15

20

25

30

29

[tris(acetonitrile)>-butylcyclopentadienyl)ruthenium(il)][trifluoromegimesulfonate]
(IRu(n*-CsBuH,)(MeCN)|[CF5SQy),
[tris(acetonitrile)>-isobutylcyclopentadienyl)ruthenium(ll)][tetraflumiorate]
([Ru(n®-Cs BuH,)(MeCNY][BF4]),
[tris(acetonitrile)>-isobutylcyclopentadienyl)ruthenium(il)][hexaflugrbosphate]
([Ru(n®-Cs BuH.)(MeCN)][PF]), [tris(acetonitrile)>-isobutylcyclo-
pentadienyl)ruthenium(lI)][trifluoromethanesulfoeht([Ru(r]5—C5iBuH4)(MeCN)3][CF3803]),
[tris(acetonitrile)>-(sec-butyl)cyclopentadienyl)ruthenium(ll)][tetrafiroborate]
([Ru(n®-Cs"BuH4)(MeCNY][BF 4]),
[tris(acetonitrile)>-(sec-butyl)cyclopentadienyl)ruthenium(ll)][hexadiwphosphate]
(IRu(n®>-CsBUH,)(MECN)][PF]),
[tris(acetonitrile)>-(sec-butyl)cyclopentadienyl)ruthenium(ll)][trifluomethanesulfonate]
(IRu(n®-CsBUH4)(MeCN)|[CF5SQy)),
[tris(acetonitrile)>-(tert-butyl)cyclopentadienyl)ruthenium(ll)][tetlabroborate]
([Ru(n’-Cs'BuH,)(MeCN)][BF4)),
[tris(acetonitrile)>-(tert-butyl)cyclopentadienyl)ruthenium(il)][hexafirophosphate]
([Ru(n®>-Cs'BuH,)(MeCNY][PFe]), and
[tris(acetonitrile)>-(tert-butyl)cyclopentadienyl)ruthenium(ll)][trifltromethanesulfonate]
(IRU(n*-CsBUH,)(MeCN)][CFsSOy)).
[0061]

of these,
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][tetrafluoroksde]
([Ru(n®-CsEtHs)(MeCNY][BF ),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][hexafluoropdmhate]
([Ru(n*>-CsEtHs)(MeCN)[PF]),
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(l1)][trifluoromedhesulfonate]
([Ru(n®>-CsEtH4)(MeCN)][CF3SQ]), etc. are more preferred.
[0062]

The production method of the cationic tris(nifrileomplex (4b) of the present

invention is described below. The cationic trig{fd) complex (4b) can be produced

according to production method 2 of a rutheniumocadt tris(nitrile) complex (4) shown
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below. Production method 2 is a method of reactngithenocene derivative (6), nitrile
R'CN with a protonic acid HZ" to produce a cationic tris(nitrile) complex (4).
[0063]
[Chem. 9]
Production Method 2:

2 R2
R3 R3
N=CR'®
R'4(—Ru- RICN + [z > 1 - 19| z
u-X  + H'Z R O—Ru\—N:CR z
R4 R4 N=CR'
RS RS
(6) (4)

[0064]
(wherein R, R, R, R, R, X, R and Z have the same meanings as above.)
[0065]

The alkyl group having a carbon number of 1 tegresented by Rmay be any of a
linear alkyl group, a branched alkyl group and alicyalkyl group, and specific examples
thereof include a methyl group, an ethyl group, rappl group, an isopropyl group, a
cyclopropyl group, a butyl group, an isobutyl groapsec-butyl group, a tert-butyl group, and
a cyclobutyl group. In view of a high yield,*Ris preferably a methyl group. Specific
examples of the nitrile include acetonitrile, pramtrile, butyronitrile, isobutyronitrile,
cyclopropanecarbonitrile, pentylonitrile, isopewtyitrile, 3-methylbutanenitrile,
2-methylbutanenitrile, pivalonitrile, and cyclobo&carbonitrile, and in view of a high yield,
acetonitrile is preferred.

[0066]

X in formula (6) represents an’-(unsubstituted or substituted)cyclopentadienyl
ligand represented by formula (7):

[0067]
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[Chem. 10]
R2
R3
R1
R4
5
R (7)

[0068]

(wherein R, R, R, R* and R have the same meanings as above) or an

n°-2,4-dimethyl-2,4-pentadienyl ligand. Specific eydes of the n®-(unsubstituted
substituted)cyclopentadienyl  ligand include am®-cyclopentadienyl ligand,
n°>-methylcyclopentadienyl ligand, an n’-ethylcyclopentadienyl ligand,
n>-propylcyclopentadienyl  ligand, an n°-isopropylcyclopentadienyl  ligand,
n°>-butylcyclopentadienyl ligand, an n’-isobutylcyclopentadienyl ligand,
n°-(sec-butyl)cyclopentadienyl ligand, am?®-(tert-butyl)cyclopentadienyl ligand,
n>-pentylcyclopentadienyl ligand, ann®-(cyclopentyl)cyclopentadienyl ligand,
n°>-hexylcyclopentadienyl  ligand, an n°-1,2-dimethylcyclopentadienyl ligand,

or

an

an

an

an

an

an

an

n°-1,3-dimethylcyclopentadienyl ligand, ayr-1,3-di(isopropyl)cyclopentadienyl ligand, an

n>-1,2,4-tri(isopropyl)cyclopentadienyl ligand, an-1,3-di(tert-butyl)cyclopentadienyl ligand,

and am®-1,2,3,4,5-pentamethylcyclopentadienyl ligand. @ reason that the ruthenocene

derivative (6) is easily obtained, X is preferablgn r]5—(unsubstituted
substituted)cyclopentadienyl ligand, more prefeyalan n>-cyclopentadienyl ligand,
n°>-methylcyclopentadienyl ligand, or ayi-ethylcyclopentadienyl ligand.

[0069]

or

an

More specifically, examples of the ruthenocene ivdéve (6) include

bis(n°-cyclopentadienyl)ruthenium r{f-CsHs)zRu), bisf>-methylcyclopentadienyl)ruthenium

((n°-CsMeH,),Ru), bis@°>-ethylcyclopentadienyl)ruthenium N{CsEtH4)-Ru),
bis(n°-propylcyclopentadienyl)ruthenium N-CsPrHs)2Ru),
bis(h>-isopropylcyclopentadienyl)ruthenium r](3(—C5iPrH4)2Ru),
bis(h®-butylcyclopentadienyl)ruthenium N{-CsBuHa):Ru),

bis(n>-isobutylcyclopentadienyl)ruthenium NGCs'BuHa)2RU),
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bis(n°-(sec-butyl)cyclopentadienyl)ruthenium NEECs"BuH,).Ru),
bis(n>-(tert-butyl)cyclopentadienyl)ruthenium N&Cs'BuH,);Ru),
bis(h®-pentylcyclopentadienyl)ruthenium N CsPeH;),Ru),
bis(n°-(cyclopentyl)cyclopentadienyl)ruthenium NeCs"PeH;) Ru),
bis(h°-hexylcyclopentadienyl)ruthenium N{CsHxHa)2Ru),
bis(h®-1,2-dimethylcyclopentadienyl)ruthenium Ne¢CsMe,Hs),Ru),
bis(n°-1,3-dimethylcyclopentadienyl)ruthenium NeCsMezHs):Ru),
bis(h®-1,3-di(isopropyl)cyclopentadienyl)ruthenium NCs('Pr)Hs).Ru),
bis(n>-1,2,4-tri(isopropyl)cyclopentadienyl)ruthenium NCs('PrsHo)zRu),
bis(n>-1,3-di(tert-butyl)cyclopentadienyl)ruthenium NeECs(‘Bu)Hz)2Ru),
bis(h®-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium N°CsMes),Ru),

(n°-cyclopentadienyl){>-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium
((N°-CsHs)(n°-CsMes)Ru),  (°-cyclopentadienyl){®-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-CsHs)(n>-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyf){-methylcyclopentadienyl)ruthenium
(Ru*-CsMeHs)(n*-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj-ethylcyclopentadienyl)ruthenium
(Ru(n®-CsEtHs)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj¢-propylcyclopentadienyl)ruthenium
(Ru(n®-CsPrHy)(n°-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR-isopropylcyclopentadienyl)ruthenium
(Ru(n®-Cs'PrHs)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR¢-butylcyclopentadienyl)ruthenium
(Ru(n®-CsBuHa)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj{-isobutylcyclopentadienyl)ruthenium
(Ru(*Cs BuHs)(n*-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj-(sec-butyl)cyclopentadienyl)ruthenium
(Ru(n’®-Cs°BuH,)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR{-(tert-butyl)cyclopentadienyl)ruthenium
(Ru(n®-Cs'BuH,)(n°>-CH,C(Me)CHC(Me)CH)),
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(n°-2,4-dimethyl-2,4-pentadienyf){-pentylcyclopentadienyl)ruthenium
(Ru(n®>-CsPeH)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR¢-(cyclopentyl)cyclopentadienyl)ruthenium
(Run®>-Cs’PeH)(n°-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyRe-hexylcyclopentadienyl)ruthenium
(Ru(n®>-CsHxHa)(n>-CH.C(Me)CHC(Me)CH)), and
(n°-2,4-dimethyl-2,4-pentadienyfj{-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium
(Ru(n®>-CsMes)(n°>-CH,C(Me)CHC(Me)CH)).

[0070]

of these, bis(>-cyclopentadienyl)ruthenium M{-CsHs)2Ru),
bis(h°-methylcyclopentadienyl)ruthenium N CsMeH,),Ru),
bis(n>-ethylcyclopentadienyl)ruthenium N{-CsEtH4)2Ru),
bis(n>-propylcyclopentadienyl)ruthenium N-CsPrHs)2Ru),
bis(h>-isopropylcyclopentadienyl)ruthenium NGECs PrHs)-Ru),
bis(n>-butylcyclopentadienyl)ruthenium N{-CsBuHJ)-Ru),
bis(h>-isobutylcyclopentadienyl)ruthenium NGCs BuH,),Ru),
bis(n>-(sec-butyl)cyclopentadienyl)ruthenium NBCs"BuH,):RuU),
bis(n>-(tert-butyl)cyclopentadienyl)ruthenium NGCs'BuHJ)2RU),
bis(h°-pentylcyclopentadienyl)ruthenium N CsPeH;),Ru),
bis(n>-(cyclopentyl)cyclopentadienyl)ruthenium NeCsPeH;),Ru),
bis(n>-hexylcyclopentadienyl)ruthenium N-CsHxH,)2Ru),
bis(n°-1,2-dimethylcyclopentadienyl)ruthenium NeCsMezHs):Ru),
bis(h®-1,3-dimethylcyclopentadienyl)ruthenium Ne¢CsMe,Hs),Ru),
bis(n>-1,3-di(isopropyl)cyclopentadienyl)ruthenium NTCs(‘Pr)Hs).Ru),
bis(h®-1,2,4-tri(isopropyl)cyclopentadienyl)ruthenium NHCs('PrkH.).Ru),
bis(h®-1,3-di(tert-butyl)cyclopentadienyl)ruthenium NeCs(‘Bu)H3),Ru) and

bis(°-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniumn’{CsMes),Ru) are preferred;
bis(h®-cyclopentadienyl)ruthenium r{f-CsHs),Ru), bisq*>-methylcyclopentadienyl)ruthenium
((n°-CsMeH,)zRu), bisg °-ethylcyclopentadienyl)ruthenium N{-CsEtH.)2Ru),
bis(n°-propylcyclopentadienyl)ruthenium N-CsPrH,)2Ru),
bis(h>-isopropylcyclopentadienyl)ruthenium NGECs PrHs)-Ru),



10

15

20

25

30

34

bis(h°-butylcyclopentadienyl)ruthenium n{-CsBuHa),Ru),
bis(n>-isobutylcyclopentadienyl)ruthenium NGCs'BuHa)-RU),
bis(h®-(sec-butyl)cyclopentadienyl)ruthenium NECs°BuHJ)-Ru),
bis(n>-(tert-butyl)cyclopentadienyl)ruthenium N&Cs'BuH,):Ru),
bis(h®-pentylcyclopentadienyl)ruthenium N CsPeH;),Ru),
bis(h®-(cyclopentyl)cyclopentadienyl)ruthenium NeCsPeH,),Ru) and

bis(n°-hexylcyclopentadienyl)ruthenium n{-CsHxH4):Ru) are more preferred; and
bis(h®-cyclopentadienyl)ruthenium r{f-CsHs).Ru), bisq*>-methylcyclopentadienyl)ruthenium
((n°-CsMeH,);Ru) and bigg>-ethylcyclopentadienyl)ruthenium n{-CsEtH,);Ru) are still
more preferred.

[0071]

As the ruthenocene derivative (6) that can be ased raw material for synthesis in
production method 2, a commercially available paiduay be used as it is, or a compound
synthesized according to a known method descrifoecgxample, in Organic Syntheses, Vol.
41, page 96 (1961), JP-A-2003-342286 (the term A'JPas used herein means an
"unexamined published Japanese patent applicatiant) Organometallics, Vol. 5, page 2321
(1986) may also be used.

Z in the protonic acid FZ" that can be used in production method 2 incluétas,
example, a fluoro complex anion such as tetrafloorate ion (BE) and hexafluorophosphate
ion (PR, a sulfonate ion such as trifluoromethanesulfenan (CESOy), sulfate ion (SGF)
and bisulfate ion (HS£), and a halide ion such as chloride ion and brennich. Specific
examples of the protonic acid include a fluoro ctammcid such as tetrafluoroboric acid and
hexafluorophosphoric acid; a sulfonic acid sucls@furic acid and trifluoromethanesulfonic
acid; and a hydrogen halide such as hydrogen deori The protonic acid may form a
complex with an ether such as dimethyl ether amthgli ether. Examples of the protonic
acid in the form of a complex include a tetrafldmodc acid-dimethyl ether complex, a
tetrafluoroboric acid-diethyl ether complex, anchexafluorophosphoric acid-diethyl ether
complex.

In view of a high yield of the cationic tris(nig) complex (4), a tetrafluoroboric
acid-diethyl ether complex or a trifluoromethanésuic acid is preferred.

[0072]

As the protonic acid for use in production metloc fluoro complex acid produced
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in a reaction system by reacting a fluoro comple@containing salt with a strong acid may
also be used. In this case, examples of the fluoroplex anion-containing salt that can be
used include ammonium tetrafluoroborate, lithiutnauoroborate, sodium tetrafluoroborate,
potassium tetrafluoroborate, ammonium hexafluorgphate, lithium hexafluorophosphate,
sodium hexafluorophosphate, and potassium hexaijilnmsphate. Examples of the strong
acid that can be used include sulfuric acid, methalfionic acid, trifluoromethanesulfonic
acid, hydrogen chloride, and hydrogen bromide. cBipeexamples of the fluoro complex
acid that can be produced in a reaction systemudecltetrafluoroboric acid and
hexaluorophosphoric acid. In view of a high cosndfit and a high yield, any one of
ammonium tetrafluoroborate, sodium tetrafluorob®rd ammonium hexafluorophosphate is
preferably mixed with sulfuric acid and used.

[0073]

The molar ratio among the ruthenocene derivatygetke nitrile and the protonic acid
used in production method 2 is described below. vibw of a high yield of the cationic
tris(nitrile) complex (4), 3 mol or more of the nig is preferably used per mol of the
ruthenocene derivative. In view of a high yielte tnitrile is more preferably used in a
solvent amount and, specifically, the nitrile idl shore preferably used in an amount
appropriately selected from the range of 5 to 1,0@0 per mol of the ruthenocene derivative.
The preferable amount of the protonic acid usedkesatepending on the kind of the protonic
acid. For example, in the case where the protacig is a monobasic acid, in view of a high
yield, 1 mol or more of the protonic acid is preflely used per mol of the ruthenocene
derivative, and in the case of a dibasic acid,n@b or more of the protonic acid is preferably
used per mol of the ruthenocene derivative. Incdme where a mixture of a fluoro complex
anion-containing salt and a strong acid is usdati@grotonic acid, 1 mol or more of the fluoro
complex anion-containing salt and from 0.5 to 2.0l wf the strong acid are appropriately
used per mol of the ruthenocene derivative, whethbycationic tris(nitrile) complex (4) can
be efficiently obtained.

[0074]

For the reason that the yield of the cationic(nitsle) complex (4) is high,
production method 2 is preferably performed in @ert gas. Specific examples of the inert
gas include helium, neon, argon, krypton, xenou, @itrogen gas, with argon or nitrogen gas

being preferred.
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For the reason that the yield of the cationic(itsile) complex (4) is high,
production method 2 is preferably performed untierdonditions using an excessive amount
of nitrile as a solvent. In addition, productiortimod 2 can also be performed in an organic
solvent. Specific examples of the organic solvanlude an aliphatic hydrocarbon such as
pentane, hexane, heptane, octane, cyclohexaneyloyetiohexane, ethylcyclohexane and
petroleum ether, an ether such as diethyl ethespmtiopyl ether, dibutyl ether, cyclopentyl
methyl ether, cyclopentyl ethyl ether, tetrahydrafy dioxane and 1,2-dimethoxyethane, a
ketone such as acetone, methyl ethyl ketone, 3apeng, cyclopentanone and cyclohexanone,
and an alcohol such as methanol, ethanol, propasapropanol, tert-butanol and ethylene
glycol. Of these organic solvents, one kind maysed alone, or a plurality of kinds may be
mixed in an arbitrary ratio and used. In view ohigh yield of the cationic tris(nitrile)
complex (4), diethyl ether, tetrahydrofuran, acetand methanol are preferred as the organic
solvent.

[0075]

In production method 2, the reaction temperatund the reaction time are not
particularly limited, and general conditions emm@dyby one skilled in the art when producing
a metal complex may be used. As a specific exanapleaction temperature appropriately
selected from a temperature range of°e8@o 150C and a reaction time appropriately
selected from the range of 10 minutes to 120 hauwes employed, whereby the cationic
tris(nitrile) complex (4) can be efficiently prodeat

The cationic tris(nitrile) complex (4) produced Ipyoduction method 2 may be
purified by appropriately selecting and using aegahpurification method employed by one
skilled in the art when purifying a metal complexthe purification method specifically
includes filtration, extraction, centrifugation,cdetation, crystallization, etc.

[0076]

The ruthenium complex (1) can also be producedcbmtinuously performing
production method 2 and production method 1. is ¢hse, the cationic tris(nitrile) complex
(4) produced by production method 2 may be used aaw material for production in
production method 1 without purifying it, or thetioaic tris(nitrile) complex (4) that is
purified by appropriately selecting and using aegahpurification method employed by one
skilled in the art when purifying a metal compleayrbe used as a raw material for production

in production method 1.
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In addition, the ruthenium complex (1a) of thesem invention can also be produced
in the same manner as the ruthenium complex (1¢dmtinuously performing production
method 2 and production method 1.

[0077]

Definitions of R, R’ and n in formula (2) are described.

The alkyl group having a carbon number of 1 t@presented by Rand R may be
any of a linear alkyl group, a branched alkyl graumd a cyclic alkyl group, and specific
examples thereof include a methyl group, an ethylig, a propyl group, an isopropyl group, a
cyclopropyl group, a butyl group, an isobutyl groapsec-butyl group, a tert-butyl group, a
cyclobutyl group, a pentyl group, a 1-methylbutybgp, a 2-methylbutyl group, an isopentyl
group, a neopentyl group, a tert-pentyl group, @apentyl group, a cyclobutylmethyl group,
a hexyl group, a 1-methylpentyl group, a 2-methgtpkegroup, a 3-methylpentyl group, a
4-methylpentyl group, a 1,1-dimethylbutyl group, &,2-dimethylbutyl group, a
1,3-dimethylbutyl group, a 2,2-dimethylbutyl groum 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a omtntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendtmint that the ruthenium complex (2) of
the present invention has vapor pressure and thetaizlity suitable as a CVD material or an
ALD material, those members are preferably an ajkglp having a carbon number of 1 to 4,
more preferably a methyl group.

n is an integer of 0 to 2 and from the standptiiat the ruthenium complex (2) of the
present invention has vapor pressure suitable @¥@ material or an ALD material, n is
preferably O.

[0078]

Specific examples of the ruthenium complex (2jhef present invention are shown in
Tables 3 and 4. Here, Me, Et, Br, Bu,'Bu, Pe and Hx stand for a methyl group, an ethyl
group, a propyl group, an isopropyl group, a bgdup, a tert-butyl group, a pentyl group
and a hexyl group, respectively.

[0079]



5

[Table 8]
(Table 3)

2)

Compound R® R’ n
No.
2-1 Me Me 0
2-2 Me Et 0
2-3 Et Et 0
2-4 Et Pr 0
2-5 Pr Pr 0
2-6 Pr Bu 0
2-7 Bu Bu 0
2-8 Bu Pe 0
2-9 Pe Pe 0
2-10 Pe Hx 0
2-11 Hx Hx 0
2-12 Me 'Pr 0
2-13 Me '‘Bu 0
2-14 Et 'Pr 0
2-15 'Pr 'Pr 0
2-16 'Pr '‘Bu 0
2-17 '‘Bu '‘Bu 0
2-18 Me Me 1
2-19 Me Et 1
2-20 Et Et 1
2-21 Et Pr 1
2-22 Pr Pr 1
2-23 Pr Bu 1
2-24 Bu Bu 1
2-25 Bu Pe 1
2-26 Pe Pe 1
2-27 Pe Hx 1
2-28 Hx Hx 1
2-29 Me 'Pr 1
2-30 Me '‘Bu 1
2-31 Et 'Pr 1
2-32 'Pr 'Pr 1
2-33 'Pr '‘Bu 1
2-34 '‘Bu '‘Bu 1
2-35 Me Me 2
2-36 Me Et 2
2-37 Et Et 2

[0080]

38
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[Table 9]
(Table 4)

(2)

Compound R® R’ n
No.
2-38 Et Pr 2
2-39 Pr Pr 2
2-40 Pr Bu 2
2-41 Bu Bu 2
2-42 Bu Pe 2
2-43 Pe Pe 2
2-44 Pe Hx 2
2-45 Hx Hx 2
2-46 Me 'Pr 2
2-47 Me '‘Bu 2
2-48 Et '"Pr 2
2-49 'Pr 'Pr 2
2-50 'Pr '‘Bu 2
2-51 '‘Bu '‘Bu 2

[0081]

Among those exemplified in Tables 3 and 4, in vielahaving vapor pressure and

thermal stability suitable as a CVD material or
(1-5-n°-cyclooctadienyl)>-2,5-dimethylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)>-2-ethyl-5-methylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2,5-diethylpyrrolyl)ruthenium
(1-5n°-cyclooctadienyl)q>-2-ethyl-5-propylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2,5-dipropylpyrrolyl)ruthenium
(1-5-1°-cyclooctadienyl)j®-2-butyl-5-propylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)>-2,5-dibutylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2-butyl-5-pentylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)§>-2,5-dipentylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)>-2-hexyl-5-pentylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)§®-2,5-dihexylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)>-2-methyl-5-isopropylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j°-2-tert-butyl-5-methyl)ruthenium
(1-5-1°-cyclooctadienyl)j®-2-ethyl-5-isopropylpyrrolyl)ruthenium

am\LD

material,
(2-1),
(2-2),
(2-3),
(2-4),
(2-5),
(2-6),
(2-7),
(2-8),
(2-9),
(2-10),
(2-11),
(2-12),
(2-13),
(2-14),
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(1-5n°-cyclooctadienyl)>-2,5-di(isopropyl)pyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)q>-2-tert-butyl-5-isopropylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)i®-2,5-di(tert-butyl)pyrrolyl)ruthenium  (2-17)
(1-5-n°-cyclooctadienyl)>-2,5-dimethylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2-ethyl-5-methylpyrrolyl)ruthenium
(1-5-1°-cyclooctadienyl)j®-2,5-diethylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)q>-2-ethyl-5-propylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2,5-dipropylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)q>-2-butyl-5-propylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)>-2,5-dibutylpyrrolyl)ruthenium
(1-5-1°-cyclooctadienyl)j®-2-methyl-5-isopropylpyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)q>-2-tert-butyl-5-methyl)ruthenium
(1-5-1°-cyclooctadienyl)j®-2-ethyl-5-isopropylpyrrolyl)ruthenium
(1-51°-cyclooctadienyl)j®-2,5-di(isopropyl)pyrrolyl)ruthenium
(1-5-n°-cyclooctadienyl)q>-2-tert-butyl-5-isopropylpyrrolyl)ruthenium

(2-16)

are

(2-16)

(2-15),
and
gierred;
(2-1),
(2-2),
(2-3),
(2-4),
(2-5),
(2-6),
(2-7),
(2-12),
(2-13),
(2-14),
(2-15),

and

(1-51°-cyclooctadienyl)j®-2,5-di(tert-butyl)pyrrolyl)ruthenium (2-17) are meo preferred:;

and (1-5n°-cyclooctadienyl)j®-2,5-dimethylpyrrolyl)ruthenium (2-1) is still moggreferred.

[0082]

The production method of the ruthenium complex @R)the present invention is

described below.

The ruthenium complex (2) of the present inventian be produced by the following

production method 3 or production method 5.

Production method 3 is a method of reacting aonatibis(cyclooctadienyl) complex

(8) with a substituted pyrrole (9) in the presenta base to produce the ruthenium complex

(2) of the present invention.
Production Method 3:
[0083]
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[Chem. 11]

(Me), (Me), 7+ T \ (Me)
Y_\ 4 R N _Rs % /_\/ ;
B S e e

RQ
(8) (9) (2)
[0084]

(wherein each of Rand R independently represents an alkyl group havingraan number
5 of 1to 6, Y represents a counter anion, and n representseageirof 0 to 2.)
[0085]
Specific examples of the cation moiety of theamat bis(cyclooctadienyl) complex
(8) are shown in (8-1) to (8-12) below.
[0086]



[Chem. 12]
GO |
(8-1)

Me
J ||-| \’ Me
Me
(8-3)
Me Me

Me Me
(8-9)
Me
’\ Me % Me /
J I
M
(8-7)
Me
—‘\ Me . /
j | K" Me
H
Me
(8-9)
Me Me .
’\ Me " f
J |L k—* Me

(8-11)

[0087]

Among those exemplified in (8-1) to (8-12), inwief having vapor pressure suitable

42

Me, Me .
Q) |
Me Me
(8-2)
Me
’\ Ru / e
J ||-| Me \-’
Me
(8-4)

Me Me
P
) ,Me \-/

H
(8-6)
Me
—\ Me Ru /
J ||_|Me \-’
Me
(8-8)
Me
-—\ Me / Me '
F €y
Me

Me Me
'\ Me ( Me '
/N NS
H
(

8-12)
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as a CVD material or an ALD material, [bis(138-cyclooctadienyl)(hydride)ruthenium(IV)]
([RuH(N>-CsH11)2]) (8-1) is preferred.
[0088]

Examples of the counter anion ¥ formula (8) include those generally used as a
counter anion of a cationic metal complex. Specdkamples thereof include a fluoro
complex anion such as tetrafluoroborate ion JBFhexafluorophosphate ion (PF
hexafluoroantimonate ion (Sp)and tetrafluoroaluminate ion (A, a monovalent sulfonate
ion such as trifluoromethanesulfonate ion £{86;), methanesulfonate ion (Me§D and
methylsulfate ion (MeS£), a halide ion such as chloride ion and bromiche @écounter anion
of a monobasic acid, such as nitrate ion §)NQperchlorate ion (CI¢), tetrachloroaluminate
ion (AICls) and bis(trifluoromethanesulfonyl)amide ion (SB).N’), a counter anion of a
polybasic acid, such as sulfate ion ($)) hydrogen sulfate ion (HSQ, phosphate ion
(PO:*), monohydrogen phosphate ion (HPY) dihydrogen phosphate ion {POy),
dimethylphosphate ion ((MeghOy) and diethylphosphate ion ((E#P)Xs), and a derivative
thereof. In view of a high yield of the rutheniuomplex (2), the counter anion™ Y5
preferably a fluoro complex anion such as/Bihd Pk, or a monovalent sulfonate ion such
as CESO; and MeS@, more preferably BF
[0089]

Specific preferred examples of the cationic bisl@gctadienyl) complex (8) include
[bis(1-5°-cyclooctadienyl)(hydride)ruthenium(1V)][tetrafluoiborate]

([RuH(n®>-CgH12)][BF4]), [(bis(1-501°-cyclo-
octadienyl)(hydride)ruthenium(1V))][hexafluorophdsxe] ([RUHQ>-CgH11)2][PFe]),
[(bis(1-51°-cyclooctadienyl)(hydride)ruthenium(1V))][trifluornethanesulfonate]

([RUH(n®>-CsH11);][CFsSQy)), and

[(bis(1-51°-cyclooctadienyl)(hydride)ruthenium(1V))][methanéfemate]
(IRUH(N>-CgH11)2][MeSQs)). In view of a high yield of the ruthenium corepl (2),
[bis(1-5°-cyclooctadienyl)(hydride)ruthenium(1V)][tetrafluaiborate]
(IRUH(N®-CgH11)7][BF4]), etc. are preferred.
[0090]

Specific examples of the substituted pyrrole (8flude 2,5-dimethylpyrrole,
2-ethyl-5-methylpyrrole, 2,5-diethylpyrrole, 2-etfsrpropylpyrrole, 2,5-dipropylpyrrole,
2-butyl-5-propylpyrrole, 2,5-dibutylpyrrole, 2-bu§-pentylpyrrole, 2,5-dipentylpyrrole,
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2-hexyl-5-pentylpyrrole, 2,5-dihexylpyrrole, 2-mghb-isopropylpyrrole, 2-tert-butyl-5-
methylpyrrole, 2-ethyl-5-isopropylpyrrole, 2,5-didipropyl)pyrrole,
2-tert-butyl-5-isopropylpyrrole, and 2,5-di(tertigl)pyrrole. From the standpoint that the
ruthenium complex (2) has vapor pressure suitabla &vD material or an ALD material,
2,5-dimethylpyrrole, 2-ethyl-5-methylpyrrole, 2,%ethylpyrrole, 2-ethyl-5-propylpyrrole,
2,5-dipropylpyrrole, 2-butyl-5-propylpyrrole, 2,5kditylpyrrole, 2-methyl-5-isopropylpyrrole,
2-tert-butyl-5-methylpyrrole, 2-ethyl-5-isopropyipole, 2,5-di(isopropyl)pyrrole,
2-tert-butyl-5-isopropylpyrrole  and  2,5-di(tert-g)pyrrole  are  preferred, and
2,5-dimethylpyrrole is more preferred.

[0091]

The base that can be used in production method|@des an inorganic base and an
organic base. Examples of the inorganic base declan alkali metal carbonate such as
lithium carbonate, sodium carbonate and potassiarbonate, an alkali metal bicarbonate
such as lithium bicarbonate, sodium bicarbonate @otdssium bicarbonate, a Group 2 metal
carbonate such as magnesium carbonate, calciuraraeand strontium carbonate, a typical
metal hydroxide such as lithium hydroxide, sodiumdroxide, potassium hydroxide,
magnesium hydroxide, calcium hydroxide and strontloydroxide, a typical metal hydride
such as lithium hydride, sodium hydride, potassiydride, magnesium hydride, calcium
hydride and aluminum hydride, a typical metal hgdricomplex compound such as sodium
borohydride and aluminum lithium hydride, and akatlmetal amide such as lithium amide,
sodium amide and lithium dialkylamide. Examplegte# organic base include a secondary
or tertiary amine such as diethylamine, triethylaenidiethylisopropylamine and tributylamine,
a cyclic aliphatic amine such as pyrrolidine, pigiere, piperazine and 1,4-diazabicyclooctane,
and an aromatic amine such as pyridine. In viewa bfgh yield of the ruthenium complex
(2), the base is preferably a secondary or tertemine or pyridine, more preferably a
secondary or tertiary amine, still more preferahkigthylamine.

[0092]

For the reason that the yield of the rutheniummgem (2) is high, production method
3 is preferably performed in an inert gas. Spe@&fiamples of the inert gas include helium,
neon, argon, krypton, xenon, and nitrogen gas, angjon or nitrogen gas being preferred.

For the reason that the yield of the rutheniummgem (2) is high, production method

3 is preferably performed in an organic solvenn thle case of performing production method
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3 in an organic solvent, specific examples of thiganic solvent include an aliphatic
hydrocarbon such as pentane, hexane, heptane,epatgolohexane, methylcyclohexane,
ethylcyclohexane and petroleum ether, a halogeaebadiphatic hydrocarbon such as
chloroform, dichloromethane, dibromomethane, 1¢hidiroethane, 1,2-dichloroethane and
1,1,1-trichloroethane, an ether such as diethyleretidiisopropyl ether, dibutyl ether,
cyclopentyl methyl ether, cyclopentyl ethyl ethemethyl-tert-butyl ether, tetrahydrofuran,
dioxane and 1,2-dimethoxyethane, a ketone sucheieree, methyl ethyl ketone, 3-pentanone,
cyclopentanone and cyclohexanone, and an alcoheit a8 methanol, ethanol, propanol,
isopropanol, tert-butanol and ethylene glycol. tld¥se organic solvents, one kind may be
used alone, or a plurality of kinds may be mixedmarbitrary ratio and used. In view of a
high yield of the ruthenium complex (2), as theamig solvent, chloroform, dichloromethane,
cyclopentyl methyl ether, methyl-tert-butyl etheatiethyl ether, tetrahydrofuran, acetone,
methanol and hexane are preferred, and chlorofaliohloromethane, cyclopentyl methyl
ether, methyl-tert-butyl ether, diethyl ether aetldhydrofuran are more preferred.

[0093]

The method for obtaining the substituted pyrr@gigcludes the production methods
described, for example, in Journal of the Ameri€iremical Society, Vol. 77, page 3340
(1955), and Organic Letters, Vol. 15, page 1436180 other than the purchase of a
commercial product.

[0094]

The molar ratio among the cationic bis(cyclooatagll) complex (8), the substituted
pyrrole (9) and the base when performing productiorthod 3 is described below.
Preferably, 1 mol or more of the substituted pyr(d) and the base are used per mol of the
cationic bis(cyclooctadienyl) complex (8), wherekiye ruthenium complex (2) can be
efficiently produced.

In production method 3, the reaction temperatund the reaction time are not
particularly limited, and general conditions emg@dyby one skilled in the art when producing
a metal complex may be used. As a specific exanapleaction temperature appropriately
selected from a temperature range of°€8@o 120C and a reaction time appropriately
selected from the range of 10 minutes to 120 hawesemployed, whereby the ruthenium
complex (2) can be efficiently produced. The raiben complex (2) produced by

production method 3 may be purified by appropnateklecting and using a general
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purification method employed by one skilled in #Hrewhen purifying a metal complex. The
purification method specifically includes filtratip extraction, centrifugation, decantation,
distillation, sublimation, crystallization, colunmhromatography, etc.

The cationic bis(cyclooctadienyl) complex (8) asa material of production method
3 can be produced according to production methoestribed in Organometallics, Vol. 10,
page 455 (1991). Production method 4 is a methofl reacting a
(cyclooctadiene)(cyclooctatriene) complex (15) with protonic acid FY™ to produce a

cationic bis(cyclooctadienyl) complex (8).

[0095]
Production Method 4:
[0096]
[Chem. 13]
(Me)n (Me), (Me), Me)n 7+
N (A . R\ I7aR _
' [ Ru i | + HYY —_— Rlu Y
H
(15) (8)
[0097]

(wherein n represents an integer of 0 to 2, anapresents a counter anion.)
[0098]

The (cyclooctadiene)(cyclooctatriene) complex @@\ be produced according to the
method described in Journal of Organometallic Ckemi Vol. 272, page 179 (1984).
Specifically, this is a method of reacting ruthenichloride with cyclooctadiene in the
presence of zinc to produce a (cyclooctadiene)@ogthtriene) complex (15).

[0099]
Specific examples of the cyclooctadiene include 5-cyclooctadiene,

1-methyl-1,5-cyclooctadiene, 1,2-dimethyl-1,5-cyartadiene,
1,4-dimethyl-1,5-cyclooctadiene, 1,5-dimethyl-1y&iooctadiene,
2,4-dimethyl-1,5-cyclooctadiene, 1,6-dimethyl-tyelooctadiene, and
3,7-dimethyl-1,5-cyclooctadiene. In view of availay, 1,5-cyclooctadiene and

1,5-dimethyl-1,5-cyclooctadiene are preferred, afdcyclooctadiene is more preferred.
[0100]
The method for obtaining the cyclooctadiene ineluie methods described, for



10

15

20

25

30

47

example, in Journal of the American Chemical Sgci&/ol. 116, page 2889 (1994),
Heterocycles, Vol. 77, page 927 (2009), and JP-&Q09314, other than the purchase of a
commercial product.

Specific preferred examples of the (cyclooctadi@yelooctatriene) complex (15)
include (]4—1,5—cyc|ooctadiene|)f—1,3,5—cyc|ooctatriene)ruthenium
(Ru(*CsH12)(n°*-CeH10)).

[0101]

Examples of the counter anion &f the protonic acid that can be used in productio
method 4 include those generally used as a cown@n of a cationic metal complex.
Specific examples thereof include a fluoro comgeion such as tetrafluoroborate ion (BF
hexafluorophosphate ion (PF hexafluoroantimonate ion (SgFand tetrafluoroaluminate ion
(AIF4), a monovalent sulfonate ion such as trifluororap@sulfonate ion (GBGy),
methanesulfonate ion (MeSPand methylsulfate ion (MeSQ, a halide ion such as chloride
ion and bromide ion, a counter anion of a monobasic, such as nitrate ion (NQ
perchlorate ion (ClQ), tetrachloroaluminate ion (AlE) and
bis(trifluoromethanesulfonyl)amide ion ((6¥0,):N’), a counter anion of a polybasic acid,
such as sulfate ion (S©), hydrogen sulfate ion (HSQ, phosphate ion (P),
monohydrogen  phosphate ion (HBQ) dihydrogen phosphate ion {POy),
dimethylphosphate ion (MeghOy) and diethylphosphate ion ((E#P),), and a derivative
thereof. In view of a high yield of the cationis(zyclooctadienyl) complex (8), the counter
anion Y is preferably a fluoro complex anion such ag BlRd Pk, or a monovalent sulfonate
ion such as G505 and MeS@, more preferably BF
[0102]

Specific examples of the protonic acid include l@ofo complex acid such as
tetrafluoroboric acid and hexafluorophosphoric aeidulfonic acid such as sulfuric acid and
triluoromethanesulfonic acid; and a hydrogen halisuch as hydrogen chloride. The
protonic acid may form a complex with an ether sashdimethyl ether and diethyl ether.
Examples of the protonic acid in the form of a ctewrpinclude a tetrafluoroboric
acid-dimethyl ether complex, a tetrafluoroboric dadiethyl ether complex, and a
hexafluorophosphoric acid-diethyl ether complexa view of a high yield of the cationic
bis(cyclooctadienyl) complex (8), a tetrafluorolmoracid-diethyl ether complex, etc. are

preferred.
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[0103]

As the protonic acid for use in production metdod fluoro complex acid produced
in a reaction system by reacting a fluoro comple@containing salt with a strong acid may
also be used. In this case, examples of the flaoroplex anion-containing salt that can be
used include ammonium tetrafluoroborate, lithiutnatuoroborate, sodium tetrafluoroborate,
potassium tetrafluoroborate, ammonium hexafluorgphate, lithium hexafluorophosphate,
sodium hexafluorophosphate, and potassium hexafinmsphate. Examples of the strong
acid that can be used include sulfuric acid, methalfionic acid, trifluoromethanesulfonic
acid, hydrogen chloride, and hydrogen bromide. cBipeexamples of the fluoro complex
acid that can be produced in a reaction systemudlecltetrafluoroboric acid and
hexaluorophosphoric acid. In view of a high cosnéfit and a high yield, any one of
ammonium tetrafluoroborate, sodium tetrafluorob®rd ammonium hexafluorophosphate is
preferably mixed with sulfuric acid and used.

[0104]

Furthermore, as the protonic acid for use in petidn method 4, a fluoro complex
acid produced in a reaction system by reactingrbtniiuoride with a strong acid may also be
used. In this case, examples of the strong acil ¢hn be used include sulfuric acid,
methanesulfonic acid, trifluoromethanesulfonic acldydrogen chloride, and hydrogen
bromide.

[0105]

The molar ratio between the (cyclooctadiene)(ayctatriene) complex (15) and the
protonic acid used in production method 4 is déscribelow. The preferable amount of the
protonic acid used varies depending on the kinthefprotonic acid. For example, in the
case where the protonic acid is a monobasic atidew of a high yield, 1 mol or more of the
protonic acid is preferably used per mol of thec(ogctadiene)(cyclooctatriene) complex (15),
and in the case of a dibasic acid, 0.5 mol or nobréhe protonic acid is preferably used per
mol of the (cyclooctadiene)(cyclooctatriene) comp#5). In the case where a mixture of a
fluoro complex anion-containing salt and a stroogl as used as the protonic acid, 1 mol or
more of the fluoro complex anion-containing salt drom 0.5 to 2.0 mol of the strong acid
are appropriately used per mol of the (cyclooctaglécyclooctatriene) complex (15), whereby
the cationic bis(cyclooctadienyl) complex (8) candificiently obtained.

[0106]
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For the reason that the yield of the cationicdyislpooctadienyl) complex (8) is high,
production method 4 is preferably performed in @ert gas. Specific examples of the inert
gas include helium, neon, argon, krypton, xenou, @itrogen gas, with argon or nitrogen gas
being preferred.

For the reason that the yield of the cationicdyisipoctadienyl) complex (8) is high,
production method 4 is preferably performed in egaaic solvent. In the case of performing
production method 4 in an organic solvent, speekamples of the organic solvent include an
aliphatic hydrocarbon such as pentane, hexane, amhept octane, cyclohexane,
methylcyclohexane, ethylcyclohexane and petroleuthere a halogen-based aliphatic
hydrocarbon such as chloroform, dichloromethandyrodnomethane, 1,1-dichloroethane,
1,2-dichloroethane and 1,1,1-trichloroethane, &eresuch as diethyl ether, diisopropyl ether,
dibutyl ether, cyclopentyl methyl ether, cyclopdngthyl ether, methyl-tert-butyl ether,
tetrahydrofuran, dioxane and 1,2-dimethoxyethan&etane such as acetone, methyl ethyl
ketone, 3-pentanone, cyclopentanone and cycloh@earand an alcohol such as methanol,
ethanol, propanol, isopropanol, tert-butanol ard/lene glycol. Of these organic solvents,
one kind may be used alone, or a plurality of kindg/ be mixed in an arbitrary ratio and used.
In view of a high vyield of the cationic bis(cycldadienyl) complex (8), chloroform,
dichloromethane, cyclopentyl methyl ether, metleyt-butyl ether, diethyl ether,
tetrahydrofuran, etc. are preferred. In productiethod 4, the reaction temperature and the
reaction time are not particularly limited, and gexl conditions employed by one skilled in
the art when producing a metal complex may be uséd. a specific example, a reaction
temperature appropriately selected from a temperatinge of -80C to 150C and a reaction
time appropriately selected from the range of 10ut@s to 120 hours are employed, whereby
the cationic bis(cyclooctadienyl) complex (8) candfficiently produced.

[0107]

The cationic bis(cyclooctadienyl) complex (8) puodd by production method 4 may
be purified by appropriately selecting and usingeaeral purification method employed by
one skilled in the art when purifying a metal coexpl The purification method specifically
includes filtration, extraction, centrifugation,adatation, distillation, crystallization, etc.

The ruthenium complex (2) can also be producedphbyduction method 5 of
continuously performing production method 4 anddpidion method 3. In this case, the

cationic bis(cyclooctadienyl) complex (8) produdsdproduction method 4 may be used as a
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raw material for production in production methodw@&hout purifying it, or the cationic
bis(cyclooctadienyl) complex (8) that is purified dppropriately selecting and using a general
purification method employed by one skilled in #m¢ when purifying a metal complex may
be used as a raw material for production in pradocitmethod 3. Examples of the
purification method include filtration, extractioncentrifugation, decantation, and
crystallization.

[0108]

Definitions of R°, R, R, R® R* R® R R and R® in formula (3) are
described below.

The alkyl group having a carbon number of 1 tepresented by R R, R*, R*®
and R* may be any of a linear alkyl group, a brancheglaikoup and a cyclic alkyl group,
and specific examples thereof include a methyl gran ethyl group, a propyl group, an
isopropyl group, a cyclopropyl group, a butyl groam isobutyl group, a sec-butyl group, a
tert-butyl group, a cyclobutyl group, a pentyl goo@a 1-methylbutyl group, a 2-methylbutyl
group, an isopentyl group, a neopentyl group, &pentyl group, a cyclopentyl group, a
cyclobutylmethyl group, a hexyl group, a 1-methyigé group, a 2-methylpentyl group, a
3-methylpentyl group, a 4-methylpentyl group, adifhethylbutyl group, a 1,2-dimethylbutyl
group, a 1,3-dimethylbutyl group, a 2,2-dimethyibugroup, a 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a omtntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendtmint that the ruthenium complex (3) of
the present invention has vapor pressure and thetatzlity suitable as a CVD material or an
ALD material, preferably, R is an alkyl group having a carbon number of 1 mé R*, R*,
R and R* are a hydrogen atom; more preferably® B a methyl group or an ethyl group;
and still more preferably, 'Ris an ethyl group.

[0109]

The alkyl group having a carbon number of 1 tepresented by R R'® R and
R'® may be any of a linear alkyl group, a brancheglajkoup and a cyclic alkyl group, and
specific examples thereof include a methyl groumpethyl group, a propyl group, an isopropyl
group, a cyclopropyl group, a butyl group, an iggbgroup, a sec-butyl group, a tert-butyl
group, a cyclobutyl group, a pentyl group, a 1-rgkihtyl group, a 2-methylbutyl group, an
isopentyl group, a neopentyl group, a tert-pentybbug, a cyclopentyl group, a

cyclobutylmethyl group, a hexyl group, a 1-methyigé group, a 2-methylpentyl group, a
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3-methylpentyl group, a 4-methylpentyl group, adirhethylbutyl group, a 1,2-dimethylbutyl
group, a 1,3-dimethylbutyl group, a 2,2-dimethyibugroup, a 2,3-dimethylbutyl group, a
3,3-dimethylbutyl group, a cyclohexyl group, a om#ntylmethyl group, a 1-cyclobutylethyl
group, and a 2-cyclobutylethyl group. From thendtmint that the ruthenium complex (3) of
the present invention has vapor pressure and thetaiality suitable as a CVD material or an
ALD material, R® R, R and R® are preferably a methyl group.
[0110]

Specific examples of the ruthenium complex (3jhef present invention are shown in
Tables 5-1 to 5-10. Here, Me, Et, ift, Bu,'Bu, *Bu, 'Bu, Pe‘Pe and Hx stand for a methyl
group, an ethyl group, a propyl group, an isoprapglup, a butyl group, an isobutyl group, a
sec-butyl group, a tert-butyl group, a pentyl groapcyclopentyl group and a hexyl group,
respectively.
[0111]
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[Table 10]
(Table 5-1)

(3)

Compound RlO Rll R12 Rl3 R14 RlS R16 Rl7 R18
No.
3-1 H H H H H H H H Me
3-2 Me H H H H H H H Me
3-3 Et H H H H H H H Me
3-4 Pr H H H H H H H Me
3-5 'Pr H H H H H H H Me
3-6 Bu H H H H H H H Me
3-7 'Bu H H H H H H H Me
3-8 Bu H H H H H H H Me
3-9 ‘Bu H H H H H H H Me
3-10 Pe H H H H H H H Me
3-11 °Pe H H H H H H H Me
3-12 Hx H H H H H H H Me
3-13 Me Me H H H H H H Me
3-14 Me H Me H H H H H Me
3-15 '‘Bu H '‘Bu H H H H H Me
3-16 Me Me Me H H H H H Me
3-17 Me Me H Me H H H H Me
3-18 'Pr 'Pr H 'Pr H H H H Me
3-19 Me Me Me Me H H H H Me
3-20 Et Me Me Me Me H H H Me
3-21 Pr Me Me Me Me H H H Me
3-22 H H H H H H H H Bu
3-23 Me H H H H H H H Bu
3-24 Et H H H H H H H Bu
3-25 Pr H H H H H H H Bu
3-26 'Pr H H H H H H H Bu
3-27 Bu H H H H H H H Bu
3-28 'Bu H H H H H H H Bu
3-29 Bu H H H H H H H Bu
3-30 '‘Bu H H H H H H H Bu
3-31 Pe H H H H H H H Bu
3-32 °Pe H H H H H H H Bu
3-33 Hx H H H H H H H Bu
3-34 Me Me H H H H H H Bu
3-35 Me H Me H H H H H Bu
3-36 '‘Bu H '‘Bu H H H H H Bu
3-37 Me Me Me H H H H H Bu
3-38 Me Me H Me H H H H Bu

5 [0112]
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[Table 11]

(Table 5-2)
3)

Compound RlO Rll R12 Rl3 R14 R15 R16 R17 R18
No.
3-39 'Pr H 'Pr H 'Pr H H H Bu
3-40 Me Me Me Me H H H H Bu
341 Me Me Me Me Me H H H Bu
3-42 Et Me Me Me Me H H H Bu
3-43 Pr Me Me Me Me H H H Bu
3-44 H H H H H Me Me Me Me
3-45 Me H H H H Me Me Me Me
3-46 Et H H H H Me Me Me Me
3-47 Pr H H H H Me Me Me Me
3-48 'Pr H H H H Me Me Me Me
3-49 Bu H H H H Me Me Me Me
3-50 'Bu H H H H Me Me Me Me
3-51 ‘Bu H H H H Me Me Me Me
3-52 '‘Bu H H H H Me Me Me Me
3-53 Pe H H H H Me Me Me Me
3-54 ‘Pe H H H H Me Me Me Me
3-55 Hx H H H H Me Me Me Me
3-56 Me Me H H H Me Me Me Me
3-57 Me H Me H H Me Me Me Me
3-58 ‘Bu H '‘Bu H H Me Me Me Me
3-59 Me Me Me H H Me Me Me Me
3-60 Me Me H Me H Me Me Me Me
3-61 'Pr H 'Pr H 'Pr Me Me Me Me
3-62 Me Me Me Me H Me Me Me Me
3-63 Et Me Me Me Me Me Me Me Me
3-64 Pr Me Me Me Me Me Me Me Me
3-65 H H H H H Me Me Me Bu
3-66 Me H H H H Me Me Me Bu
3-67 Et H H H H Me Me Me Bu
3-68 Pr H H H H Me Me Me Bu
3-69 'Pr H H H H Me Me Me Bu
3-70 Bu H H H H Me Me Me Bu
3-71 'Bu H H H H Me Me Me Bu
3-72 Bu H H H H Me Me Me Bu
3-73 '‘Bu H H H H Me Me Me Bu
3-74 Pe H H H H Me Me Me Bu
3-75 ‘Pe H H H H Me Me Me Bu
3-76 Hx H H H H Me Me Me Bu

[0113]
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[Table 12]
(Table 5-3)
3)
Compound RlO Rll R12 R13 R14 R15 R16 R17 R18
No.

3-77 Me Me H H H Me Me Me Bu
3-78 Me H Me H H Me Me Me Bu
3-79 '‘Bu H '‘Bu H H Me Me Me Bu
3-80 Me Me Me H H Me Me Me Bu
3-81 Me Me H Me H Me Me Me Bu
3-82 'Pr H 'Pr H 'Pr Me Me Me Bu
3-83 Me Me Me Me H Me Me Me Bu
3-84 Me Me Me Me Me Me Me Me Bu
3-85 Et Me Me Me Me Me Me Me Bu
3-86 Pr Me Me Me Me Me Me Me Bu
3-87 H H H H H Et Et Et Me
3-88 Me H H H H Et Et Et Me
3-89 Et H H H H Et Et Et Me
3-90 Pr H H H H Et Et Et Me
3-91 'Pr H H H H Et Et Et Me
3-92 Bu H H H H Et Et Et Me
3-93 'Bu H H H H Et Et Et Me
3-94 ‘Bu H H H H Et Et Et Me
3-95 '‘Bu H H H H Et Et Et Me
3-96 Pe H H H H Et Et Et Me
3-97 ‘Pe H H H H Et Et Et Me
3-98 Hx H H H H Et Et Et Me
3-99 Me Me H H H Et Et Et Me
3-100 Me H Me H H Et Et Et Me
3-101 '‘Bu H '‘Bu H H Et Et Et Me
3-102 Me Me Me H H Et Et Et Me
3-10:< Me Me H Me H Et Et Et Me
3-104 'Pr H 'Pr H 'Pr Et Et Et Me
3-10& Me Me Me Me H Et Et Et Me
3-106 Et Me Me Me Me Et Et Et Me
3-107 Pr Me Me Me Me Et Et Et Me
3-108 H H H H H Et Et Et Bu
3-109 Me H H H H Et Et Et Bu
3-11C Et H H H H Et Et Et Bu
3-111 Pr H H H H Et Et Et Bu
3112 'Pr H H H H Et Et Et Bu
3-113 Bu H H H H Et Et Et Bu
3-114 'Bu H H H H Et Et Et Bu

[0114]
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[Table 13]
(Table 5-4)
3)
Compound RlO Rll R12 R13 R14 RlS R16 R17 R18
No.

3-11¢ ‘Bu H H H H Et Et Et Bu
3-116 '‘Bu H H H H Et Et Et Bu
3-117 Pe H H H H Et Et Et Bu
3-118 ‘Pe H H H H Et Et Et Bu
3-119 Hx H H H H Et Et Et Bu
3-120 Me Me H H H Et Et Et Bu
3-121 Me H Me H H Et Et Et Bu
3-122 '‘Bu H '‘Bu H H Et Et Et Bu
3-123 Me Me Me H H Et Et Et Bu
3-124 Me Me H Me H Et Et Et Bu
3-125 'Pr H 'Pr H 'Pr Et Et Et Bu
3-126 Me Me Me Me H Et Et Et Bu
3-127 Me Me Me Me Me Et Et Et Bu
3-128 Et Me Me Me Me Et Et Et Bu
3-12¢ Pr Me Me Me Me Et Et Et Bu
3-130 H H H H H Pr Pr Pr Me
3-131 Me H H H H Pr Pr Pr Me
3-132 Et H H H H Pr Pr Pr Me
3-133 Pr H H H H Pr Pr Pr Me
3-134 'Pr H H H H Pr Pr Pr Me
3-135 Bu H H H H Pr Pr Pr Me
3-13¢ 'Bu H H H H Pr Pr Pr Me
3-137 *Bu H H H H Pr Pr Pr Me
3-138 '‘Bu H H H H Pr Pr Pr Me
3-139 Pe H H H H Pr Pr Pr Me
3-140 ‘Pe H H H H Pr Pr Pr Me
3-141 Hx H H H H Pr Pr Pr Me
3-142 Me Me H H H Pr Pr Pr Me
3-142 Me H Me H H Pr Pr Pr Me
3-144 '‘Bu H '‘Bu H H Pr Pr Pr Me
3-145 Me Me Me H H Pr Pr Pr Me
3-146 Me Me H Me H Pr Pr Pr Me
3-147 'Pr H 'Pr H 'Pr Pr Pr Pr Me
3-14¢ Me Me Me Me H Pr Pr Pr Me
3-149 Et Me Me Me Me Pr Pr Pr Me
3-15C Pr Me Me Me Me Pr Pr Pr Me
3-151 H H H H H Pr Pr Pr Bu
3-152 Me H H H H Pr Pr Pr Bu

[0115]
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[Table 14]
(Table 5-5)
3)

Compound RlO Rll R12 Rl3 R14 R15 R16 R17 R18
No.
3-152 Et H H H H Pr Pr Pr Bu
3-154 Pr H H H H Pr Pr Pr Bu
3-155 'Pr H H H H Pr Pr Pr Bu
3-156 Bu H H H H Pr Pr Pr Bu
3-157 'Bu H H H H Pr Pr Pr Bu
3-158 ‘Bu H H H H Pr Pr Pr Bu
3-159 '‘Bu H H H H Pr Pr Pr Bu
3-16C Pe H H H H Pr Pr Pr Bu
3-161 ‘Pe H H H H Pr Pr Pr Bu
3-162 Hx H H H H Pr Pr Pr Bu
3-163 Me Me H H H Pr Pr Pr Bu
3-164 Me H Me H H Pr Pr Pr Bu
3-165 '‘Bu Me '‘Bu H H Pr Pr Pr Bu
3-166 Me Me Me H H Pr Pr Pr Bu
3-167 Me Me H Me H Pr Pr Pr Bu
3-168 'Pr H 'Pr H 'Pr Pr Pr Pr Bu
3-169 Me Me Me Me H Pr Pr Pr Bu
3-170 Me Me Me Me Me Pr Pr Pr Bu
3-171 Et Me Me Me Me Pr Pr Pr Bu
3-172 Pr Me Me Me Me Pr Pr Pr Bu
3-173 H H H H H 'Pr 'Pr 'Pr Me
3-174 Me H H H H 'Pr 'Pr 'Pr Me
3-175 Et H H H H 'Pr 'Pr 'Pr Me
3-176 Pr H H H H 'Pr 'Pr 'Pr Me
3-177 'Pr H H H H 'Pr 'Pr 'Pr Me
3-178 Bu H H H H 'Pr 'Pr 'Pr Me
3-17¢ 'Bu H H H H 'Pr 'Pr 'Pr Me
3-180 Bu H H H H 'Pr 'Pr 'Pr Me
3-181 ‘Bu H H H H 'Pr 'Pr 'Pr Me
3-182 Pe H H H H 'Pr 'Pr 'Pr Me
3-183 ‘Pe H H H H 'Pr 'Pr 'Pr Me
3-184 Hx H H H H 'Pr 'Pr 'Pr Me
3-185 Me Me H H H 'Pr 'Pr 'Pr Me
3-18¢ Me H Me H H 'Pr 'Pr 'Pr Me
3-187 '‘Bu H '‘Bu H H "Pr 'Pr 'Pr Me
3-18¢ Me Me Me H H 'Pr 'Pr 'Pr Me
3-189 Me Me H Me H 'Pr 'Pr 'Pr Me
3-190 'Pr H 'Pr H 'Pr 'Pr 'Pr 'Pr Me

[0116]
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[Table 15]
(Table 5-6)
3)
Compound RlO Rll R12 Rl3 R14 RlS R16 Rl7 R18
No.

3-191 Me Me Me Me H 'Pr 'Pr 'Pr Me
3-192 Et Me Me Me Me 'Pr 'Pr 'Pr Me
3-193 Pr Me Me Me Me | 'Pr 'Pr 'Pr Me
3-194 H H H H H 'Pr 'Pr 'Pr Bu
3-195 Me H H H H 'Pr '"Pr 'Pr Bu
3-196 Et H H H H 'Pr 'Pr 'Pr Bu
3-197 Pr H H H H 'Pr '"Pr 'Pr Bu
3-19¢ 'Pr H H H H '"Pr 'Pr '"Pr Bu
3-199 Bu H H H H 'Pr '"Pr 'Pr Bu
3-200 'Bu H H H H 'Pr 'Pr 'Pr Bu
3-201 *Bu H H H H 'Pr '"Pr '"Pr Bu
3-202 '‘Bu H H H H 'Pr 'Pr 'Pr Bu
3-203 Pe H H H H 'Pr '"Pr '"Pr Bu
3-204 ‘Pe H H H H 'Pr 'Pr 'Pr Bu
3-20¢ Hx H H H H 'Pr 'Pr 'Pr Bu
3-206 Me Me H H H 'Pr 'Pr 'Pr Bu
3-207 Me H Me H H 'Pr 'Pr 'Pr Bu
3-208 ‘Bu H '‘Bu H H 'Pr 'Pr 'Pr Bu
3-209 Me Me Me H H 'Pr 'Pr 'Pr Bu
3-210 Me Me H Me H 'Pr 'Pr 'Pr Bu
3-211 'Pr H 'Pr H 'Pr 'Pr 'Pr 'Pr Bu
3-21Z Me Me Me Me H 'Pr 'Pr 'Pr Bu
3-213 Me Me Me Me Me 'Pr 'Pr 'Pr Bu
3-214 Et Me Me Me Me 'Pr 'Pr 'Pr Bu
3-215 Pr Me Me Me Me | 'Pr 'Pr 'Pr Bu
3-216 H H H H H Bu Bu Bu Me
3-217 Me H H H H Bu Bu Bu Me
3-218 Et H H H H Bu Bu Bu Me
3-21¢ Pr H H H H Bu Bu Bu Me
3-220 'Pr H H H H Bu Bu Bu Me
3-221 Bu H H H H Bu Bu Bu Me
3-222 'Bu H H H H Bu Bu Bu Me
3-223 *Bu H H H H Bu Bu Bu Me
3-224 '‘Bu H H H H Bu Bu Bu Me
3-225 Pe H H H H Bu Bu Bu Me
3-22¢€ ‘Pe H H H H Bu Bu Bu Me
3-227 Hx H H H H Bu Bu Bu Me
3-228 Me Me H H H Bu Bu Bu Me

[0117]
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[Table 16]
(Table 5-7)
3)
Compound RlO Rll R12 R13 R14 R15 R16 R17 R18
No.

3-22¢ Me H Me H H Bu Bu Bu Me
3-230 '‘Bu H '‘Bu H H Bu Bu Bu Me
3-231 Me Me Me H H Bu Bu Bu Me
3-232 Me Me H Me H Bu Bu Bu Me
3-233 'Pr H 'Pr H 'Pr Bu Bu Bu Me
3-234 Me Me Me Me H Bu Bu Bu Me
3-235 Et Me Me Me Me Bu Bu Bu Me
3-23¢€ Pr Me Me Me Me Bu Bu Bu Me
3-237 H H H H H Bu Bu Bu Bu
3-238 Me H H H H Bu Bu Bu Bu
3-239 Et H H H H Bu Bu Bu Bu
3-240 Pr H H H H Bu Bu Bu Bu
3-241 'Pr H H H H Bu Bu Bu Bu
3-242 Bu H H H H Bu Bu Bu Bu
3-24: 'Bu H H H H Bu Bu Bu Bu
3-244 ‘Bu H H H H Bu Bu Bu Bu
3-245 '‘Bu H H H H Bu Bu Bu Bu
3-246 Pe H H H H Bu Bu Bu Bu
3-247 ‘Pe H H H H Bu Bu Bu Bu
3-248 Hx H H H H Bu Bu Bu Bu
3-249 Me Me H H H Bu Bu Bu Bu
3-25C Me H Me H H Bu Bu Bu Bu
3-251 '‘Bu H '‘Bu H H Bu Bu Bu Bu
3-252 Me Me Me H H Bu Bu Bu Bu
3-253 Me Me H Me H Bu Bu Bu Bu
3-254 'Pr H 'Pr H 'Pr Bu Bu Bu Bu
3-25& Me Me Me Me H Bu Bu Bu Bu
3-256 Me Me Me Me Me Bu Bu Bu Bu
3-257 Et Me Me Me Me Bu Bu Bu Bu
3-258 Pr Me Me Me Me Bu Bu Bu Bu
3-259 H H H H H '‘Bu '‘Bu '‘Bu Me
3-260 Me H H H H ‘Bu '‘Bu ‘Bu Me
3-261 Et H H H H '‘Bu '‘Bu '‘Bu Me
3-262 Pr H H H H '‘Bu '‘Bu '‘Bu Me
3-263 'Pr H H H H '‘Bu '‘Bu '‘Bu Me
3-264 Bu H H H H '‘Bu '‘Bu '‘Bu Me
3-265 'Bu H H H H '‘Bu '‘Bu '‘Bu Me
3-266 ‘Bu H H H H '‘Bu '‘Bu '‘Bu Me

[0118]
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[Table 17]

(Table 5-8)
(3)
Compound RlO Rll R12 Rl3 R14 RlS R16 Rl7 R18
No.
3-267 '‘Bu H H H H '‘Bu '‘Bu '‘Bu Me
3-268 Pe H H H H '‘Bu '‘Bu '‘Bu Me
3-269 Pe H H H H Bu Bu Bu Me
3-270 Hx H H H H '‘Bu '‘Bu '‘Bu Me
3-271 Me Me H H H ‘Bu ‘Bu ‘Bu Me
3-272 Me H Me H H '‘Bu '‘Bu '‘Bu Me
3-273 ‘Bu H ‘Bu H H ‘Bu ‘Bu ‘Bu Me
3-274 Me Me Me H H '‘Bu '‘Bu '‘Bu Me
3-275 Me Me H Me H ‘Bu 'Bu ‘Bu Me
3-276 'Pr H 'Pr H 'Pr '‘Bu '‘Bu '‘Bu Me
3-277 Me Me Me Me H '‘Bu '‘Bu '‘Bu Me
3-278 Et Me Me Me Me | 'Bu '‘Bu '‘Bu Me
3-279 Pr Me Me Me Me | 'Bu '‘Bu '‘Bu Me
3-280 H H H H H '‘Bu '‘Bu '‘Bu Bu
3-281 Me H H H H '‘Bu '‘Bu '‘Bu Bu
3-282 Et H H H H '‘Bu '‘Bu '‘Bu Bu
3-283 Pr H H H H Bu Bu Bu Bu
3-284 'Pr H H H H '‘Bu '‘Bu '‘Bu Bu
3-285 Bu H H H H Bu Bu Bu Bu
3-286 'Bu H H H H '‘Bu '‘Bu '‘Bu Bu
3-287 Bu H H H H Bu Bu Bu Bu
3-28¢ '‘Bu H H H H '‘Bu '‘Bu '‘Bu Bu
3-289 Pe H H H H Bu Bu Bu Bu
3-290 ‘Pe H H H H '‘Bu '‘Bu '‘Bu Bu
3-291 Hx H H H H '‘Bu '‘Bu '‘Bu Bu
3-292 Me Me H H H '‘Bu '‘Bu '‘Bu Bu
3-29: Me H Me H H '‘Bu '‘Bu '‘Bu Bu
3-294 '‘Bu H '‘Bu H H '‘Bu '‘Bu '‘Bu Bu
3-29tF Me Me Me H H '‘Bu '‘Bu '‘Bu Bu
3-296 Me Me H Me H '‘Bu '‘Bu '‘Bu Bu
3-297 'Pr H 'Pr H 'Pr ‘Bu 'Bu ‘Bu Bu
3-298 Me Me Me Me H '‘Bu '‘Bu '‘Bu Bu
3-299 Me Me Me Me Me | 'Bu ‘Bu ‘Bu Bu
3-30C Et Me Me Me Me '‘Bu '‘Bu '‘Bu Bu
3-301 Pr Me Me Me Me | 'Bu ‘Bu ‘Bu Bu
3-30z2 H H H H H Me '‘Bu 'Pr Me
3-303 Me H H H H Me | Bu 'Pr Me
3-304 Et H H H H Me | 'Bu 'Pr Me

[0119]




5

60

[Table 18]
(Table 5-9)
(3)
Compound RlO Rll R12 R13 R14 R15 R16 Rl7 R18
No.
3-30F Pr H H H H Me '‘Bu 'Pr Me
3-306 'Pr H H H H Me '‘Bu 'Pr Me
3-307 Bu H H H H Me | 'Bu 'Pr Me
3-308 'Bu H H H H Me '‘Bu 'Pr Me
3-309 Bu H H H H Me ‘Bu 'Pr Me
3-310 '‘Bu H H H H Me '‘Bu 'Pr Me
3-311 Pe H H H H Me | 'Bu 'Pr Me
3-312 °Pe H H H H Me '‘Bu 'Pr Me
3-313 Hx H H H H Me | 'Bu 'Pr Me
3-314 Me Me H H H Me | 'Bu 'Pr Me
3-315 Me H Me H H Me ‘Bu 'Pr Me
3-316 '‘Bu H '‘Bu H H Me '‘Bu 'Pr Me
3-317 Me Me Me H H Me 'Bu 'Pr Me
3-318 Me Me H Me H Me | 'Bu 'Pr Me
3-31¢ 'Pr H 'Pr H 'Pr Me '‘Bu 'Pr Me
3-320 Me Me Me Me H Me | 'Bu 'Pr Me
3-321 Me Me Me Me Me Me ‘Bu 'Pr Me
3-322 Et Me Me Me Me Me| 'Bu 'Pr Me
3-323 Pr Me Me Me Me Me| 'Bu 'Pr Me
3-324 H H H H H Me | 'Bu 'Pr Bu
3-325 Me H H H H Me | Bu 'Pr Bu
3-32¢ Et H H H H Me '‘Bu 'Pr Bu
3-328 Pr H H H H Me | 'Bu 'Pr Bu
3-329 'Pr H H H H Me '‘Bu 'Pr Bu
3-330 Bu H H H H Me | 'Bu 'Pr Bu
3-331 'Bu H H H H Me '‘Bu 'Pr Bu
3-332 Bu H H H H Me '‘Bu 'Pr Bu
3-333 '‘Bu H H H H Me '‘Bu 'Pr Bu
3-334 Pe H H H H Me '‘Bu 'Pr Bu
3-335 ‘Pe H H H H Me | 'Bu 'Pr Bu
3-336 Hx H H H H Me | 'Bu 'Pr Bu
3-337 Me Me H H H Me | 'Bu 'Pr Bu
3-338 Me H Me H H Me ‘Bu 'Pr Bu
3-33¢ '‘Bu H '‘Bu H H Me '‘Bu 'Pr Bu
3-340 Me Me Me H H Me ‘Bu 'Pr Bu
3-341 Me Me H Me H Me ‘Bu 'Pr Bu
3-342 'Pr H 'Pr H 'Pr Me ‘Bu 'Pr Bu
3-343 Me Me Me Me H Me | 'Bu 'Pr Bu

[0120]
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[Table 19]

(Table 5-10)

3)

Compound RlO Rll R12 Rl3 R14 RlS R16 Rl7 R18
No.

3-344 Me Me Me Me Me Me '‘Bu 'Pr Bu
3-345 Et Me Me Me Me Me | 'Bu 'Pr Bu
3-346 Pr Me Me Me Me Me 'Bu 'Pr Bu
[0121]

Among those exemplified in Tables 5-1 to 5-10view of having vapor pressure and

thermal stability suitable as a CVD material or amLD

(n°-cyclopentadienyl){>-6-exo-methylcyclohexadienyl)ruthenium
(n°>-methylcyclopentadienylyC-6-exo-methylcyclohexadienyl)ruthenium
(n°-ethylcyclopentadienylj>-6-exo-methylcyclohexadienyl)ruthenium
(n°-propylcyclopentadienyli>-6-exo-methylcyclohexadienyl)ruthenium
(n°>-isopropylcyclopentadieny®)®-6-exo-methylcyclohexadienyl)ruthenium
(n°-butylcyclopentadienyl){°>-6-exo-methylcyclohexadienyl)ruthenium
(n°-isobutylcyclopentadienylyC-6-exo-methylcyclohexadienyl)ruthenium
(n°-sec-butylcyclopentadienyt)f-6-exo-methylcyclohexadienyl)ruthenium
(n°-tert-butylcyclopentadieny)C-6-exo-methylcyclohexadienyl)ruthenium

(n°-pentylcyclopentadienyhC-6-exo-methylcyclohexadienyl)ruthenium

(n°-cyclopentylcyclopentadienyhf-6-exo-methylcyclohexadienyl)ruthenium

(n°-hexylcyclopentadienyly>-6-exo-methylcyclohexadienyl)ruthenium

(n°-cyclopentadienyl){*>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium

material,

(3-1),
(3-2),
(3-3),
(3-4),
(3-5),
(3-6),
(3-7),
(3-8),
(3-9),
(3-10),
(3-11),
(3-12),

3-46),

(n°>-methylcyclopentadienylyC-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium 3-46),

(n°-ethylcyclopentadienyl)>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium  3-46),

(n°-propylcyclopentadienyly>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium 3-47),

(n*-isopropylcyclopentadieny®®-1,3,5,6-exo-tetramethylcyclohexadienyl)rutheniurd-48),

(n°-butylcyclopentadienyl)(*-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium  3-40),

(n°-isobutylcyclopentadienylyC-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium3-50),

(n°-sec-butylcyclopentadienyfjf-1,3,5,6-exo-tetramethylcyclohexadienyl)rutheniur8-5(),
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(n°-tert-butylcyclopentadienyl)C-1,3,5,6-exo-tetramethylcyclohexadienyl)rutheniur@-5@),
(n°-pentylcyclopentadieny)®-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium 3-5@),
(n°-cyclopentylcyclopentadienyhf-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium
(3-54) and 1§>-hexylcyclopentadienylj>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium
(3-55) are preferred; and
(n°-ethylcyclopentadienylj>-6-exo-methylcyclohexadienyl)ruthenium (3-3) and
(n>-ethylcyclopentadienylj(®>-1,3,5,6-exo-tetramethylcyclohexadienyl)rutheniurd-4¢) are
more preferred.
[0122]

The production method of the ruthenium complex @B)the present invention is
described below.

The ruthenium complex (3) of the present inventian be produced by the following
production method 6 or production method 8.

Production method 6 is a method of reacting sonatiarene complex (10) with an

alkyllithium (11) to produce a ruthenium compley (3 the present invention.

[0123]
Production Method 6:
[0124]
[Chem. 14]
R R15 . R R15
12 R p1s
R10 ( ) Ru—— R®| p + R > R O—Ru— R16
13 R13
R14 R R17 (11) R4 R
(10) 3)
[0125]

(wherein R° to R*® have the same meanings a8 ® R in formula (3), and Prepresents a
counter anion.)

Specific examples of the cation moiety of the a@itt arene complex (10) include
[(n®-benzene){°-cyclopentadienyl)ruthenium(ll)] ([RB-CsHs)(n°-CsHe)]),
[(n®-benzene){>-methylcyclopentadienyl)ruthenium(il)] ([Rg{-CsMeH4)(n°-CsHe))),
[(n®-benzene){>-ethylcyclopentadienyl)ruthenium(il)] ([RgE-CsEtH4)(n°-CsHe)]),
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[(n®-benzene){°>-propylcyclopentadienyl)ruthenium(ll)] (IROE-CsPrH,) (n°-CsHe)),
[(n®-benzene){*>-isopropylcyclopentadienyl)ruthenium(il)] ([RYT-Cs' PrHs)(n®-CsHe))),
[(n®-benzene){>-butylcyclopentadienyl)ruthenium(ll)] (IRQE-CsBUH.)(n°-CsHe))),
[(n®-benzene){*-isobutylcyclopentadienyl)ruthenium(ll)] ([R{-Cs' BuH4)(n°-CsHe))),

[(n®-benzene){>-sec-butylcyclopentadienyl)ruthenium(ll)] ([RWECsBUH,4)(n°®-CsHe))),
[(n®-benzene){°-tert-butylcyclopentadienyl)ruthenium(Il)] ([Rg{-Cs'BuH4)(n°-CsHe)]),
[(n®-benzene){(°>-pentylcyclopentadienyl)ruthenium(ll)] ([Ry{-CsPeHy;)(n°-CsHe)]),
[(n®-benzene){®-cyclopentylcyclopentadienyl)ruthenium(ll)]  ([RiR-Cs"PeH:)(n°-CsHe)]),
[(n®-benzene){(>-hexylcyclopentadienyl)ruthenium(ll)] ([ROE-CsHxHa)(n®-CsHe)]),
[(n®-benzene){*-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniuj(ll
([Ru(n®-CsMes)(n°-CsHo)]),

[0126]

[(n>-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRU(*CsHs)(n"CsMesHa)]),
[(n>-methylcyclopentadienyl)®-1,3,5-trimethylbenzene)ruthenium(il)]
(IRU(n®-CsMeHa)(n°*-CeMesHa)]),
[(n°>-ethylcyclopentadienylj(°>-1,3,5-trimethylbenzene)ruthenium(ll)]
([Ru(n®>-CsEtHa)(n°®-CsMesHs)]),
[(n®-propylcyclopentadienylj(-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRu(®™CsPrHs)(n"CeMezH)]),
[(n>-isopropylcyclopentadieny®)®-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRu(n®CsPrHy)(n®CeMesHs)]),
[(n°-butylcyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRu(n*-CsBuH2)(n"CeMesHs)]),
[(n*-isobutylcyclopentadienylyC-1,3,5-trimethylbenzene)ruthenium(ll)]

([Ru(n®Cs BuH,)(n°®-CsMe3H3)]),
[(n®-sec-butylcyclopentadienyfjf-1,3,5-trimethylbenzene)ruthenium(ll)]
([Ru(n®-Cs*BuHs)(n°-CeMesHa)]),
[(n°-tert-butylcyclopentadieny)®-1,3,5-trimethylbenzene)ruthenium(il)]
(IRu(n™-Cs'BuH)(n*-CeMesH3))),
[(n°-pentylcyclopentadieny®-1,3,5-trimethylbenzene)ruthenium(ll)]
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([Ru(n®CsPeHy)(n°®-CsMesHa)]),
[(n®-cyclopentylcyclopentadienyhf-1,3,5-trimethylbenzene)ruthenium(il)]
(IRu(n®-CsPeHy)(nCeMesH3)]),
[(n>-hexylcyclopentadienylj(°-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRU(n®-CsHxHa)(n*-CeMesHs)]),

[(n°-1,2,3,4,5-pentamethylcyclopentadiengPKl,3,5-trimethylbenzene)ruthenium(il)]

([Ru(n®-CsMes)(n°-CsMesHs)]),

[(n°-cyclopentadienyl){®-1,3,5-triethylbenzene)ruthenium(ll)] ([RyE-CsHs)(n°-CsEtsHs)]),

[(n®-methylcyclopentadienyly®-1,3,5-triethylbenzene)ruthenium(l1)]
(IRu(n®*-CsMeH,)(n"CoEtaH)]),
[(n°-ethylcyclopentadienyly(®-1,3,5-triethylbenzene)ruthenium(ll)]
(IRu(n®-CsEtHa)(n*CeEtaHs)]),
[(n°-propylcyclopentadienylj®-1,3,5-triethylbenzene)ruthenium(ll)]
(IRu(n®>-CsPrHe)(n°CeEtaHa)]),
[(n>-isopropylcyclopentadieny®)®-1,3,5-triethylbenzene)ruthenium(il)]
(IRU(N®>-CsPrHs)(n°*-CeEtaHa)]),

[0127]
[(n°>-butylcyclopentadienyl){®-1,3,5-triethylbenzene)ruthenium(ll)]
(IRU(N®-CsBUH)(n°*-CeEtaHa)]),
[(n°>-isobutylcyclopentadienyly®-1,3,5-triethylbenzene)ruthenium(il)]
(IRu(®CsBuH;)(n"CoEtsHs)]),
[(n°-sec-butylcyclopentadienyfif-1,3,5-triethylbenzene)ruthenium(ll)]
([Ru(n®-Cs*BuHs)(n°-CeEtzH3)]),
[(n°-tert-butylcyclopentadienyly®-1,3,5-triethylbenzene)ruthenium(ll)]
([Ru(n®-Cs'BuHz)(n°-CsEtsH3)]),
[(n°-pentylcyclopentadieny®-1,3,5-triethylbenzene)ruthenium(ll)]
(IRu(n™CsPeH)(n*-CeEtaHs)]),
[(n°-cyclopentylcyclopentadienyhf-1,3,5-triethylbenzene)ruthenium(ll)]
(IRu(n™Cs"PeHy)(n*-CeEtaHs))),
[(n>-hexylcyclopentadienylj(°-1,3,5-triethylbenzene)ruthenium(l1)]
(IRu(n®>-CsHxHa)(n*-CeEtsHa)]),
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[(n>-1,2,3,4,5-pentamethylcyclopentadiengf(l,3,5-triethylbenzene)ruthenium(ll)]
(IRu(*-CsMes)(n°*-CsEtsHs)]),
[(n°-cyclopentadienyl){®-1,3,5-tripropylbenzene)ruthenium(ll)] ([Ryt-CsHs)(n°-CePrsHa)]),
[(n°®-methylcyclopentadienyl)®-1,3,5-tripropylbenzene)ruthenium(ll)]
(IRu(n®>-CsMeHs)(n®CePrsHa)]),
[(n°-ethylcyclopentadienyly(®-1,3,5-tripropylbenzene)ruthenium(ll)]
([Ru(n®-CsEtHa)(n°-CePrsHs)]),
[(n°-propylcyclopentadienylj(®-1,3,5-tripropylbenzene)ruthenium(il)]
(IRu(n*-CsPrHy)(n*-CePraHs)]),
[(n>-isopropylcyclopentadieny®)®-1,3,5-tripropylbenzene)ruthenium(ll)]
(IRU(®Cs PrHe)(n°*-CePr:Ha)]),
[(n>-butylcyclopentadienyl){®-1,3,5-tripropylbenzene)ruthenium(l1)]
(IRu(n®>-CsBuHs)(n*-CePrHa)]),
[(n°-isobutylcyclopentadienylyC-1,3,5-tripropylbenzene)ruthenium(ll)]
([Ru(n®>-Cs BuHa4)(n°-CsPrzH3)]),
[(n°-sec-butylcyclopentadienyfjf-1,3,5-tripropylbenzene)ruthenium(in)]
([Ru(n®-CsBuHs)(n°*-CePrH3)]),
[(n°-tert-butylcyclopentadieny)®-1,3,5-tripropylbenzene)ruthenium(ll)]
(IRu(n®*-CsBuH)(n"*-CePrsHa)]),

[0128]
[(n°-pentylcyclopentadieny)®-1,3,5-tripropylbenzene)ruthenium(l1)]
([Ru(®CsPeH)(n°®-CePrHa)]),
[(n°-cyclopentylcyclopentadienyhf-1,3,5-tripropylbenzene)ruthenium(ll)]
(IRu(n™Cs"PeHy)(n*CePrsHs)]),
[(n°>-hexylcyclopentadienyly®-1,3,5-tripropylbenzene)ruthenium(ll)]
([Ru(n®-CsHxHa4)(n°*-CsPrsH3)]),
[(n°-1,2,3,4,5-pentamethylcyclopentadiengfl,3,5-tripropylbenzene)ruthenium(il)]
([Ru(n®>-CsMes)(n°*-CePrsHs)]),
[(n°-cyclopentadienyl){®-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRu(m-CsHs)(n*-Ce( PrisHs)]),
[(n°>-methylcyclopentadienylyC-1,3,5-tri(isopropyl)benzene)ruthenium(ll)]
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(IRu(n*-CsMeH2)(n"Co( PrisHa)]),
[(n°-ethylcyclopentadienylj(°-1,3,5-tri(isopropyl)benzene)ruthenium(ll)]
([Ru(M®CsEtHa)(n®-Co( Pr)Ha)]),
[(n°>-propylcyclopentadienyli®-1,3,5-tri(isopropyl)benzene)ruthenium(ll)]
(IRU(®CsPrHs)(n*-Ce( PrHa)]),
[(n*-isopropylcyclopentadieny®)®-1,3,5-tri(isopropyl)benzene)ruthenium(ll)]
(IRu(n*-Cs PrH)(n®Co( PrsH3))),
[(n°-butylcyclopentadienyl)(®-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRu(n*-CsBuHa)(n*-Ce( PrsHs)]),
[(n>-isobutylcyclopentadieny)®-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRU(N®>-C5BUH4)(n°*-Ce( PrisHa)]),
[(n°-sec-butylcyclopentadienyfif-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRU(N®>-CsBuH)(n°Ce(PrHa)]),
[(n°-tert-butylcyclopentadienyyC-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRu(n>-CsBUHA)(n"Co( PrisH3)]),
[(n°-pentylcyclopentadieny)y®-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRu(h*-CsPeH)(n-Co( PrHa)]),
[(n°-cyclopentylcyclopentadienyhf-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRU(®Cs™PeH)(n°Co( PrHa)]),
[(n>-hexylcyclopentadienylj(°-1,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRU(*CsHxHa)(n*-Co( PrisHa)]),

[0129]
[(n°-1,2,3,4,5-pentamethylcyclopentadiengfil,3,5-tri(isopropyl)benzene)ruthenium(il)]
(IRu(>-CsMes)(n°*-Ce('Pr)sH3)]).
[(n°-cyclopentadienyl){®-1,3,5-tributylbenzene)ruthenium(l)] ([Ref-CsHs)(n°®-CeBusHa)]),
[(n°>-methylcyclopentadienylyC-1,3,5-tributylbenzene)ruthenium(ll)]
(IRu(n>-CsMeHs)(n*-CeBusHs)]),
[(n°-ethylcyclopentadienyl)®-1,3,5-tributylbenzene)ruthenium(i)]
([Ru(n®CsEtHa)(n°-CeBuzH3)]),
[(n°-propylcyclopentadienyli®-1,3,5-tributylbenzene)ruthenium(ll)]
(IRu(n®>-CsPrHs)(n°-CeBusHa)]),
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[(n>-isopropylcyclopentadieny®®-1,3,5-tributylbenzene)ruthenium(il)]
(IRu(n*Cs PrHy)(n°CBusH3)]),
[(n°-butylcyclopentadienyl){®-1,3,5-tributylbenzene)ruthenium(ll)]
([Ru(n®>-CsBuH,)(n°-CsBusHs))),
[(n*-isobutylcyclopentadienylyC-1,3,5-tributylbenzene)ruthenium(ll)]
(IRU(N®-C5BUH4)(n*-CeBusH3)]),
[(n°-sec-butylcyclopentadienyfif-1,3,5-tributylbenzene)ruthenium(ll)]
(IRu(n®>-CsBUH,)(n°-CeBuzH3)]),
[(n°-tert-butylcyclopentadieny)®-1,3,5-tributylbenzene)ruthenium(il)]
([Ru(n®-Cs'BUH)(n°-CeBusH3)]),
[(n°-pentylcyclopentadienyy®-1,3,5-tributylbenzene)ruthenium(ll)]
(IRu(n*-CsPeH;)(n®*-CeBusH3)]),
[(n°-cyclopentylcyclopentadienyhf-1,3,5-tributylbenzene)ruthenium(ll)]
(IRu(n®-Cs"PeH)(n°CeBusHa)]),
[(r|5—hexy|cyclopentadienyly(ﬁ—l,3,5—tributy|benzene)ruthenium(lI)]
(IRu(n®>-CsHxHa)(n*CeBusHa)]),

[(n°>-1,2,3,4,5-pentamethylcyclopentadiengfl,3,5-tributylbenzene)ruthenium(ll)]

([Ru(n®>-CsMes)(n°*-CeBusH3)]),
[(n®-1,3,5-tri(tert-butyl)benzena)-cyclopentadienyl)ruthenium(i)]
([Ru(n®>-CsHs)(n®-Ce(Bu)sHa)]),
[(n°>-methylcyclopentadienylyC-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([Ru(n®>-CsMeHa)(n°-Ce(‘Bu)sHs)]),
[(n®-ethylcyclopentadienylj(®-1,3,5-tri(tert-butyl)benzene)ruthenium(Il)]
([Ru(M®-CsEtHa)(n®Co(Bu)sHs)]),
[(n°>-propylcyclopentadienyli®-1,3,5-tri(tert-butyl)benzene)ruthenium(il)]
([Ru(n®-CsPrHa) (n®Co(Bu)sHz)]),

[0130]
[(n>-isopropylcyclopentadieny®f-1,3,5-tri(tert-butyl)benzene)ruthenium(il)]
(IRu(M®Cs PrH:)(nCo(Bu)sHa)]),
[(n°-butylcyclopentadienyl){®-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([RuM®CsBuHa)(n®Cs(Bu)sH3)]),
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[(n®>-isobutylcyclopentadienyy®-1,3,5-tri(tert-butyl)benzene)ruthenium(l1)]
(IRu(®CsBuH;)(n"Co(Bu)sHs)]),
[(n°-sec-butylcyclopentadienyfif-1,3,5-tri(tert-butyl)benzene)ruthenium(In)]
([Ru(n®>-CsBuHs)(n°*-Cs('Bu)sHa)]),
[(n°-tert-butylcyclopentadieny)C-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([Ru(n®>-CsBuH,)(n°-Co(‘Bu)sH3)]),
[(n®-pentylcyclopentadienyly®-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([Ru(®CsPeHy)(n®-Cs(‘Bu)sHs))),
[(n®-cyclopentylcyclopentadienyhf-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
(IRu(n™Cs"PeHy)(n*Ce(Bu)aHs)]),
[(n°>-hexylcyclopentadienyly®-1,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([Ru(n®>CsHxH.)(n®-Cq('Bu)sHa))), and
[(n°-1,2,3,4,5-pentamethylcyclopentadiengPil,3,5-tri(tert-butyl)benzene)ruthenium(ll)]
([Ru(®~CsMes)(n°®-Ce(‘Bu)sHa)]).
[0131]

For the reason that the ruthenium complex (3)Vag®r pressure suitable as a CVD

material or an ALD material, 1i-benzene){®>-cyclopentadienyl)ruthenium(ll)]

([Ru(n®-CsHs)(n°®-CsHe)]), [(n®-benzene){>-methylcyclopentadienyl)ruthenium(ll)]
([Ru(n>-CsMeH4)(n°-CsHe))), [(n®-benzene){*>-ethylcyclopentadienyl)ruthenium(Il)]
([Ru(n®-CsEtH4)(n°-CsHo)]), [(n®-benzene){>-propylcyclopentadienyl)ruthenium(ll)]
([Ru(n®>-CsPrHs)(n°-CsHe)]), [(n®-benzene){*-isopropylcyclopentadienyl)ruthenium(ll)]
([Ru(n®-Cs'PrHs)(n°®-CeHe)]), [(n®-benzene){®>-butylcyclopentadienyl)ruthenium(ll)]
([Ru(n®>-CsBuH,)(n°®-CsHe))), [(n®-benzene){*-isobutylcyclopentadienyl)ruthenium(ll)]

([Ru(n®-Cs'BuH.)(n°-CsHe))), [(n®-benzene){>-sec-butylcyclopentadienyl)ruthenium(i)]
(IRu(n®-Cs°BuH,)(n 6—Ce;He;)]), [(r]6—benzene)(5—tert—butylcyclopentadienyl)ruthenium(II)]
([Ru(n®>CsBuHa)(n°-CsHe)]),
[(n°®-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRu(n®CsHs)(n*-CsMesHa)]),
[(n°>-methylcyclopentadienyljC-1,3,5-trimethylbenzene)ruthenium(il)]
([Ru(n®>-CsMeHa)(n°-CsMesHs)]),
[(n°-ethylcyclopentadienyl)(®-1,3,5-trimethylbenzene)ruthenium(ll)]
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([Ru(n®CsEtHs)(n°-CsMesH3)]),
[(n°-propylcyclopentadienyli®-1,3,5-trimethylbenzene)ruthenium(l)]
(IRu(n®-CsPrHy)(n°CeMesHa)]),
[(n>-isopropylcyclopentadieny®)®-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRU(®Cs PrHs)(n*-CsMesHa)]),
[(n°>-butylcyclopentadienyl)(®-1,3,5-trimethylbenzene)ruthenium(Il)]
([Ru(n®>-CsBuHz)(n®-CeMesHa)]),
[(n>-isobutylcyclopentadieny)®-1,3,5-trimethylbenzene)ruthenium(ll)]
([Ru(n®-Cs BuHa)(n°-CsMesHs)]),
[(n®-sec-butylcyclopentadienyfjf-1,3,5-trimethylbenzene)ruthenium(ll)]
(IRu(n®>-CsBuH,)(n°*-CsMezH)]),
[(n°-tert-butylcyclopentadieny)®-1,3,5-trimethylbenzene)ruthenium(il)]
([Ru(n®-Cs'BuH.)(n°-CsMesHs)]), etc. are preferred.

[0132]

Examples of the counter anion iR formula (10) include those generally used as a
counter anion of a cationic metal complex. Specdkamples thereof include a fluoro
complex anion such as tetrafluoroborate ion jBFhexafluorophosphate ion (P¥
hexafluoroantimonate ion (Sp)and tetrafluoroaluminate ion (AF, a monovalent sulfonate
ion such as trifluoromethanesulfonate ion £{86;), methanesulfonate ion (MeS§D and
methylsulfate ion (MeS§), a counter anion of a monobasic acid, such aataiion (NQ),
perchlorate ion (Clo), tetrachloroaluminate ion (Alg) and
bis(trifluoromethanesulfonyl)amide ion ((6¥0;):N’), a counter anion of a polybasic acid,
such as sulfate ion (§®), hydrogen sulfate ion (HSQ, phosphate ion (P®),
monohydrogen  phosphate ion (HBQ) dihydrogen phosphate ion {POy),
dimethylphosphate ion (MeghO;) and diethylphosphate ion ((E#P),), and a derivative
thereof. In view of a high yield of the rutheniucomplex (3), the counter anion B
preferably a fluoro complex anion such as,Bihd Pk, or a monovalent sulfonate ion such
as CESG; and MeSQ.

[0133]
Specific preferred examples of the cationic arecemplex (10) include

[(n®-benzene){®-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
(IRu(n®CsHs)(n®CeHg)[BF4)),
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[(n®-benzene){>-methylcyclopentadienyl)ruthenium(il)][tetrafluorotate]
(IRu(n*-CsMeH2)(n"CeHg)I[BF 4)),
[(n®-benzene){*-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotae]
(IRu(n*-CsEtH)(n"CeHe)[BF ),
[(n%-benzene){®>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniuliitétrafluoroborate]
([Ru(n®-CsMes)(n°-CeHe)I[BF 4]),
[(n®-benzene){°>-cyclopentadienyl)ruthenium(l)][hexafluorophospéiat
(IRu(n*CsHs)(n"CoHe)I[PFl),
[(n®-benzene){>-methylcyclopentadienyl)ruthenium(ll)][hexafluoropéphate]
(IRu(n®*-CsMeHs)(n"CeHe)[PFe]),
[(n®-benzene){*-ethylcyclopentadienyl)ruthenium(ll)][hexafluoropsmhate]
(IRu(n*-CsEtHa)(n*-CeHe)[PFe]),
[(n®-benzene){®>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujiifiexafluorophosphate]
([Ru(m®~CsMes)(n°-CeHe)I[PFe]),
[(n®-benzene){°>-cyclopentadienyl)ruthenium(Il)][trifluoromethandfanate]
(IRu(n®CsHs)(n°*-CsHe)I[CF3SOy)),
[(r|6—benzene)(s—methylcyclopentadienyl)ruthenium(lI)][triquoronMnesquonate]
(IRu(n*-CsMeH,)(n°*-CeHg)I[CFsSQx),
[(n®-benzene){>-ethylcyclopentadienyl)ruthenium(il)][trifluoromedinesulfonate]
([Ru(n>-CsEtHs)(n°®-CsHe)][CF3SOy]), [(n®-benzene){*-1,2,3,4,5-pentamethylcyclo-
pentadienyl)ruthenium(Il)][trifluoromethanesulfort ([Ru>-CsMes)(n°-CsHes)][CF3SO3)),
[(n®-benzene){°>-cyclopentadienyl)ruthenium(il)][methanesulfonate]
([Ru(n®CsHs)(n°-CsHg)[MeSO3)),
[(n®-benzene){>-methylcyclopentadienyl)ruthenium(il)][methanesuléte]
(IRu(n®-CsMeHz)(n°CsHg)][MeSO4)),
[(n°-benzene){*-ethylcyclopentadienyl)ruthenium(ll)][methanesuléie]
(IRU(*CsEtHa)(n°-CeHe)[MeSQa),
[(n®-benzene){*-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujiiifiethanesulfonate]
([Ru(n®>CsMes)(n°®-CsHe)[MeSO3)),
[(n>-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluoxiate]
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([Ru(n®CsHs)(n°*-CsMesHs)][BF ),

[0134]
[(n°>-methylcyclopentadienylyC-1,3,5-trimethylbenzene)ruthenium(il)][tetrafluoiate]
([Ru(n®CsMeH,)(n°-CeMesHs)][BF4)),
[(n®-ethylcyclopentadienylj(®-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluowiate]
(IRU(n®-CsEtHa)(n"CsMesHs)][BF 4)),
[(n°-1,2,3,4,5-pentamethylcyclopentadiengfi(l,3,5-trimethylbenzene)ruthenium(ll)][tetrafl
uoroborate] ([Ru(n®>-CsMes)(n°-CsMesHs)][BF 4)),
[(n°-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)][hexafluorasphate]
([Ru(n®-CsHs)(n°-CeMesHs)][PF]),
[(n°>-methylcyclopentadienyljC-1,3,5-trimethylbenzene)ruthenium(il)][hexafluoraysiphate]
([Ru(n®CsMeH,)(n°-CeMesH3)][PFe)),
[(n°-ethylcyclopentadienylj(°-1,3,5-trimethylbenzene)ruthenium(ll)][hexafluorasphate]
(IRU(®CsEtHa)(n*-CeMesHa)][PF]),
[(n°>-1,2,3,4,5-pentamethylcyclopentadiengfi(l,3,5-trimethylbenzene)ruthenium(il)][hexafl
uorophosphate] ([Ru(n>-CsMes)(n°-CsMesH3)][PF]),
[(n°>-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)][trifluorontemesulfonate]
(IRU(*-CsHs)(n-CsMesH3)l[CFS Q).
[(n°-methylcyclopentadienylyC-1,3,5-trimethylbenzene)ruthenium(l1)][trifluorontetnesulfo
nate] ([Ru(n®-CsMeH,)(n°-CeMesH3)][CF3SO3)),
[(n®-ethylcyclopentadienylj(°-1,3,5-trimethylbenzene)ruthenium(ll)][trifluorontetnesulfon
ate] (IRu(n*CsEtHa)(n*-CeMesH3)[CF3SQy)),
[(n°-1,2,3,4,5-pentamethylcyclopentadiengPil,3,5-trimethylbenzene)ruthenium(ll)][trifluor
omethanesulfonate] ([Rg{-CsMes)(n°-CsMesH3)][CF3SOy)),
[(n°-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)][methanesnice]
([Ru(n®-CsHs)(n°-CsMesH3)][MeSO3)),
[(n®-methylcyclopentadienyy®-1,3,5-trimethylbenzene)ruthenium(ll)][methanesnkice]
(IRu(n®-CsMeHa)(n*-CeMesHa)| [MeS Q)
[(n°-ethylcyclopentadienylj(°®-1,3,5-trimethylbenzene)ruthenium(ll)][methanesnkite]
([Ru(n®>-CsEtHa)(n°®-CeMesH3)][MeSO3)), and
[(n°-1,2,3,4,5-pentamethylcyclopentadiengfil,3,5-trimethylbenzene)ruthenium(ll)][metha
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nesulfonate] ([Ru{>-CsMes)(n°®-CsMesHs)][MeSOs]).
[0135]

For the reason that the vyield of the ruthenium mlem (3) is high,
[(n®-benzene){®-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
([Ru(n®>-CsHs)(n®CeHe)I[BF 4]),
[(n®-benzene){>-methylcyclopentadienyl)ruthenium(il)][tetrafluorokate]
(IRu(n>-CsMeH2)(n"CeHg)[BF 4)),
[(n®-benzene){°-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotaie]
(IRu(n*-CsEtHs)(n*-CeHs)][BF4]),
[(n>-cyclopentadienyl){®-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluoxiate]
([Ru(n®CsHs)(n°*-CeMesHs)][BF ),
[(n®-methylcyclopentadienyl)®-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluoxmiate]
([Ru(n®>-CsMeH,)(n*-CeMesH3)][BF 4]),
[(n®-ethylcyclopentadienylj(®-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluowiate]
([Ru(n®-CsEtH4)(n°-CsMesH3)][BF 4]), etc. are preferred.

[0136]

Specific examples of the alkyllithium (11) includeethyllithium, ethyllithium,
propyllithium, isopropyllithium, butyllithium, isaltyllithium, sec-butyllithium,
tert-butyllithium, pentyllithium, tert-pentyllithim, cyclopentyllithium, hexyllithium, and
cyclohexyllithium. From the standpoint that thehenium complex (3) has vapor pressure
suitable as a CVD material or an ALD material, myéiithium, ethyllithium, propyllithium,
isopropyllithium, butyllithium, isobutyllithium, sebutyllithium, tert-butyllithium, etc. are
preferred.

[0137]

For the reason that the yield of the rutheniummgem (3) is high, production method
6 is preferably performed in an inert gas. Spea@hamples of the inert gas include helium,
neon, argon, krypton, xenon, and nitrogen gas, angjon or nitrogen gas being preferred.

For the reason that the yield of the rutheniummgem (3) is high, production method
6 is preferably performed in an organic solveni the case of performing production method
6 in an organic solvent, specific examples of thiganic solvent include an aliphatic
hydrocarbon such as pentane, hexane, heptane,epatgolohexane, methylcyclohexane,

ethylcyclohexane and petroleum ether, and an ethen as diethyl ether, diisopropyl ether,
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dibutyl ether, cyclopentyl methyl ether, cyclopdrayhyl ether, tetrahydrofuran, dioxane and
1,2-dimethoxyethane. Of these organic solvents, lkand may be used alone, or a plurality
of kinds may be mixed in an arbitrary ratio and duseln view of a high yield of the
ruthenium complex (3), as the organic solvent, #rereis preferred, and diethyl ether and
tetrahydrofuran are more preferred.

The method for obtaining the alkyllithium (11) indes the production methods
described, for example, in Journal of the Ameri€dremical Society, Vol. 108, page 7016
(1986), other than the purchase of a commerciaymo
[0138]

The molar ratio between the cationic arene compl€y and the alkyllithium (11)
when performing production method 6 is describeldve Preferably, 1 mol or more of the
alkyllithium (11) is used per mol of the cationieae complex (10), whereby the ruthenium
complex (3) can be efficiently produced.

In production method 6, the reaction temperatund the reaction time are not
particularly limited, and general conditions emg@dyby one skilled in the art when producing
a metal complex may be used. As a specific exgnapleaction temperature appropriately
selected from a temperature range of°€8@o 120C and a reaction time appropriately
selected from the range of 10 minutes to 120 hawesemployed, whereby the ruthenium
complex (3) can be efficiently produced.

The ruthenium complex (3) produced by productioethnd 6 may be purified by
appropriately selecting and using a general patifimn method employed by one skilled in the
art when purifying a metal complex. The purificatimethod specifically includes filtration,
extraction, centrifugation, decantation, distilletj sublimation, crystallization, column
chromatography, etc.

[0139]

The cationic arene complex (10) as a raw matefigiroduction method 6 can be
produced according to the method described in Nate+R Document 3, Angewandte Chemie
International Edition, Vol. 46, page 4976, Suppgtinformation (2007), or Journal of the
American Chemical Society, Vol. 111, page 1698 @98r the following production method
7. From the standpoint that the amount of theti@a@gent used is small and the yield of
the cationic arene complex (10) is high, the comp# preferably produced according to

production method 7. Production method 7 is a oebihf reacting a ruthenocene derivative
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(12) and a benzene derivative (14) with a protati HP to produce a cationic arene
complex (10).
[0140]
Production Method 7:
[0141]
[Chem. 15]

R RIS R R *
R12 R12

RmG—Ru—Q + R + yp > Rm(}—Ru— R P

R13 R13
R14 R17 R14 R‘I?

(12) (14) (10)

[0142]
(wherein R° to R have the same meanings a8 ® R* in formula (3), and Prepresents a
counter anion.)

In formula (12), Q represents amr-2,4-dimethyl-2,4-pentadienyl ligand or an
n°-(unsubstituted or substituted)cyclopentadienyarig represented by formula (13):
[0143]

[Chem. 16]
R!1
R12
R10
R13
14
R (13)

[0144]
(wherein R%to R have the same meanings a8 & R in formula (3).)
[0145]
Specific examples of thg®-(unsubstituted or substituted )cyclopentadienghiid
(13) include ann’-cyclopentadienyl ligand, am®-methylcyclopentadienyl ligand, an

n°>-ethylcyclopentadienyl ligand, an n°-propylcyclopentadienyl ligand, an
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n°-isopropylcyclopentadienyl ligand, an n°-butylcyclopentadienyl ligand, an
n°-isobutylcyclopentadienyl  ligand, an n°-sec-butylcyclopentadienyl  ligand, an
n°-tert-butylcyclopentadienyl  ligand,  an n°-pentylcyclopentadienyl  ligand, an
n°-cyclopentylcyclopentadienyl  ligand,  an n®-hexylcyclopentadienyl ligand, an
n°-1,2-dimethylcyclopentadienyl ligand, an®1,3-dimethylcyclopentadienyl ligand, an
n°-1,3-di(isopropyl)cyclopentadienyl ligand, ar-1,2,4-tri(isopropyl)cyclopentadienyl ligand,
an n°-1,3-di(tert-butyl)cyclopentadienyl ligand, and an
n°-1,2,3,4,5-pentamethylcyclopentadienyl ligand.

[0146]

In view of availability of the ruthenocene derivat (12), Q is preferably an
n°-2,4-dimethyl-2,4-pentadienyl ligand, an n°-cyclopentadienyl ligand, an
n°-methylcyclopentadieny! ligand, an n°-ethylcyclopentadienyl ligand, an
n°-propylcyclopentadienyl  ligand,  an n°-isopropylcyclopentadienyl ligand, an
n°>-butylcyclopentadienyl ligand, an n’-isobutylcyclopentadienyl ligand, an

n°-sec-butylcyclopentadienyl ligand or an’-tert-butylcyclopentadienyl ligand, more
preferably an n°-cyclopentadienyl ligand, am?®-methylcyclopentadienyl ligand or an
n°>-ethylcyclopentadienyl ligand.
[0147]

Specific  examples of the ruthenocene  derivative 2) (1 include

bis(n>-cyclopentadienyl)ruthenium r¢-CsHs):Ru), bis@>-methylcyclopentadienyl)ruthenium

((n°>-CsMeH,)2Ru), bis@>-ethylcyclopentadienyl)ruthenium NCsEtH4)-Ru),
bis(h°-propylcyclopentadienyl)ruthenium N{-CsPrHs).Ru),
bis(h>-isopropylcyclopentadienyl)ruthenium NEECs PrHs)-Ru),
bis(h°-butylcyclopentadienyl)ruthenium n{-CsBuH,),Ru),
bis(h*-isobutylcyclopentadienyl)ruthenium NGCs BuH,),Ru),
bis(n°-sec-butylcyclopentadienyl)ruthenium NEECs"BuH,).Ru),
bis(n°-tert-butylcyclopentadienyl)ruthenium N&Cs'BuH,);Ru),
bis(h®-pentylcyclopentadienyl)ruthenium N CsPeH;),Ru),
bis(n°-cyclopentylcyclopentadienyl)ruthenium NeCs"PeH;).Ru),
bis(h°-hexylcyclopentadienyl)ruthenium N{CsHxHa)2Ru),

bis(h®-1,2-dimethylcyclopentadienyl)ruthenium Ne¢CsMe,Hs),Ru),
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bis(n°-1,3-dimethylcyclopentadienyl)ruthenium NeCsMezHs):Ru),
bis(n>-1,3-di(isopropyl)cyclopentadienyl)ruthenium NTCs(‘Pr):Hs).Ru),
bis(h®-1,2,4-tri(isopropyl)cyclopentadienyl)ruthenium NHCs('PrkH.).Ru),
bis(n>-1,3-di(tert-butyl)cyclopentadienyl)ruthenium NeECs(‘Bu)Hz)2Ru),

bis(h®-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniun{CsMes)-Ru),
[0148]

(n°-cyclopentadienyl){>-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-CsHs)(n>-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR¢-methylcyclopentadienyl)ruthenium
(Ru(®®>-CsMeH,)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfjt-ethylcyclopentadienyl)ruthenium
(Ru(n>-CsEtHa4)(n°-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj¢-propylcyclopentadienyl)ruthenium
(Ru(n®-CsPrHy)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj{-isopropylcyclopentadienyl)ruthenium
(Ru(n®-Cs PrHs)(n®>-CH,C(Me)CHC(Me)CH)),
(n°-butylcyclopentadienyl){>-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n*>-CsBuHz)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj-isobutylcyclopentadienyl)ruthenium
(Ru(n®-Cs BuHa)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-sec-butylcyclopentadieny)f-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-CsBuH,)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-tert-butylcyclopentadieny)C-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(®®-Cs'BuH,)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR¢-pentylcyclopentadienyl)ruthenium
(Ru(n®-CsPeH)(n°-CH,C(Me)CHC(Me)CH)),
(n°-cyclopentylcyclopentadienyhf-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(*-Cs"PeH;)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj-hexylcyclopentadienyl)ruthenium
(Ru(®®>-CsHxH,)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-1,2-dimethylcyclopentadienyhf-2,4-dimethyl-2,4-pentadienyl)ruthenium
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(Ru(n®>-CsMe;H3)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-1,3-dimethylcyclopentadienyf)f-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-CsMezH3)(n*-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyf)¢-1,3-di(isopropyl)cyclopentadienyl)ruthenium
(Ru(®-Cs('PrleHa)(n*-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyR¢-1,2,4-tri(isopropyl)cyclopentadienyl)ruthenium
(Ru(n®-Cs('PriH2)(n°-CH.C(Me)CHC(Me)CH)),
(n°-1,3-di(tert-butyl)cyclopentadienyhf-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(®®-Cs(‘Bu)H3)(n°-CH.C(Me)CHC(Me)CH)), and
(n°-2,4-dimethyl-2,4-pentadienyfj{-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium
(Ru(n*>-CsMes)(n°>-CH,C(Me)CHC(Me)CH)).

[0149]

of these, bis{>-cyclopentadienyl)ruthenium M{-CsHs)2Ru),
bis(h°-methylcyclopentadienyl)ruthenium N CsMeH,),Ru),
bis(n>-ethylcyclopentadienyl)ruthenium N{-CsEtH4)2Ru),
bis(h°-propylcyclopentadienyl)ruthenium NCsPrHs).Ru),
bis(r]5—isopropylcyclopentadienyI)ruthenium r](s(—C5iPrH4)2Ru),
bis(n>-butylcyclopentadienyl)ruthenium N{-CsBuHJ)-Ru),
bis(h*-isobutylcyclopentadienyl)ruthenium NGCs BuH,),Ru),
bis(n>-sec-butylcyclopentadienyl)ruthenium NBCs"BuH,):RuU),
bis(n°-tert-butylcyclopentadienyl)ruthenium N&Cs'BuH,);Ru),

(n°-cyclopentadienyl){>-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-CsHs)(n>-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyf){-methylcyclopentadienyl)ruthenium
(Ru(n®>-CsMeH,)(n°>-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfjt-ethylcyclopentadienyl)ruthenium
(Ru(®®>-CsEtH,)(n°-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj¢-propylcyclopentadienyl)ruthenium
(Ru(n®-CsPrHy)(n°-CH.C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfj{-isopropylcyclopentadienyl)ruthenium
(Ru(n®-Cs PrHs)(n®>-CH,C(Me)CHC(Me)CH)),
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(n°-butylcyclopentadienyl)(>-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(®-CsBuHg)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-2,4-dimethyl-2,4-pentadienyfjt-isobutylcyclopentadienyl)ruthenium
(Ru(®>-Cs'BuH,)(n°®-CH,C(Me)CHC(Me)CH)),
(n°-sec-butylcyclopentadienyfjf-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(®®-Cs"BuHz)(n°>-CH,C(Me)CHC(Me)CH)),
(n°-tert-butylcyclopentadienyl)C-2,4-dimethyl-2,4-pentadienyl)ruthenium
(Ru(n®-Cs'BuH,)(n°>-CH,C(Me)CHC(Me)CH)), etc. are preferred:;

[0150]

bis(n°-cyclopentadienyl)ruthenium N¢-CsHs)2Ru),
bis(h®>-methylcyclopentadienyl)ruthenium N CsMeH,),Ru),
bis(n>-ethylcyclopentadienyl)ruthenium N{-CsEtH4)2Ru),
bis(n>-propylcyclopentadienyl)ruthenium N-CsPrHs)2Ru),
bis(h>-isopropylcyclopentadienyl)ruthenium NGECs PrHs)-Ru),
bis(n>-butylcyclopentadienyl)ruthenium N{-CsBuHJ)-Ru),
bis(h>-isobutylcyclopentadienyl)ruthenium NGCs BuH,),Ru),
bis(n>-sec-butylcyclopentadienyl)ruthenium NBCsBuH,):RuU),

bis(n>-tert-butylcyclopentadienyl)rutheniumnfCs'BuH,);Ru), etc. are more preferred; and
bis(h°-cyclopentadienyl)ruthenium ri{f-CsHs).Ru), bisq°>-methylcyclopentadienyl)ruthenium
((n>-CsMeH,):Ru) and bisg*-ethylcyclopentadienyl)ruthenium n{-CsEtHs):Ru) are still

more preferred.

[0151]

Specific examples of the benzene derivative (14)clude benzene,
1,3,5-trimethylbenzene, 1,3,5-triethylbenzene, StiBpropylbenzene,
1,3,5-tri(isopropyl)benzene, 1,3,5-butylbenzene, 3,8Hri(isobutyl)benzene,

1,3,5-tri(sec-butyl)benzene, and 1,3,5-tri(tertyhpenzene. In view of a high yield of the
cationic arene complex (10), benzene or 1,3,5-thgibenzene is preferred.
[0152]

The counter anion Rf the protonic acid that can be used in produactitethod 7
includes, for example, a fluoro complex anion swsh tetrafluoroborate ion (BF and

hexafluorophosphate ion (PF a sulfonate ion such as trifluoromethanesulienain
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(CRsS05), sulfate ion (S&) and hydrogen sulfate ion (H$D and a halide ion such as
chloride ion and bromide ion.

Specific examples of the protonic acid include l@orfo complex acid such as
tetrafluoroboric acid and hexafluorophosphoric aeicdulfonic acid such as sulfuric acid and
trifluoromethanesulfonic acid; and a hydrogen halisuch as hydrogen chloride. The
protonic acid may form a complex with an ether sashdimethyl ether and diethyl ether.
Examples of the protonic acid in the form of a ctewrpinclude a tetrafluoroboric
acid-dimethyl ether complex, a tetrafluoroboric dadiethyl ether complex, and a
hexafluorophosphoric acid-diethyl ether complexa view of a high yield of the cationic
arene complex (10), a tetrafluoroboric acid-dietbtther complex, tetrafluoroboric acid, or
trifluoromethanesulfonic acid is preferred.

[0153]

As the protonic acid for use in production metfioc fluoro complex acid produced
in a reaction system by reacting a fluoro complewm-containing salt with a strong acid may
also be used. In this case, examples of the flauorplex anion-containing salt that can be
used include ammonium tetrafluoroborate, lithiutna@uoroborate, sodium tetrafluoroborate,
potassium tetrafluoroborate, ammonium hexafluorgphate, lithium hexafluorophosphate,
sodium hexafluorophosphate, and potassium hexafinmsphate. Examples of the strong
acid that can be used include sulfuric acid, methalfionic acid, trifluoromethanesulfonic
acid, hydrogen chloride, and hydrogen bromide. cBipeexamples of the fluoro complex
acid that can be produced in a reaction systemudecltetrafluoroboric acid and
hexaluorophosphoric acid. In view of a high cosnéfit and a high yield, any one of
ammonium tetrafluoroborate, sodium tetrafluorob®td ammonium hexafluorophosphate is
preferably mixed with sulfuric acid and used.

[0154]

Furthermore, as the protonic acid for use in petidn method 7, a fluoro complex
acid produced in a reaction system by reactingrbtnmifiuoride with a strong acid may also be
used. In this case, examples of the strong acil ¢hn be used include sulfuric acid,
methanesulfonic acid, trifluoromethanesulfonic actdydrogen chloride, and hydrogen
bromide.

The methods for obtaining the ruthenocene dexiggtl2) and the benzene derivative

(14) are described below. The method for obtaitimregruthenocene derivative (12) includes
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the methods described, for example, in Organic I®sds, Vol. 41, page 96 (1961),

Organometallics, Vol. 8, page 298 (1989), and JPOB3-342286, other than the purchase of
a commercial product. The method for obtaining le@zene derivative (14) includes the
methods described, for example, in Tetrahedron, 98] page 6535 (2012), other than the
purchase of a commercial product.

[0155]

The molar ratio among the ruthenocene derivath®, (the benzene derivative (14)
and the protonic acid used in production method described below. In view of a high
yield of the cationic arene complex (10), 1 mohwre of the benzene derivative is preferably
used per mol of the ruthenocene derivative. Tleéepable amount of the protonic acid used
varies depending on the kind of the protonic aciBlor example, in the case where the
protonic acid is a monobasic acid, in view of ahhygeld, 1 mol or more of the protonic acid
is preferably used per mol of the ruthenocene dévig, and in the case of a dibasic acid, 0.5
mol or more of the protonic acid is preferably uped mol of the ruthenocene derivative. In
the case where a mixture of a fluoro complex amiontaining salt and a strong acid is used as
the protonic acid, 1 mol or more of the fluoro cdexpanion-containing salt and from 0.5 to
2.0 mol of the strong acid are appropriately used ol of the ruthenocene derivative,
whereby the cationic arene complex (10) can beiefitly obtained.

[0156]

For the reason that the yield of the cationic areamplex (10) is high, production
method 7 is preferably performed in an inert gaSpecific examples of the inert gas include
helium, neon, argon, krypton, xenon, and nitroges, gvith argon or nitrogen gas being
preferred.

For the reason that the yield of the cationic areamplex (10) is high, production
method 7 is preferably performed in an organicesalv In the case of performing production
method 7 in an organic solvent, specific exampleth® organic solvent include an aliphatic
hydrocarbon such as pentane, hexane, heptane,epatgolohexane, methylcyclohexane,
ethylcyclohexane and petroleum ether, an ether asichethyl ether, diisopropyl ether, dibutyl
ether, cyclopentyl methyl ether, cyclopentyl ethsther, tetrahydrofuran, dioxane and
1,2-dimethoxyethane, a ketone such as acetone, ymeithyl ketone, 3-pentanone,
cyclopentanone and cyclohexanone, an alcohol suchmathanol, ethanol, propanol,

isopropanol, tert-butanol and ethylene glycol, anditrile such as acetonitrile, propionitrile,
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butyronitrile, isobutyronitrile, cyclopropanecarfiite, pentylonitrile isopentylonitrile,
3-methylbutanenitrile, 2-methylbutanenitrile, piemitrile and cyclobutanecarbonitrile. Of
these organic solvents, one kind may be used atoreeplurality of kinds may be mixed in an
arbitrary ratio and used. In view of a high yielfithe cationic arene complex (10), as the
organic solvent, diethyl ether, tetrahydrofuranetane, methanol and acetonitrile are
preferred.

[0157]

In production method 7, the reaction temperaturd the reaction time are not
particularly limited, and general conditions emm@dyby one skilled in the art when producing
a metal complex may be used. As a specific exanapleaction temperature appropriately
selected from a temperature range of°@8Q@o 150C and a reaction time appropriately
selected from the range of 10 minutes to 120 hatesemployed, whereby the cationic arene
complex (10) can be efficiently produced.

The cationic arene complex (10) produced by prodnanethod 7 may be purified
by appropriately selecting and using a generalffipation method employed by one skilled in
the art when purifying a metal complex. The puaafion method specifically includes
filtration, extraction, centrifugation, decantatianystallization, etc.

[0158]

The ruthenium complex (3) can also be producedphlyduction method 8 of
continuously performing production method 7 anddpidion method 6. In this case, the
cationic arene complex (10) produced by productimthod 7 may be used as a raw material
for production in production method 6 without pynifg it, or the cationic arene complex (10)
that is purified by appropriately selecting andngsa general purification method employed
by one skilled in the art when purifying a metahngdex may be used as a raw material for
production in production method 6. Examples of pleification method include filtration,
extraction, centrifugation, decantation, and cjigtgion.

[0159]

The production method of a ruthenium-containing film characterized by using a
ruthenium complex (1), (2) or (3a) is describedéatail below.

The method for producing a ruthenium-containing fiilm of the present invention
is a method of vaporizing a ruthenium complex repntéed by formula (1), (2) or (3a) and

decomposing the ruthenium complex on a substratkimciudes normal technical means
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employed by one skilled in the art when producinmetal-containing thin film. Specific
examples thereof include a vapor deposition methagked on a chemical reaction, such as
CVD method and ALD method, and a solution methodhsas dip coating method, spin
coating method and inkjet method. In the desaiptf the present invention, the vapor
deposition method based on a chemical reaction repasses technical means usually
employed by one skilled in the art, for exampl€\D method such as thermal CVD method,
plasma CVD method and optical CVD method, and arDAfmethod. In the case of
producing a ruthenium-containing thin film by a eapleposition method based on a chemical
reaction, for the reason that a thin film is likety be uniformly formed even on a substrate
surface having a three-dimensioned structure, micta vapor deposition method is preferred,
and a CVD method or an ALD method is more preferrethe CVD method is more
preferred in that the deposition rate is high, tredALD method is more preferred in that the
step coverage is good. For example, in the cagwanfucing a ruthenium-containing thin
film by a CVD method or an ALD method, the ruthenicomplex (1), (2) or (3a) is vaporized
and supplied to a reaction chamber, and the rutherdomplex (1) is decomposed on a
substrate provided in the reaction chamber, whegehythenium-containing thin film can be
produced on the substrate. The method for decamgaise ruthenium complex (1), (2) or
(3a) include normal technical means employed by skiked in the art when producing a
metal-containing thin film. Specifically, exampld®reof include a method of reacting the
ruthenium complex (1), (2) or (3a) with a reactgas, and a method of causing heat, plasma,
light, etc. to act on the ruthenium complex (1), ¢2 (3a). By appropriately selecting and
using such a decomposition method, a rutheniumatoing thin film can be produced. Itis
also possible to use a plurality of decompositicethads in combination. The method for
supplying the ruthenium complex (1), (2) or (3apteeaction chamber includes, for example,
bubbling and a liquid vaporization supply systeribunot particularly limited.
[0160]

The carrier gas and diluent gas when producingtenium-containing thin film by a
CVD method or an ALD method are preferably a rass guch as helium, neon, argon,
krypton and xenon, or a nitrogen gas, and amongrstfa nitrogen gas, helium, neon or argon
is preferred for the economical reason. The flate rof the carrier gas and diluent gas is
appropriately adjusted according to the capacityhefreaction chamber, and the like. For

example, in the case where the capacity of thetimachamber is from 1 to 10 L, the flow
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rate of the carrier gas is not particularly limitd is preferably from 1 to 10,000 sccm for the
economical reason. Here, sccm is a unit reprasgtiie flow rate of a gas, and in terms of
an ideal gas, 1 sccm indicates that the gas ismgati a speed of 2.68 mmol/h.

[0161]

The reaction gas when producing a ruthenium-coimgithin film by a CVD method
or an ALD method includes, for example, a reducgas such as ammonia, hydrogen,
monosilane and hydrazine, and an oxidizing gas asabxygen, ozone, water vapor, hydrogen
peroxide, laughter gas, hydrogen chloride, nitdd aas, formic acid and acetic acid. From
the standpoint that the restriction on the speatifonn of a deposition apparatus is little and
handling is easy, ammonia, hydrogen, oxygen, ozortewater vapor are preferred. In the
case of producing a ruthenium-containing thin fimder the conditions using, as the reaction
gas, a reducing gas but not an oxidizing gas, anarismpreferred in that the deposition rate of
the ruthenium-containing thin film is high. Thew rate of the reaction gas is appropriately
adjusted according to the reactivity of the matesirad the volume of the reaction chamber.
For example, when the volume of the reaction charisbigEom 1 to 10 L, the flow rate of the
reaction gas is not particularly limited and is fprably from 1 to 10,000 sccm for the
economical reason.

[0162]

The substrate temperature when producing a rutheobntaining thin film by a
CVD method or an ALD method is appropriately seddcaccording to use or non-use of heat,
plasma, light, etc., the kind of the reaction gashe like. For example, in the case of using
ammonia as the reaction gas without using lightplasma in combination, the substrate
temperature is not particularly limited and is prebly from 200 to 1,00C for the
economical reason. In view of a high depositicie,rthe substrate temperature is preferably
from 300 to 750C, more preferably from 350 to 74D. In addition, by appropriately using
light, plasma, ozone, hydrogen peroxide, etc., riiaenium-containing thin film can be
produced in a temperature region of 20@r less.

[0163]

As the ruthenium-containing thin film obtained Hye production method of the
present invention, for example, in the case of thhenium complex alone, a metallic
ruthenium thin film, a ruthenium oxide thin film, rathenium nitride thin film, a ruthenium

oxynitride thin film, etc. are obtained, and in tbase of using the ruthenium complex in
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combination with other metallic materials, a rutivem-containing composite thin film is
obtained. For example, when the ruthenium comgglesed in combination with a strontium
material, an SrRu®thin film is obtained. The strontium material ludes, for example,
strontium bis(dipivaloylmethanate), diethoxystromti strontium
bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionate). laddition, when producing a
ruthenium-containing composite thin oxide by a Cwvitethod or an ALD method, the
ruthenium complex (1), (2) or (3a) and other metatiaterials may be supplied separately to
the reaction chamber or may be mixed and then mgppl

[0164]

The ruthenium complex (1a) may be formed into themium-containing thin film,
similarly to the ruthenium complex (1).

By using the ruthenium-containing thin film of theesent invention as a constituent
member, a high-performance semiconductor devicearazdgd in the memory capacity or
responsiveness can be produced. Examples of thecaeductor device includes a
semiconductor memory device such as DRAM, FeRAM &&lRAM, and a field-effect
transistor. Examples of the constituent memberettfenclude a capacitor electrode, a gate

electrode, and copper wiring liner.

Examples
[0165]

The present invention is described in greaterilde¢dow by referring to Examples,
but the present invention is not limited theretdlere, Me, Et, Bu antBu stand for a methyl
group, an ethyl group, a butyl group, and a tetibgroup, respectively. Th& and*C
NMR spectra were measured using VXR-500S NMR Spewter manufactured by Varian.
[0166]

Example 1:
[0167]
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[Chem. 17]
- T+
. N=CMe
@—*Ru———@ + MeCN + HBF,-Et,0 > @——RUCN%MG BF
\N”CMe

[0168]

In an argon atmosphere, 2.35 g (14.5 mmol) oftraftaoroboric acid-diethyl ether
complex was added at’© to a suspension prepared by mixing 3.15 g (13m6obn of
bis(h®-cyclopentadienyl)rutheniumr{f-CsHs)-Ru) and 30 mL of acetonitrile. The resulting
mixture was stirred at room temperature for 20 kpand the solvent was then removed by
distillation under reduced pressure. The remairsnofid was washed with a mixture of
dichloromethane and diethyl ether (dichloromethdie¢hyl ether=1:13 (vol%)) to obtain
[tris(acetonitrile)>-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
([Ru(n>-CsHs)(MeCN)][BF4]) as a yellow solid (4.30 g, yield: 84%).

'H-NMR (500 MHz, CDC}, 3):

4.21 (s, 5H), 2.43 (s, 9H).
13C-NMR (125 MHz, CDC, 9):

125.5, 68.8, 4.05.

[0169]
Example 2:
[0170]
[Chem. 18]
+
N=CMe
Me@——Ru-——@Me + MeCN + HBF, - Et,0 — Me@—nu/-NECMe BFy
’ \NECMe
[0171]

In an argon atmosphere, 4.28 g (26.4 mmol) oftraftaoroboric acid-diethyl ether
complex was added at°© to a solution prepared by mixing 6.52 g (25.1 Mnuaf
bis(n°>-methylcyclopentadienyl)rutheniumn{CsMeHs)-,Ru) and 50 mL of acetonitrile. The



10

15

20

25

86

resulting mixture was stirred at room temperatwe Z0 hours, and the solvent was then
removed by distillation under reduced pressure.e Témaining solid was washed with a
mixture of dichloromethane and diethyl ether (dichimethane:diethyl ether=1:10 (vol%)) to
obtain [tris(acetonitrile)(*-methylcyclopentadienyl)ruthenium(ll)][tetrafluorokate]
([Ru(n®>-CsMeH,)(MeCN)][BF4]) as a yellow-brown solid (8.61 g, yield: 88%).
'"H-NMR (500 MHz, CDC}4, 8):

4.13-4.16 (brs, 2H), 3.88-3.91 (brs, 2H), 2.4294), 1.70 (s, 3H).
3C-NMR (125 MHz, CDG}, d):

124.9,92.2, 70.6, 63.5, 12.9, 4.0.

[0172]
Example 3:
[0173]
[Chem. 19]
+
N=CMe
Et@—gu—@»Et + MeON + HBF,-Et,0 — > Et@—nu/_NECMe BF,-
\NﬁoMe
[0174]

In an argon atmosphere, 2.55 g (15.7 mmol) oftraftaoroboric acid-diethyl ether
complex was added at’© to a solution prepared by mixing 4.31 g (15.0 Mnaf
bis(n>-ethylcyclopentadienyl)ruthenium nT-CsEtHs);Ru) and 40 mL of acetonitrile. The
resulting mixture was stirred at room temperatwe Z0 hours, and the solvent was then
removed by distillation under reduced pressure.e Témaining solid was washed with a
mixture of dichloromethane and diethyl ether (dicbmethane:diethyl ether=1:10 (vol%)) to
obtain [tris(acetonitrile)(*-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotae]
([Ru(n>-CsEtH4)(MeCN)][BF4]) as a yellow-brown solid (5.93 g, yield: 98%).

'H-NMR (500 MHz, CDC}, d):

4.10-4.15 (m, 2H), 3.89-3.94 (m, 2H), 2.40 (s, 9RIP3 (g, J=7.0 Hz, 2H), 1.07 (¢,
J=7.0 Hz, 3H).
13C-NMR (125 MHz, CDC}, 9):

124.9, 96.7, 70.0, 63.4, 20.3, 13.6, 3.7.



10

15

20

87

[0175]
Example 4:
[0176]
[Chem. 20]
Me '
= N=CMe
Et‘@—ﬂu—“‘-) + MeCN + HBFs®EtO — Et@—Ru(—NECMe BFy
o N=CMe
L
[0177]

In an argon atmosphere, 5.98 g (36.9 mmol) oftraftaoroboric acid-diethyl ether
complex was added at°© to a solution prepared by mixing 10.2 g (35.2 Mnuaf
(n°-2,4-dimethyl-2,4-pentadienyf)-ethylcyclopentadienyl)ruthenium
(Ru(n>-CsEtHs)(n°-CH,C(Me)CHC(Me)CH)) and 40 mL of acetonitrile. The resulting
mixture was stirred at room temperature for 20 kpand the solvent was then removed by
distillation under reduced pressure. The remairsnofid was washed with a mixture of
dichloromethane and diethyl ether (dichloromethdie¢hyl ether=1:10 (vol%)) to obtain
[tris(acetonitrile)>-ethylcyclopentadienyl)ruthenium(ll)][tetrafluoroksde]
([Ru(n®-CsEtHs)(MeCN)|[BF4]) as a yellow-brown solid (14.1 g, yield: 99%). her
thus-obtained [RuC-CsEtH4)(MeCN)][BF 4] was measured for tHél and**C-NMR spectra,

as a result, these spectra agreed with the spmmtaned in Example 3.

[0178]
Example 5
[0179]
[Chem. 21]
+
Et-@—ﬁu~@>~a + MeCN + CFSQH ™ Et‘@——ﬂu/—wz;ch:nee CF380g
\NECMe
[0180]

In an argon atmosphere, 603 mg (4.02 mmol) oubtbmethanesulfonic acid was
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added at ®C to a solution prepared by dissolving 1.10 g (3.8imol) of
bis(n>-ethylcyclopentadienyl)ruthenium n{-CsEtH).Ru) in 5 mL of acetonitrile. The
resulting mixture was stirred at room temperatwe Z0 hours, and the solvent was then
removed by distillation under reduced pressure.e Témaining solid was washed with
diethyl ether to obtain [tris(acetonitrilgftethylcyclo-
pentadienyl)ruthenium(ll)][trifluoromethanesulfort ([Ru’-CsEtHs)(MeCN)][CF3SO3))
as a yellow-brown solid (1.61 g, yield: 90%).
'H-NMR (500 MHz, CDC}, d):

4.13-4.15 (m, 2H), 3.93-3.95 (m, 2H), 2.41 (s, 9BIP3 (q, J=7.0 Hz, 2H), 1.07 (¢,
J=7.0 Hz, 3H).
13C-NMR (125 MHz, CDC}, 9):

124.9, 120.8 (q,ck=318 Hz), 96.9, 70.2, 63.6, 20.4, 13.7, 4.04.

[0181]

Example 6:

[0182]

[Chem. 22]
+
/NEC'Bu
E“@-Rv—@& + BuCN + HBF,- Et,0 > Et‘@*—-ﬁu\-NEC‘Bu BF,

N=C'Bu

[0183]

In an argon atmosphere, 903 mg (5.58 mmol) otrafteoroboric acid-diethyl ether
complex was added at’© to a solution prepared by dissolving 1.53 g (53&hol) of
bis(h®-ethylcyclopentadienyl)ruthenium n{-CsEtH.),Ru) in 10 mL of pivalonitrile. The
resulting mixture was stirred at room temperatwe Z0 hours, and the solvent was then
removed by distillation under reduced pressure.e Témaining solid was washed with a
mixed solvent of tetrahydrofuran and hexane (tgtladfuran:hexane=1:10) to obtain
[tris(pivalonitrile)(n°-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotaie]
([Ru(n’-CsEtH4)('BUCN)][BF]) as a red-brown oily matter (2.46 g, yield: 87%).

'H-NMR (500 MHz, CDC}, d):
4.16-4.18 (m, 2H), 3.94-3.96 (m, 2H), 2.05 (q, B=fz, 2H), 1.45 (s, 27H), 1.10 (t,
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J=7.5 Hz, 3H).
3C-NMR (125 MHz, CDC, 9):
133.5, 97.8, 71.2, 63.7, 30.2, 28.3, 20.3, 13.6.

[0184]
Example 7:
[0185]
[Chem. 23]
’ Me H Me
N=CMe Me A\
@—~Ru’-NECMe BF, + H o+ NEp @—Ru H )
\ _ O 0
N=CMe
Me Me
[0186]

In an argon atmosphere, 13.0 g (132 mmol) of mesiide and 4.22 g (41.7 mmol)
of triethylamine were added to a suspension prepase mixing 4.30 g (11.4 mmol) of
[Ru(n®CsHs)(MeCN)][BF4] and 50 mL of hexane. The resulting mixture wésesl at
room temperature for 20 minutes and then stirrésDdE for 10 hours. The reaction mixture
was filtered, and the solvent was removed from fthieate by distillation under reduced
pressure. The remaining yellow solid was sublimhateeating temperature: 1°@back
pressure: 10 Pa) to obtain
(n°-cyclopentadienyl){>-2,4-dimethyl-1-oxa-2,4-pentadienyl)ruthenium
(Ru(n®-CsHs)(n°-CH,C(Me)CHC(Me)O)) as a yellow solid (1.27 g, yiel®9%).

'H-NMR (500 MHz, CDC}, d):

5.55 (s, 1H), 4.65 (s, 5H), 3.93 (s, 1H), 2.28), 1.72 (s, 3H), 1.48 (s, 1H).
BC-NMR (125 MHz, CDC}, d):

134.4, 101.1, 84.0, 75.6, 51.9, 26.9, 24.3.

[0187]
Example 8:
[0188]
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[Chem. 24]
+

Me H Me

o Me

N=CMe

Me«@—ﬂui. =CMe BF, + }H + NE‘G o Me—@—*—ﬁu H ) H

N=CMe o 0

Me Me

[0189]

In an argon atmosphere, 8.61 g (22.1 mmol) of [R@MeH,)(MeCN)|[BF ] was
dissolved in 69.0 g (700 mmol) of mesityl oxide atie mixture was stirred at room
temperature for 24 hours. Subsequently, 8.95 gi(88nol) of triethylamine was added to
the mixture at @C and then the mixture was stirred atG0or 8 hours. After removing the
solvent by distillation under reduced pressure,régdue was added with 60 mL of hexane
and vigorously stirred at room temperature. Thadpced suspension was filtered, and the
solvent was removed from the filtrate by distitetiunder reduced pressure. The remaining
solid was sublimated (heating temperature: °C3back pressure: 10 Pa) to obtain
(n°-2,4-dimethyl-1-oxa-2,4-pentadieny-methylcyclopentadienyl)ruthenium
(Ru(h®-CsMeHJ)(n°>-CH,C(Me)CHC(Me)O)) as an orange solid (3.73 g, yiélti%).

'"H-NMR (500 MHz, CDC}4, §):

5.43 (s, 1H), 4.56-4.61 (m, 2H), 4.49-4.52 (m, ,2B1Y9 (s, 1H), 2.25 (s, 3H), 1.80 (s,
3H), 1.72 (s, 3H), 1.55 (s, 1H).
13C-NMR (125 MHz, CDC, d)

134.2,101.4, 92.3, 84.3, 76.2, 76.1, 75.8, 786, 26.6, 24.2, 13.5.

[0190]
Example 9:
[0191]
[Chem. 25]
t Me H Me
N=CMe " ‘ y
Et‘@—ﬂu(—NECMeJ BF, + o —H + L0053 - - Et@wﬂu ) H
N=CMe o
Me Me

[0192]

In an argon atmosphere, 1.49 g (3.68 mmol) of HR@EtH)(MeCN)][BF 4] was
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dissolved in 13.0 g (132 mmol) of mesityl oxide after adding to the mixture 1.36 g (18.4
mmol) of lithium carbonate, the mixture was stir@d50C for 8 hours. The solvent was
removed by distillation under reduced pressurethrdeatfter, the residue was added with 60
mL of hexane and vigorously stirred at room tempeea. The produced suspension was
filtered, and the solvent was removed from thedi# by distillation under reduced pressure.
The remaining liquid was distilled under reduceesgure (distillation temperature:°83back
pressure: 5 Pa) to obtain
(n°-2,4-dimethyl-1-oxa-2,4-pentadienyij-ethylcyclopentadienyl)ruthenium
(Ru(n®-CsEtH4)(n°>-CH,C(Me)CHC(Me)O)) as an orange liquid (0.93 g, yi€l@9).

'H-NMR (500 MHz, CDC}, d):

5.44 (s, 1H), 4.59-4.63 (m, 1H), 4.51-4.55 (m, J#38-4.51 (m, 1H), 4.37-4.40 (m,
1H), 3.80 (s, 1H), 2.24 (s, 3H), 2.13 (g, J=7.5 ), 1.70 (s, 3H), 1.53 (s, 1H), 1.12 (t, J=7.5
Hz, 3H).
13C-NMR (125 MHz, CDC}, 9):

134.2,101.1, 100.3, 84.2, 75.7, 74.5, 74.4, /@R, 26.7, 24.1, 21.2, 14.8.

[0193]
Example 10:
[0194]
[Chem. 26]
[ * Bu H  'Bu
N=CMe Me
’E‘@“‘Ru—NECMe BF, + Hn o+ uco, - Et@ﬁu > H
; N=CMe 0 ¢
L 'Bu ‘Bu
[0195]

In an argon atmosphere, 2.60 g (35.2 mmol) ofuithcarbonate and 11.0 g (60.6
mmol) of 2,2,5,6,6-pentamethylhept-4-en-3-one weddled to a solution prepared by
dissolving 2.84 g (7.03 mmol) of [Ryi-CsEtH,)(MeCN)][BF 4] in 20 mL of tetrahydrofuran.
The resulting mixture was stirred at room tempegatar 20 minutes and then stirred afG0
for 17 hours. After removing the solvent by dlatibn under reduced pressure, the residue
was added with 150 mL of hexane and vigorouslyestiat room temperature. The produced

suspension was filtered, and the solvent was rethdnen the filtrate by distillation under



10

15

20

25

92

reduced pressure to obtain
(n°-2,4-di-tert-butyl-1-oxa-2,4-pentadienyiftethylcyclopentadienyl)ruthenium
(Ru(n®CsEtH4)(n°>-CH.C(Bu)CHC(BU)0)) as an orange liquid (1.41 g, yield: 53%).
'"H-NMR (500 MHz, CDC}, §):

5.68 (s, 1H), 4.74-4.78 (brs, 1H), 4.70-4.74 (i), 4.36-4.40 (m, 1H), 4.07-4.10
(m, 1H), 4.01 (s, 1H), 2.34 (q, J=7.5 Hz, 2H), 1(401H), 1.26 (s, 9H), 1.23 (t, J=7.5 Hz, 3H),
1.03 (s, 9H).
3C-NMR (125 MHz, CDG}, d):

147.3, 116.0, 103.6, 76.5, 74.3, 72.5, 72.4, 74649, 37.4, 36.0, 31.0, 29.6, 21.9,

15.2.
[0196]
Example 11:
[0197]
[Chem. 27]
r Me + Me
Me  n=cme MR
e<{(J-—Ru-N=Cwme | MesO; + H + NE3 = Me @-—nu H
\ o]
Me N=CMe
Me B Ma
[0198]

In an argon atmosphere, 5.81 g (59.2 mmol) of tyleskide and 1.82 g (18.0 mmol)
of triethylamine were added to a suspension prepase mixing 2.69 g (5.91 mmol) of
[Ru(n®-CsMes)(MeCN)][MeSOs] and 30 mL of hexane. The resulting mixture wirses! at
room temperature for 20 minutes and then stirre80dE for 23 hours. After removing the
solvent by distillation under reduced pressure,rdsidue was added with 150 mL of hexane
and vigorously stirred at room temperature. Thadpced suspension was filtered, and the
solvent was removed from the filtrate by distibetiunder reduced pressure. The remaining
yellow solid was purified using column chromatodragalumina, tetrahydrofuran) to obtain
(n°-2,4-dimethyl-1-oxa-2,4-pentadienyijt-1,2,3,4,5-pentamethylcyclopentadienyl)ruthenium
(Ru(n®-CsMes)(n°-CH.C(Me)CHC(Me)O)) as a yellow solid (1.97 g, yieldQPso).

"H-NMR (500 MHz, GDs, d):
4.88 (s, 1H), 3.17 (s, 1H), 2.04 (s, 3H), 1.75L6H), 1.64 (s, 1H), 1.61 (s, 3H).
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3C-NMR (125 MHz, GDg, d):
133.2, 101.7, 87.5, 84.6, 55.0, 25.2, 23.2, 10.7.

[0199]
Example 12:
[0200]
[Chem. 28]
4
HBF, * Et,0
MeC N=CMe
Et@-ﬁu—-@ra i E:C Hu/\~NECMe BFy
N=CMe
Me
M
e \ "
° Na,CO N
Me CARNE] M
Et Ru H
Bt
Me
[0201]
In an argon atmosphere, 2.88 g (20.0 mmol) of

bis(n>-ethylcyclopentadienyl)ruthenium ni{-CsEtHs);Ru) was dissolved in 30 mL of
acetonitrile and after adding 1.70 g (10.5 mmol)aottetrafluoroboric acid-diethyl ether
complex to the mixture at°Q, the mixture was stirred at room temperature8ftwiours. At
this point, a part of the reaction mixture was skemhand analyzed usirél-NMR, as a result,

it was confirmed that [Ruf-CsEtHs)(MeCN)][BFs] was produced. The solvent was
removed from the reaction mixture by distillationder reduced pressure and after dissolving
the remaining solid in 30 mL of acetone, 9.84 ¢)(hfimol) of mesityl oxide was added to the
mixture at room temperature and the mixture wasestiat room temperature for 8 hours.
Subsequently, 5.31 g (50.1 mmol) of sodium carboweds added to the mixture and the
mixture was stirred at 8C for 8 hours. After removing the solvent from tresaction
mixture by distillation under reduced pressure, igidue was added with 60 mL of hexane
and vigorously stirred at room temperature. Thedpced suspension was filtered, and the
solvent was removed from the filtrate by distibetiunder reduced pressure. The remaining
liquid was distilled under reduced pressure (d#tdn temperature: 8€/back pressure: 5 Pa)

to obtain °>-2,4-dimethyl-1-oxa-2,4-pentadienyijt-ethylcyclopentadienyl)ruthenium
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(Ru(n®-CsEtH4)(n°>-CH,C(Me)CHC(Me)0)) as an orange liquid (2.06 g, yiel@%). The
thus-obtained Ruf-CsEtH,)(n>-CH,C(Me)CHC(Me)O) was measured fid and*C-NMR

spectra, as a result, these spectra agreed wiipdwatra obtained in Example 9.
[0202]

Example 13:
[0203]
[Chem. 29]
+
Me ugr, - 1,0 .
MeCN =CMe
Et@—nu——>> R Et<<j(}——au<~NaMe BFy
N=CMe
Me
Me
Me
s
H M
© o ElN °
Et‘@——-ﬂu H > H
o]
Me
[0204]
In an argon atmosphere, 3.25 g (11.2 mmol) of

(n°-2,4-dimethyl-2,4-pentadienyfj-ethylcyclopentadienyl)ruthenium
(Ru(n®-CsEtH4)(n°>-CH,C(Me)CHC(Me)CH)) was dissolved in 20 mL of acetonitrile and
after adding 2.00 g (12.4 mmol) of a tetrafluorabarcid-diethyl ether complex to the mixture
at @C, the mixture was stirred at room temperature8ftvours. At this point, a part of the
reaction mixture was sampled and analyzed u$hdIMR, as a result, it was confirmed that
[Ru(n’-CsEtH4)(MeCN)][BF4] was produced. The solvent was removed from #aetion
mixture by distillation under reduced pressure aftdr dissolving the obtained residue in 20
mL of dichloromethane, 11.0 g (112 mmol) of mesdylde was added at room temperature
and the mixture was stirred at room temperature8fdrours. Subsequently, 1.25 g (12.4
mmol) of triethylamine was added to the mixturé®dd and the mixture was stirred at room
temperature for 8 hours. After removing the solviesm the reaction mixture by distillation
under reduced pressure, the residue was added@ithlL of hexane and vigorously stirred at

room temperature. The produced suspension wasefilf and the solvent was removed from
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the filtrate by distillation under reduced pressur@he remaining liquid was distilled under
reduced pressure (distillation temperature:°G@Back pressure: 5 Pa) to obtain
(n°-2,4-dimethyl-1-oxa-2,4-pentadienyij-ethylcyclopentadienyl)ruthenium
([Ru(n®>-CsEtH4)(n>-CH,C(Me)CHC(Me)O)]) as an orange liquid (1.90 g, yie#®%). The
thus-obtained Ru-CsEtH,)(n>-CH,C(Me)CHC(Me)O) was measured fi and*C-NMR
spectra, as a result, these spectra agreed witdp#utra obtained in Example 9.

[0205]

Production Example of Ruthenium-Containing ThinnFiUsing Ammonia as Reaction Gas
(Examples 14 to 17 and Comparative Examples 1 &nd 2

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (1) on{-CsEtHs),Ru for the material. The apparatus used for the
thin film production is sketched in Fig. 1. Thepdsition conditions are as shown in Table 6,
and other conditions are as follows.

Total pressure in material container: 13.3 kPawffate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of ammp&DO sccm, flow rate of diluent gas: 70
sccm, substrate: Sibi, and deposition time: 1 hour. As the carrias @nd diluent gas,
argon was used. Here, the material feed rate doré¢hction chamber can be determined
based on the calculation formula: (flow rate ofrigairgasx vapor pressure of materialtotal
pressure in material container).

[0206]

In all of Examples 14 to 17, when the produced fiim was confirmed by X-ray
fluorescence analysis, a characteristic X-ray basedithenium was detected. For the X-ray
fluorescence analysis, 3370E manufactured by Rigé&larporation was used. The
measurement conditions were X-ray source: Rh, outp@ kV 50 mA, and measurement
diameter: 10 mm. The film thickness computed frtma intensity of X-ray detected is
shown in Table 6. The electrical properties of thi#nenium-containing thin film produced
were measured by the four probe method, and thstivety obtained is shown in Table 6.
For the four probe method, LORESTA HP MCP-T410 nfiactured by Mitsubishi
Petrochemical Co., Ltd. was used.

[0207]
The impurities contained in the film produced unttee conditions of Example 15

(however, the deposition time was set to 2.5 hows)e quantitatively determined by the
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secondary ion mass spectrometry. For the secornidarynass spectrometry, ADEPT1010
manufactured by PHI was used. The measurementtimorsdwere primary ion species: Ts
primary ion acceleration voltage: 2 kV, secondaon ipolarity: Positive, and charge
compensation: E-gun.

C: 0.13 atm%, N: 0.08 atm%, O: 0.13 atm%.

The surface smoothness of the film produced utideconditions of Example 15 was
evaluated by AFM, as a result, the arithmetic ayen@ughness (Ra) of the film was 2.1 nm
and the root-mean-square roughness (Rms) was 2.Fign2). As the AFM, NanoScope
[lla manufactured by BrukersAXS was used. The rmuea®ent conditions were in tapping
mode. The thin films produced in Comparative Exe®d and 2 were confirmed by X-ray
fluorescence analysis, as a result, a characteistiay based on ruthenium was detected.
The film thickness computed from the intensity ofay detected is shown in Table 6. The
ruthenium-containing thin film produced was meadui@r electrical properties by the four
probe method and found to be an insulating film.

[0208]
[Table 20]
(Table 6)
A B C D E F
Example 14 la-3 (Example 9 64 58 500 33 15
Example 15 la-3 (Example 9 64 58 450 29 15
Example 1/ le-2 (Example 8 65 5.2 | 50C 43 14
Example 17 la-2 (Example 8 65 58 450 17 38
Comparative 5
Example 1 (n>-CsEtHs)2Ru 62 5.3 500 47 unmeasurable
Comparative 5
Example 2 (N>-CsEtHs)2Ru 62 53| 450| 55 unmeasurable

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&g]], E: film thickness [nm], F: resistivityuRecm].

[0209]
Production Example of Ruthenium-Containing ThinnFiUsing Oxygen as Reaction Gas
(Examples 18 to 26 and Comparative Examples 3 nd 4

Ruthenium-containing thin films were produced hg thermal CVD method using

the ruthenium complex (1) on{-CsEtHs),Ru for the material. The apparatus used for the
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thin film production is sketched in Fig. 1. Thepdsition conditions are as shown in Table 7,
and other conditions are as follows.

Total pressure in material container: 13.3 kPawffate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of oxyged6 sccm, flow rate of diluent gas: 169
sccm, substrate: S, and deposition time: 1 hour. As the carrias gnd diluent gas,
argon was used. In all of Examples 18 to 26, wthenproduced thin film was confirmed by
X-ray fluorescence analysis, a characteristic X{aged on ruthenium was detected. The
film thickness computed from the intensity of X-rdgtected is shown in Table 7. The
electrical properties of the ruthenium-containihon tfilm produced were measured by the four
probe method, and the resistivity obtained is showrable 7.

The thin films produced in Comparative Examplemn8 4 were confirmed by X-ray
fluorescence analysis, as a result, a charactedstay based on ruthenium was detected in
case of the thin film produced in Comparative Exbn®y and a characteristic X-ray based on
ruthenium was not detected in case of the thin filraduced in Comparative Example 4.
The film thickness computed from the intensity ofay detected is shown in Table 7. The
ruthenium-containing thin film produced was meadui@ electrical properties by the four

probe method, and the resistivity obtained is showrable 7.

[0210]
[Table 21]
(Table 7)
A B C D E F
Example 18 la-3 (Example 9) 64 58 400 18 14
Example 19 la-3 (Example 9) 64 58 300 17 321
Example 2 1e-3 (Example 9 64 5.2 | 25C 15 324
Example 21 la-3 (Example 9) 64 58 225 i 568
Example 22 la-2 (Example 8) 65 58 400 28 10
Example 2 le-2 (Example 8 65 5.2 | 30C 27 17
Example 2. 1le-2 (Example 8 65 5.2 | 25C 23 31
Example 25 la-2 (Example 8) 65 58 225 19 59
Example 26 la-2 (Example 8) 65 58 200 § 296
Comparative 5
Example 3 (n>-CsEtH,)2Ru 62 5.3 | 400 26 unmeasurable
Comparative 5
Example 4 (n>-CsEtH,)2Ru 62 5.3 | 250 0 unmeasurable

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&]], E: film thickness [nm], F: resistivityuRecm].
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[0211]
Example 27:

A ruthenium-containing thin film was produced Ihe tthermal CVD method using
the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film
production is sketched in Fig. 1. The depositionditions are as follows.

Material container temperature: °64 vapor pressure of material: 5.3 Pa, total
pressure in material container: 3.3 kPa, substesigerature: 35, flow rate of carrier gas:
30 sccm, material feed rate: 0.048 sccm, flow cditemmonia: 30 sccm, substrate: S,
and deposition time: 5 hours. Argon was used aséirier gas, and a diluent gas was not
used.

The produced thin film was confirmed by X-ray ftascence analysis, as a result, a
characteristic X-ray based on ruthenium was dedectd@he film thickness was computed
from the intensity of X-ray detected and found @1 nm. The surface smoothness of the
film obtained was evaluated by AFM, as a resultoRthe film was 0.5 nm, and Rms was 0.6
nm (Fig. 3).

[0212]
Comparative Example 5:

A ruthenium-containing thin film was produced thetthermal CVD method using
(n°-CsEtHJ)-Ru for the material. The apparatus used for theftlm production is sketched
in Fig. 1. The deposition conditions are as folow

Material container temperature: °6€2 vapor pressure of material: 5.3 Pa, total
pressure in material container: 3.3 kPa, substesigerature: 35, flow rate of carrier gas:
30 sccm, material feed rate: 0.048 sccm, flow cdtammonia: 30 sccm, substrate: S,
and deposition time: 5 hours. Argon was used asé#irier gas, and a diluent gas was not
used.

The produced thin film was confirmed by X-ray ftascence analysis, as a result, a
characteristic X-ray based on ruthenium was nataet!.

[0213]
Example 28:
A ruthenium-containing thin film was produced thetthermal CVD method using

the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film



10

15

20

25

30

99

production is sketched in Fig. 1. The depositionditions are as follows.

Material container temperature: @) vapor pressure of material: 69 Pa, total
pressure in material container: 6.7 kPa, substesigerature: 30, flow rate of carrier gas:
20 sccm, material feed rate: 0.21 sccm, flow rétanemonia: 20 sccm, substrate: TaN/Ti/Si,
and deposition time: 6 hours. Argon was used aséirier gas, and a diluent gas was not
used.

The produced thin film was confirmed by X-ray ftescence analysis, as a result, a
characteristic X-ray based on ruthenium was dedectdhe film thickness was computed
from the intensity of X-ray detected and found ®@&nm. The surface smoothness of the
film obtained was evaluated by AFM, as a resultoRthe film was 1.1 nm, and Rms was 1.4
nm (Fig. 4).

[0214]
Comparative Example 6:

A ruthenium-containing thin film was produced Ihe tthermal CVD method using
(n°-CsEtHJ)-Ru for the material. The apparatus used for theftlm production is sketched
in Fig. 1. The deposition conditions are as fokow

Material container temperature: °€8 vapor pressure of material: 69 Pa, total
pressure in material container: 6.7 kPa, substesigerature: 30, flow rate of carrier gas:
20 sccm, material feed rate: 0.21 sccm, flow rétanemonia: 20 sccm, substrate: TaN/Ti/Si,
and deposition time: 6 hours. Argon was used aséirier gas, and a diluent gas was not
used.

The produced thin film was confirmed by X-ray ftescence analysis, as a result, a
characteristic X-ray based on ruthenium was nataet!.

[0215]
Examples 29 to 33:

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film
production is sketched in Fig. 1. The depositiemditions are as shown in Table 8, and
other conditions are as follows.

Total pressure in material container: 6.7 kPawfl@ate of carrier gas: 30 sccm,
material feed rate: 0.024 sccm, flow rate of amrapB0 sccm, flow rate of diluent gas: 20
sccm, substrate: SEsi, and deposition time: 2 hours (however, in Egbas 29 and 30, 1



10

15

20

25

100

hour). As the carrier gas and diluent gas, argas used.
[0216]

In all of Examples 29 to 33, when the produced fiilm was confirmed by X-ray
fluorescence analysis, a characteristic X-ray baseduthenium was detected. The film
thickness computed from the intensity of X-ray dedd is shown in Table 8. The electrical
properties of the ruthenium-containing thin filmoguced were measured by the four probe
method, and the resistivity obtained is shown ibl&a.

The surface smoothness of the film produced utideconditions of Example 29 was
evaluated by AFM, as a result, Ra of the film waé 8m, and Rms was 4.5 nm (Fig. 5).
Furthermore, the impurities contained in the filnoguced under the conditions of Example
29 were quantitatively determined by the secondarymass spectrometry.

C: 0.13 atm%, N: 0.01 atm%, O: 0.13 atm%.

The surface smoothness of the film produced utideconditions of Example 31 was
evaluated by AFM, as a result, Ra was 0.9 nm, amd Ras 1.2 nm (Fig. 6). Furthermore,
the impurities contained in the film produced undee conditions of Example 31 were
quantitatively determined by the secondary ion nspgstrometry.

C: 0.67 atm%, N: 0.07 atm%, O: 0.07 atm%.

The surface smoothness of the film produced utideconditions of Example 33 was
evaluated by AFM, as a result, Ra of the film wakrim, and Rms was 0.5 nm (Fig. 7).
[0217]

[Table 22]
(Table 8)

A B C D E F
Example 29 la-3 (Example 9) 64 5.8 500 53 12
Example 30 la-3 (Example 9) 64 5.8 450 56 11
Example 31 1la-3 (Example 9) 64 5.8 4Q0 25 18
Example 3. 1e-3 (Example 9 64 5.2 37k 12 68
Example 33 la-3 (Example 9) 64 5.8 350 4 453

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&]], E: film thickness [nm], F: resistivityuRecm].

[0218]
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Examples 34 to 37:

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film
production is sketched in Fig. 1. The depositiomditions are as shown in Table 9, and
other conditions are as follows.

Total pressure in material container: 6.7 kPawfl@ate of carrier gas: 30 sccm,
material feed rate: 0.024 sccm, flow rate of hyérag2 sccm, flow rate of diluent gas: 68
sccm, substrate: S, and deposition time: 1 hour. As the carrias gnd diluent gas,
argon was used.

In all of Examples 34 to 37, when the produced filim was confirmed by X-ray
fluorescence analysis, a characteristic X-ray baseduthenium was detected. The film
thickness computed from the intensity of X-ray dedd is shown in Table 9. The electrical
properties of the ruthenium-containing thin filmoduced were measured by the four probe

method, and the resistivity obtained is shown iblg®.

[0219]
[Table 23]
(Table 9)
A B C D E F

Example 34 la-3 (Example 9) 64 5.3 500 20 313
Example 35 la-3 (Example 9) 64 5.3 450 18 509
Example 3 1e-3 (Example 9 64 5.2 40( 13 1117
Example 37 la-3 (Example 9) 64 5.3 375 3 683

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&g]], E: film thickness [nm], F: resistivityuRecm].

[0220]

The followings can be understood from these Exasipl That is, as seen from
Examples 14 to 17 and 27 to 37, the ruthenium cerp(l) can produce a
ruthenium-containing thin film even without using axidizing gas. It is also seen that by
using the ruthenium complex (1) as the materiainetallic ruthenium film reduced in
impurities can be produced even without using adibxg gas. Furthermore, it is seen that
the ruthenium-containing thin film produced usihg truthenium complex (1) as the material

has good electrical conductive properties. As demm Examples 15, 27 and 28, by using
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the ruthenium complex (1) as the material, a metalithenium film excellent in the surface
smoothness can be produced even without usingidizimg gas.

As seen from Examples 18 to 26, the ruthenium dexgl) can produce a
ruthenium-containing thin film also when an oxidigigas is used. Furthermore, comparison
with Comparative Example 4 reveals that the rutl@nicomplex (1) can produce a
ruthenium-containing thin film at a low temperaturerl herefore, the ruthenium complex (1)
is a useful material having a wide application eag a material for the thin film formation.

It is seen from comparison between Example 27 @ochparative Example 5 and
comparison between Example 28 and Comparative Ebeaénihat the ruthenium complex (1)
can produce a film excellent in the surface smosgkrat a low temperature of 380or less

even without using an oxidizing gas.

[0221]
Example 38:
[0222]
[Chem. 30]
+
Me Me Me Me
\( /NECMe
Me @—~Ru-@ + MeCN + HBF,ELO —™ |Me @wnu\—NECMe BFg
M Me N=CMe
Me ¢ Me
[0223]

In an argon atmosphere, 3.21 g (19.8 mmol) oftraftaoroboric acid-diethyl ether
complex was added at’© to a suspension prepared by mixing 4.49 g (14r8obn of
(nN°-CsHs)(n°-CsMes)Ru that was synthesized by the method describe@rganometallics,
Vol. 5, page 2321 (1986), and 60 mL of acetonitril@he resulting mixture was stirred at
room temperature for 21 hours, and the solvent thas removed by distillation under
reduced pressure. The remaining solid was wasligdavmixture of dichloromethane and
diethyl ether (dichloromethane:diethyl ether=1:13 vol%)) to obtain
[tris(acetonitrile)>-1,2,3,4,5-pentamethylcyclopentadienyl)rutheniujiitétrafluoroborate]
([Ru(r]S—C5Me5)(MeCN)B][BF4]) as a yellow solid (6.62 g, yield: 99%).

'"H-NMR (500 MHz, CDC}, d):
2.30-2.46 (br, 9H), 1.58 (s, 15H).
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[0224]
Example 39
[0225]
[Chem. 31]
_ HBF4*Et,O
(i) =22 [ ()|
H
"
Me N Me
.
NEt
Me
2-1
[0226]

In an argon atmosphere, 6.39 g (39.5 mmol) oftraftaoroboric acid-diethyl ether
complex was added at -%8 to a solution prepared by mixing 11.8 g (37.6 Mnw
(n*1,5-cyclooctadiene)®-1,3,5-cyclooctatriene)ruthenium  (RftCsH12)(N%-CsH1o))  that
was synthesized according to the method describelburnal of Organometallic Chemistry,
Vol. 272, page 179 (1984), and 120 mL of dichlortmee, and the mixture was stirred at
25°C for 1 hour. At this point, a part of the reantimixture was sampled and analyzed using
'H-NMR, as a result, it was confirmed that [RuPHCsH11):][BFs was produced.
Subsequently, 5.36 g (56.4 mmol) of 2,5-dimethyiply was added at 26 and after stirring
for 20 hours, 15.2 g (150.3 mmol) of triethylamimas added at 2&. The resulting mixture
was stirred for 22 hours, and the solvent was tleenoved by distillation under reduced
pressure. The remaining liquid was distilled un@eiuced pressure (distillation temperature:
99°C/back pressure: 15 Pa) to obtain
(1-5n°-cyclooctadienyl)§>-2,5-dimethylpyrrolyl)ruthenium  (Ruf-CgH11)(n>-NCsMesHy))
as a yellow-brown liquid (7.5 g, yield: 66%).

'"H-NMR (500 MHz, CDC}, §):
5.76 (t, J=6.0 Hz, 1H), 5.09 (s, 2H), 4.00-4.1Q @H), 3.43-3.55 (m, 2H), 2.02 (s,
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6H), 1.69-1.76 (m, 2H), 1.25-1.36 (m, 2H), 1.0321(fn, 1H), -0.21--0.097 (m, 1H).
3C-NMR (125 MHz, CDC, 9):

114.8, 102.1, 82.1, 75.3, 46.5, 29.3, 20.7, 15.1.
[0227]
Examples 40 and 41 and Comparative Examples 7 an(Pr8duction Example of
Ruthenium-Containing Thin Film Using Ammonia as e Gas):

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (2) or RytCsEtH,), for the material. The apparatus used for the
thin film production is sketched in Fig. 1. Thepdsition conditions are as shown in Table
10, and other conditions are as follows.

Total pressure in material container: 13.3 kPawfrate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of ammp&DO sccm, flow rate of diluent gas: 70
sccm, substrate: Sibi, and deposition time: 1 hour. As the carrias @nd diluent gas,
argon was used. Here, the material feed rate doré¢hction chamber can be determined
based on the calculation formula: (flow rate ofrigairgasx vapor pressure of materialtotal
pressure in material container).

In both of Examples 40 and 41, when the produbedfim was confirmed by X-ray
fluorescence analysis, a characteristic X-ray basedithenium was detected. For the X-ray
fluorescence analysis, 3370E manufactured by Rig&@arporation was used. The
measurement conditions were X-ray source: Rh, outp@ kV 50 mA, and measurement
diameter: 10 mm. The film thickness computed frtma intensity of X-ray detected is
shown in Table 10. The electrical properties @f ththenium-containing thin film produced
were measured by the four probe method, and thstivéty obtained is shown in Table 10.
For the four probe method, LORESTA HP MCP-T410 nfactured by Mitsubishi
Petrochemical Co., Ltd. was used.

[0228]

The impurities contained in the film produced unttee conditions of Example 41
(however, the deposition time was set to 1.5 hows)e quantitatively determined by the
secondary ion mass spectrometry. For the secoridarynass spectrometry, ADEPT1010
manufactured by PHI was used. The measurementtimorsdwere primary ion species: Gs
primary ion acceleration voltage: 2 kV, secondaon ipolarity: Positive, and charge

compensation: E-gun.
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C: 0.13 atm%, N: 0.27 atm%, O: 0.53 atm%o.

The surface smoothness of the film produced obthin Example 41 was evaluated
by AFM, as a result, the arithmetic average roughrn®a) of the film was 2.0 nm and the
root-mean-square roughness (Rms) was 2.7 nm (Fig. & the AFM, NanoScope llla
manufactured by BrukersAXS was used. The measureoconditions were in tapping mode.

The thin films produced in Comparative Examplemnd 8 were confirmed by X-ray
fluorescence analysis, as a result, a charactelstiay based on ruthenium was detected.
The film thickness computed from the intensity ofa¥ detected is shown in Table 10. The
ruthenium-containing thin film produced was meadui@ electrical properties by the four

probe method and found to be an insulating film.

[0229]
[Table 24]
(Table 10)
A B C D E =

Example 4 2-1 (Example 3¢ 83 | 5.2 | 50C | 4¢ 46
Example 41 2-1 (Example 39) 83 5B 450 39 22
Comparative 5
Example 7 Ru(n™-CsEtHs), 62 | 53| 500| 47| 1Vor more
Comparative 5
Example 8 Ru(n™-CsEtHs), 62 | 53| 450| 55| 1Vor more

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&]], E: film thickness [nm], F: resistivityuRecm].

[0230]
Examples 42 to 45 and Comparative Examples 9 and(Production Example of
Ruthenium-Containing Thin Film Using Oxygen as RescGas):

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (2) or RWECsEtH,), for the material. The apparatus used for the
thin film production is sketched in Fig. 1. Thepdsition conditions are as shown in Table
11, and other conditions are as follows.

Total pressure in material container: 13.3 kPawffate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of oxyged6 sccm, flow rate of diluent gas: 169

sccm, substrate: Sibi, and deposition time: 1 hour. As the carrias @nd diluent gas,
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argon was used. In all of Examples 42 to 45, wtherproduced thin film was confirmed by
X-ray fluorescence analysis, a characteristic X4paged on ruthenium was detected. The
film thickness computed from the intensity of X-rdgtected is shown in Table 11. The
electrical properties of the ruthenium-containihon tfilm produced were measured by the four
probe method, and the resistivity obtained is showrable 11.

The thin films produced in Comparative Examplemnfl 10 were confirmed by X-ray
fluorescence analysis, as a result, a charactedstay based on ruthenium was detected in
case of the thin film produced in Comparative ExEn$pand a characteristic X-ray based on
ruthenium was not detected in case of the thin firaduced in Comparative Example 10.
The film thickness computed from the intensity ofa§ detected is shown in Table 11. The
electrical properties of the ruthenium-containiho tfilm produced were measured by the four

probe method, and the resistivity obtained is showhable 11.

[0231]
[Table 25]
(Table 11)
A B C D E F
Example 42 2-1 (Example 39) 88 5|3 4p0 27 13
Example 4 2-1 (Example 3¢ 83 | 5.8 | 30C | 27 17
Example 44 2-1 (Example 39) 88 5|3 2h0 24 56
Example 45 2-1 (Example 39) 88 5|3 2p5 25 91
Comparative 5
Example 9 Ru(n’-CsEtH,)2 62 | 5.3| 400| 26 10or more
Comparative 5
Example 10 Ru(n’-CsEtH,), 62 | 53| 250 O unmeasurable

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&]], E: film thickness [nm], F: resistivityuRecm].

[0232]

The followings can be understood from these Exasipl That is, as seen from
Examples 40 and 41, the ruthenium complex (2) imaterial capable of producing a
ruthenium-containing thin film even without using axidizing gas. It is also seen that a
ruthenium-containing thin film producing using thehenium complex (2) as the material has
good electrical conductive properties. As seemfiexample 41, by using the ruthenium

complex (2) as the material, a metallic rutheniulm feduced in impurities can be produced
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even without using an oxidizing gas. In additias, seen from Example 41, by using the
ruthenium complex (2) as the material, a metallithenium film excellent in the surface
smoothness can be produced even without usingidizioig gas.

As seen from Examples 42 to 45, the ruthenium dexg2) can produce a
ruthenium-containing thin film also when an oxidigigas is used. Furthermore, comparison
with Comparative Examples 9 and 10 reveals thatrtiteenium complex (2) is a material
capable of producing a ruthenium-containing thimfat a low temperature and is a useful
material having a wide application range as a rn@tir the thin film formation.

Reference Example 1:

[0233]
[Chem. 32]
N=CMe
@T—HuENECMe BF, + @ e @ Ru—4 » | BFy
N=CMe =
[0234]
In an argon atmosphere, 1.84 g (23.6 mmol) of éeazavas added to a solution
prepared by mixing 5.98 g (15.9 mmol) of

[tris(acetonitrile)>-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
([Ru(n>-CsHs)(MeCN)][BF4]) and 40 mL of tetrahydrofuran. The resulting tare was
stirred at room temperature for 20 hours and thoered to -78C, and the produced solid was
filtered to obtain  [§®-benzene){>-cyclopentadienyl)ruthenium(ll)][tetrafluoroborate]
([Ru(n®-CsHs)(n®-CsHe)][BF4]) as a yellow solid (3.27 g, yield: 62%).
'H-NMR (500 MHz, CDC}, d):

6.21 (s, 6H), 5.46 (s, 5H).
13C-NMR (125 MHz, CDC, 9):

86.1, 80.8.
[0235]
Reference Example 2:
[0236]
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[Chem. 33]
i" |
N=CMe -
G—“Ru N=CMe | BFy + O o Me"@*~ﬂu--<—->
Ne==CMe =
[0237]
In an argon atmosphere, 2.19 g (28.1 mmol) of éeazavas added to a solution
prepared by mixing 9.01 g (23.1 mmol) of

[tris(acetonitrile)>-methylcyclopentadienyl)ruthenium(ll)][tetrafluorotate]
([Ru(n’-CsMeHz)(MeCN)s][BF4]) and 40 mL of tetrahydrofuran. The resulting tuie was
stirred at room temperature for 20 hours and ttoerhed to -78C, and the produced solid was
filtered to obtain [§°-benzene){>-methylcyclopentadienyl)ruthenium(ll)][tetrafluoroiate]
([Ru(n®>-CsMeHJ)(n°-CsHe)][BF 4]) as a brown solid (4.94 g, yield: 62%).
'H-NMR (500 MHz, CDC}, d):

6.15 (s, 6H), 5.40-5.43 (m, 2H), 5.30-5.33 (m, 2BD8 (s, 3H).
BC-NMR (125 MHz, CDC}, d):

100.2, 86.4, 81.9, 80.2, 13.9.

[0238]
Example 46:
[0239]
[Chem. 34]
Me
GO - GO
[0240]

In an argon atmosphere, 9.8 mL (1.11 mol/L, 10rAaf of a diethyl ether solution
of methyllithium was added at -78 to a solution prepared by dissolving 3.27 g (:880l)
of [Ru(®>CsHs)(n®CeHe)][BF4] obtained in Reference Example 1 in 30 mL of
tetrahydrofuran. The resulting mixture was stiratdoom temperature for 20 hours and after

removing the solvent by distillation under redugedssure, the residue was added with 125
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mL of hexane and vigorously stirred at room tempgea The produced suspension was
filtered, and the solvent was removed from thedi# by distillation under reduced pressure.
The remaining solid was purified using column chabography (alumina, hexane) to obtain
(n°-cyclopentadienyl){>-6-exo-methylcyclohexadienyl)ruthenium
(Ru(n®-CsHs)(n°-CsHeMe)) as a yellow solid (850 mg, yield: 33%).
'"H-NMR (500 MHz, CDC}4, 8):

5.64-5.72 (m, 1H), 4.73 (s, 5H), 4.28-4.38 (m, 2B1B3-2.92 (m, 2H), 2.28 (sext,
J=6.4 Hz, 1H), 0.21 (d, J=6.5 Hz, 3H).
BC-NMR (125 MHz, CDC}, d):

79.5,76.1, 74.9, 34.7, 32.5, 28.5.
[0241]
Example 47:
[0242]

[Chem. 35]

WY PO I NS

[0243]

In an argon atmosphere, 14 mL (1.10 mol/L, 15.4ofmf a diethyl ether solution of
methyllithium was added at -78 to a solution prepared by dissolving 4.94 g (I%r8ol) of
[Ru(n®>-CsMeHs)(n®-CsHe)][BF4] obtained in Reference Example 2 in 40 mL of
tetrahydrofuran. The resulting mixture was stira¢doom temperature for 21 hours and after
removing the solvent by distillation under redugedssure, the residue was added with 300
mL of hexane and vigorously stirred at room tempgea The produced suspension was
filtered, and the solvent was removed from thedi# by distillation under reduced pressure.
The remaining liquid was purified using column ahedography (alumina, hexane) to obtain
(n°-6-exo-methylcyclohexadienyf)f-methylcyclopentadienyl)ruthenium
(Ru(n’-CsMeHz)(n°>-CsHsMe)) as a yellow liquid (860 mg, yield: 22%).

'H-NMR (500 MHz, CDC}, d):

5.59-5.62 (m, 1H), 4.74-4.77 (m, 2H), 4.51-4.54, (8H), 4.24-4.29 (m, 2H),

2.71-2.76 (m, 2H), 2.30 (sext, J=6.4 Hz, 1H), 843H), 0.21 (d, J=6.5 Hz, 3H).
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3C-NMR (125 MHz, CDC}, 9):
92.0, 79.5, 76.7, 76.5, 74.2, 34.8, 33.8, 28.45.14
[0244]
Example 48:
[0245]
[Chem. 36]

) |

J

E’@ﬂu--@“Et + @ + HBFg-EtO ™

[0246]

e

In an argon atmosphere, 2.63 g (33.7 mmol) of éeazavas added to a solution
prepared by mixing 835 mg (2.91 mmol) of bisethylcyclopentadienyl)ruthenium
((n°-CsEtHJ)-Ru) produced by Aldrich and 7 mL of acetonitrileTo this solution, 516 mg
(3.19 mmol) of a tetrafluoroboric acid-diethyl etheomplex was added at°®©. The
resulting mixture was stirred at room temperatore20 minutes and then stirred af8@for 8
hours. The solvent was removed from the reactiaxture by distillation under reduced
pressure, and the remaining solid was washed withixéure of tetrahydrofuran and hexane
(tetrahydrofuran:hexane=1:3) to obtain
[(n®-benzene){°-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotaie]
([Ru(n®-CsEtH4)(n°-CsHe)][BF 4]) as a yellow-brown solid (1.02 g, yield: 98%).

'H-NMR (500 MHz, CDC}, 3):

6.15 (s, 6H), 5.36-5.40 (m, 2H), 5.30-5.34 (m, 2RIB3 (q, J=7.5 Hz, 2H), 1.09 (t,
J=7.5 Hz, 3H).
13C-NMR (125 MHz, CDC, 9):

106.9, 86.2, 80.3, 80.0, 21.0, 14.5.

[0247]
Example 49:
[0248]
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[Chem. 37]
Me }+
E’*@~~—Ru«*ﬂ‘§ + <\ /> + HBF, ~% {Et@wwﬁu*m@ % BFy
Me ’
[0249]
In an argon atmosphere, 7.5 g (96.0 mmol) of bemzmas added to a solution
prepared by mixing 20.2 g (69.6 mmol) of

(n°-2,4-dimethyl-2,4-pentadienyfj-ethylcyclopentadienyl)ruthenium
(Ru(n®-CsEtH4)(n°>-CH,C(Me)CHC(Me)CH)) that was synthesized according to the method
described in JP-A-2003-342286, and 80 mL of tewabfjuran. To this solution, 15 mL
(42%, 99.0 mmol) of an aqueous tetrafluoroboriad aslution was added at "8 The
resulting mixture was stirred at room temperatore20 hours and then cooled to °Z8 and
the produced solid was filtered to obtain
[(n®-benzene){°-ethylcyclopentadienyl)ruthenium(ll)][tetrafluorotaie]
([Ru(n®-CsEtHL)(n®-CeHe)l[BF4) as a white solid (19.4 g, yield: 78%). The
[Ru(n>-CsEtHs)(n°®-CsHe)][BF 4] obtained was measured for the¢ and**C-NMR spectra, as a
result, these spectra agreed with the spectranaatan Example 48.
[0250]
Example 50:
[0251]

[Chem. 38]

Et@——au-—@ BF, + Mel -~ Et‘@‘—ﬂyi@

[0252]

In an argon atmosphere, 47 mL (1.10 mol/L, 51.7afmf a diethyl ether solution of
methyllithium was added at -78 to a solution prepared by dissolving 16.4 g (48miol) of
[Ru(n®-CsEtH4)(n°-CeHe)][BF 4] obtained in Example 49 in 140 mL of tetrahydrafur The

resulting mixture was stirred at room temperatore20 hours and after removing the solvent
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by distillation under reduced pressure, the residas added with 200 mL of hexane and
vigorously stirred at room temperature. The predususpension was filtered, and the
solvent was removed from the filtrate by distibatiunder reduced pressure. The remaining
liquid was purified using column chromatographytaina, hexane) and then distilled under
reduced pressure (distillation temperature:°C3back pressure: 1.5 Pa) to obtain
(n°-ethylcyclopentadienyly>-6-exo-methylcyclohexadienyl)ruthenium
(Ru(n’®-CsEtH4)(n>-CsHsMe)) as a yellow liquid (5.33 g, yield: 41%).
'H-NMR (500 MHz, CDC}, d):

5.60-5.65 (m, 1H), 4.70-4.73 (m, 2H), 4.55-4.58, (8H), 4.26-4.31 (m, 2H),
2.74-2.79 (m, 2H), 2.30 (sext, J=6.5 Hz, 1H), 2A@5J=7.5 Hz, 2H), 1.09 (t, J=7.5 Hz, 3H),
0.20 (d, J=6.5 Hz, 3H).
3C-NMR (125 MHz, CDC, 9):

99.8, 79.4, 76.6, 74.8, 73.9, 34.8, 33.4, 28.4),215.0.
[0253]
Example 51:
[0254]

[Chem. 39]

Bu
S .

[0255]

In an argon atmosphere, 7.0 mL (2.69 mol/L, 18r8aM of a hexane solution of
n-butyllithium was added at -78 to a solution prepared by dissolving 6.16 g (Iviriol) of
[Ru(n>-CsEtHs)(n°®-CsHe)][BF 4] obtained in Example 49 in 50 mL of tetrahydrofura The
resulting mixture was stirred at room temperatore20 hours and after removing the solvent
by distillation under reduced pressure, the residas added with 125 mL of hexane and
vigorously stirred at room temperature The produsespension was filtered, and the
solvent was removed from the filtrate by distibetiunder reduced pressure. The remaining
liquid was purified using column chromatographyu(aina, hexane) and then distilled under
reduced pressure (distillation temperature: °ClBack pressure: 37 Pa) to obtain

(n°-ethylcyclopentadienylj®>-6-exo-butylcyclohexadienyl)ruthenium
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(Ru(n’-CsEtH4)(n>-CsHgBU)) as a yellow liquid (3.66 g, yield: 65%).
'"H-NMR (500 MHz, CDC}, §):
5.57-5.68 (m, 1H), 4.72 (brs, 2H), 4.57 (brs, 28p4-4.37 (m, 2H), 2.73-2.83 (m,
2H), 2.25 (g, J=7.5 Hz, 2H), 2.14-2.21 (m, 1H),41016 (m, 5H), 0.92-1.01 (m, 2H), 0.78 (t,
J=7.5 Hz, 3H), 0.45-0.54 (m, 2H).
13C-NMR (125 MHz, CDC, 9):
99.8, 79.6, 76.7, 74.9, 73.9, 42.3, 40.1, 32.3,2%.7, 22.0, 15.0, 14.3.
[0256]
Example 52:
[0257]
[Chem. 40]

Ei‘@—ﬂu

Me,

Me Me N
>> s DMG + HBF, " Et—O Ru— Me| BFy
Me Me

M

[0258]

In an argon atmosphere, 515 mg (4.28 mmol) obitf@nethylbenzene was added to
a solution prepared by mixing 1.01 g (3.50 mmol) of
(n°-2,4-dimethyl-2,4-pentadienyfjt-ethylcyclopentadienyl)ruthenium
(Ru(n>-CsEtHs)(n°-CH.C(Me)CHC(Me)CH)) that was synthesized according to the method
described in JP-A-2003-342286, and 10 mL of tewlabiggran. To this solution, 0.6 mL
(42%, 3.96 mmol) of an aqueous tetrahydrofluorab@tid solution was added at °78
The resulting mixture was stirred at room tempemfor 3 days and then cooled to *Z8
and the produced solid was filtered to obtain
[(n®-ethylcyclopentadienylj(°-1,3,5-trimethylbenzene)ruthenium(ll)][tetrafluowiate]
([Ru(n®-CsEtH4)(n°-CsMesHs3)][BF 4]) as a white solid (717 mg, yield: 51%).
'"H-NMR (500 MHz, CDC}4, §):

6.00 (s, 3H), 5.11-5.20 (m, 4H), 2.31 (s, 9H),32(8, J=7.5 Hz, 2H), 1.12 (t, J=7.5
Hz, 3H).
3C-NMR (125 MHz, CDG}, d):

104.8, 101.1, 87.5, 80.9, 80.4, 20.5, 20.0, 14.7.
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[0259]
Example 53:
[0260]
[Chem. 41]
Me N Me
Me,
Et@——-ﬂum Me| BFy *+ Meli T Et«@—ﬂuw Me
Mé Me
[0261]

In an argon atmosphere, 1.8 mL (1.10 mol/L, 1.98af of a diethyl ether solution
of methyllithium was added at -78 to a solution prepared by dissolving 717 mg (Ixiffol)
of [Ru(n®-CsEtH4)(n°®-CeMesH3)][BF 4] obtained in Example 52 in 10 mL of tetrahydrofura
The resulting mixture was stirred at room tempesafior 16 hours and after removing the
solvent by distillation under reduced pressure, thsidue was added with 20 mL of
tetrahydofuran and vigorously stirred at room terapge. The produced suspension was
filtered, and the solvent was removed from thedi# by distillation under reduced pressure.
The remaining liquid was purified using column ahaediography (alumina, tetrahydrofuran)
and then distilled under reduced pressure (distlietemperature: FC/back pressure: 29 Pa)
to obtain °-ethylcyclopentadienyli>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium
(Ru(n®-CsEtH4)(n>-CsHsMey)) as a yellow liquid (382 mg, yield: 65%).
'"H-NMR (500 MHz, CDC}4, §):

4.38-4.41 (m, 2H), 4.36-4.38 (m, 2H), 4.13 (s, 2BB4 (q, J=6.5 Hz, 1H), 2.22 (s,
3H), 2.17 (g, J=7.5 Hz, 2H), 1.48 (s, 6H), 1.0947.5 Hz, 3H), 0.25 (d, J=6.5 Hz, 3H).
3C-NMR (125 MHz, CDG}, d):

98.6, 90.3, 78.4, 76.6, 76.0, 46.9, 43.7, 24.12,221.1, 21.0, 15.1.
[0262]
Example 54:
[0263]
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[Chem. 42]

[0264]

In an argon atmosphere, 20.0 g (166 mmol) of itydh%ethylbenzene was added to a
solution prepared by dissolving 38.7 g (134 mmol) f o
(n°-2,4-dimethyl-2,4-pentadienyfjt-ethylcyclopentadienyl)ruthenium
(Ru(n’-CsEtH4)(n°>-CH,C(Me)CHC(Me)CH)) that was synthesized according to the method
described in JP-A-2003-342286, in 200 mL of tetchbjuran. To this solution, 25 mL
(42%, 165 mmol) of an aqueous tetrahydrofluorobadid solution was added at <8 and
the mixture was stirred at room temperature foa@sd At this point, a part of the reaction
mixture was sampled and analyzed usitiyNMR, as a result, it was confirmed that
[Ru(n>-CsEtHs)(n°-CsMesHs)][BF4] was produced. The solvent was removed from the
reaction mixture by distillation under reduced pres, and the residue was washed with 100
mL of hexane and dissolved in 150 mL of tetrahydrafh. Subsequently, 90 mL (1.10
mol/L, 99.0 mmol) of a diethyl ether solution of tihglithium was added thereto at “T8and
the mixture was stirred at room temperature foh@Qrs. After removing the solvent from
the reaction mixture by distillation under redugadssure, 250 mL of hexane was added to
the residue and the mixture was vigorously stireédroom temperature. The produced
suspension was filtered, and the solvent was rethdnen the filtrate by distillation under
reduced pressure. The remaining liquid was purifising column chromatography (alumina,
hexane) and then distilled under reduced pressdigtillation temperature: 9T/back
pressure: 29 Pa) to obtain
(n°-ethylcyclopentadienylj>-1,3,5,6-exo-tetramethylcyclohexadienyl)ruthenium
(Run’-CsEtH4)(n>-CeHsMes)) as a yellow liquid (20.0 g, yield: 61%). The tained
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Ru(n>-CsEtHs)(n°-CeHsMes) was measured foH and **C-NMR spectra, as a result, these
spectra agreed with the spectra obtained in ExaBtple

[0265]

Production Example of Ruthenium-Containing ThinnFiUsing Ammonia as Reaction Gas
(Examples 55 to 57):

Ruthenium-containing thin films were produced hg thermal CVD method using
the ruthenium complex (3a) of the present invent@rthe material. The apparatus used for
the thin film production is sketched in Fig. 1. eTdeposition conditions are as shown in
Table 12, and other conditions are as follows.

Total pressure in material container: 13.3 kPawffate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of ammp&DO sccm, flow rate of diluent gas: 70
sccm, substrate: S8, and deposition time: 1 hour. As the carrias gnd diluent gas,
argon was used. Here, the material feed rate doré¢hction chamber can be determined
based on the calculation formula: (flow rate ofrieargasx vapor pressure of materialtotal
pressure in material container).

In all of Examples 55 to 57, when the produced fiim was confirmed by X-ray
fluorescence analysis, a characteristic X-ray bameduthenium was detected. The film
thickness computed from the intensity of X-ray detd is shown in Table 12.

[0266]

[Table 26]
(Table 12)
A B C D E
Example 55 3-3 (Example 50) 68 5.3 500 8
Example 56 3-3 (Example 50) 68 5.3 450 3
Example 57 3-46 (Example 54) 67| 5.8 500 y.

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&]], E: film thickness [nm].

[0267]
Production Example of Ruthenium-Containing ThinnFiUsing Oxygen as Reaction Gas
(Examples 58 to 65):

Ruthenium-containing thin films were produced hg thermal CVD method using
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the ruthenium complex (3a) for the material. Thparatus used for the thin film production
is sketched in Fig. 1. The deposition conditiome as shown in Table 13, and other
conditions are as follows.

Total pressure in material container: 13.3 kPawffate of carrier gas: 30 sccm,
material feed rate: 0.012 sccm, flow rate of oxyg@d6 sccm, flow rate of diluent gas: 169
sccm, substrate: Sibi, and deposition time: 1 hour. As the carrias @nd diluent gas,
argon was used. In all of Examples 13 to 20, wthenproduced thin film was confirmed by
X-ray fluorescence analysis, a characteristic X4aged on ruthenium was detected. The
film thickness computed from the intensity of X-rdgtected is shown in Table 13.

[0268]

[Table 27]
(Table 13)

A B C D E
Example 58 3-3 (Example 50) 68 5.3 400 3
Example 5 3-3 (Example 5C 68 5.2 30C 2
Example 60 3-3 (Example 50) 68 5.3 250 14
Example 61 3-3 (Example 50) 68 5.3 22b 19
Example 62 3-46 (Example 54) 67 5.3 400 1
Example 6. 3-46 (Exampe 54 67 5.2 30C 46
Example 64 3-46 (Example 54) 67 5.3 250 3P
Example 65 3-46 (Example 54) 67 5.3 225 1

A: Material, B: material container temperatuf€], C: vapor pressure of material [Pa], D:

substrate temperatur&d], E: film thickness [nm].

[0269]

The followings can be understood from these Exasipl That is, as seen from
Examples 55 to 57, the ruthenium complex (3a) isnaerial capable of producing a
ruthenium-containing thin film even without using aexidizing gas. In addition as seen from
Examples 58 to 65, the ruthenium complex (3a) cadyxce a ruthenium-containing thin film
also when an oxidizing gas is used.

[0270]
Evaluation Example 1:
A ruthenium-containing thin film was produced thetthermal CVD method using

the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film
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production is sketched in Fig. 1. The depositionditions are as follows.

Material container temperature: °64 vapor pressure of material: 5.3 Pa, total
pressure in material container: 6.7 kPa, substesigerature: 40, flow rate of carrier gas:
30 sccm, material feed rate: 0.024 sccm, flow chtemmonia: 100 sccm, flow rate of diluent
gas: 70 sccm, hole substrate: 8% (hole diameter: 400 nm, hole depth: 1,000 namygl
deposition time: 5 hours. Argon was used as theetaas.

The produced thin film was confirmed by X-ray ftescence analysis, as a result, a
characteristic X-ray based on ruthenium was dedectdhe film thickness was computed
from the intensity of X-ray detected and found ®o&nm. The electrical properties of the
ruthenium-containing thin film produced were measluby the four probe method, and the
resistivity was found to be 138ecm. When the cross-section of the film was observy
FE-SEM (field-emission scanning electron microsgopbe film thickness was the same
between the hole opening and the hole bottom (B)g. As FE-SEM, JSM-7600F
manufactured by JEOL Ltd. was used. The measurermamditions were acceleration
voltage: 5 kV, observation magnitude: 100,000 timesd sample pretreatment: cutting of
sample- resin embedding- ion milling processing of cross-section.

[0271]
Evaluation Example 2:

A ruthenium-containing thin film was produced Ihe tthermal CVD method using
the ruthenium complex (1) obtained in Example 9he Tapparatus used for the thin film
production is sketched in Fig. 1. The depositionditions are as follows.

Material container temperature: °@4 vapor pressure of material: 5.3 Pa, total
pressure in material container: 6.7 kPa, substesiperature: 40C, flow rate of carrier gas:
30 sccm, material feed rate: 0.024 sccm, flow citammonia: 50 sccm, flow rate of diluent
gas: 20 sccm, hole substrate: 88 (hole diameter: 400 nm, hole depth: 800 nm)3 an
deposition time: 5 hours. Argon was used as theetaas.

The produced thin film was confirmed by X-ray ftescence analysis, as a result, a
characteristic X-ray based on ruthenium was dedectd@he film thickness was computed
from the intensity of X-ray detected and found ®dnm. The electrical properties of the
ruthenium-containing thin film produced were measluby the four probe method, and the
resistivity was found to be 73&ecm. When the cross-section of the film was observy

FE-SEM, the film thickness was the same betweerndhe opening and the hole bottom (Fig.
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10). It is understood from Evaluation Examplesntl 2 that the ruthenium complex of the
present invention can produce a uniform film onuameven surface at a low temperature of
400°C or less even without using an oxidizing gas.

[0272]

While the invention has been described in detadl &ith reference to specific
embodiments thereof, it will be apparent to ondlekiin the art that various changes and
modifications can be made therein without departirgm the spirit and scope of the
invention.

This application is based on Japanese Patent dgtigih (Patent Application No.
2012-268396) filed on December 7, 2012, JapanesmPApplication (Patent Application No.
2013-133480) filed on June 26, 2013, and JaparasatPApplication (Patent Application No.
2013-156294) filed on July 29, 2013, the entiretyvbich is incorporated herein by way of

reference. All references cited herein are inca@al in their entirety.

Industrial Applicability
[0273]
The novel ruthenium complex of the present invents useful for the production of

a ruthenium-containing thin film.

Explanations of Reference Signs
[0274]

1 denotes a material container.

2 denotes a constant-temperature bath.
3 denotes a reaction chamber.

4 denotes a substrate.

5 denotes reaction gas.

6 denotes diluent gas.

7 denotes carrier gas.

8 denotes a mass flow controller.
9 denotes a mass flow controller.
10 denotes a mass flow controller.

11 denotes an oil rotary pump.
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12 denotes an exhaust.
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CLAIMS
[Claim 1]
A ruthenium complex represented by formula (A):
[Chem. 1]
RSB RF
RP RH
" Ru < (CHa)m
- L
RC RG
N v y o y

~

tahapto li
pentahapto ligand pentahaptodienyl ligan@l

(A)

(wherein T represents CRor a nitrogen atom; U represents an oxygen ato@Hireach of
RY R, R RP, RE, R, R® R" and R independently represents a hydrogen atom or a alk
group having a carbon number of 1 to 6; m reprasany one integer of 0, 1 and 3; and the
pentahaptodienyl ligan@ has a cyclic structure when m is 1 or 3, and hasmcyclic
structure when m is 0, provided that when m is & TR®, U is an oxygen atom, Rand K

are an alkyl group having a carbon number of 1,tarél R' and R are a hydrogen atom,
excluding a case where all of RRE, R®, R° and K are a methyl group at the same time, that
when mis 1, T is CR U is CH and Ris an alkyl group having a carbon number of 1 to 6
excluding a case where all of RR® and R' are a hydrogen atom at the same time and all of
R, RE, R, R°, RF and R are a methyl group at the same time, and that winém 3, T is a
nitrogen atom, U is CH, Rand R are an alkyl group having a carbon number of 6, 5,

RF, R” and K are a hydrogen atom, andf Rnd R are a hydrogen atom or a methyl group).
[Claim 2]

The ruthenium complex according to claim 1, whghepresented by formula (1a):
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[Chem. 2]

R2a H RBa

RSa
H
R'a O Ru > H
R4a O
5
Roa R7a (1a)

(wherein each of B R R*® R* and R® independently represents a hydrogen atom or an
alkyl group having a carbon number of 1 to 6, edirly a case where all of RR?? R*? R*@
and R?are a methyl group at the same time; and eacl{*driRl R?independently represents
an alkyl group having a carbon number of 1 to 6).
[Claim 3]

The ruthenium complex according to claim 2,

wherein R?is an alkyl group having a carbon number of 1;t&%, R* R**and R®
are a hydrogen atom; and°Rnd R?are a methyl group.
[Claim 4]

The ruthenium complex according to claim 2 or 3,

wherein R?is a methyl group or an ethyl group®RR*® R*?and R®are a hydrogen

atom; and B and R?are a methyl group.

[Claim 5]
The ruthenium complex according to claim 1, whghepresented by formula (2):
[Chem. 3]
R8
>\ /(Me)n
b€
R® (2)

(wherein each of Rand R independently represents an alkyl group havingraan number

of 1 to 6; and n represents an integer of 0 to 2).
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[Claim 6]
The ruthenium complex according to claim 5,
wherein n is 0.

[Claim 7]
The ruthenium complex according to claim 5 or 6,

wherein B and R are a methyl group.

[Claim 8]
The ruthenium complex according to claim 1, whghepresented by formula (3):
[Chem. 4]
R11 R15
12
R R18
16
R10 O RU R
R13
R14 R1 7

(3)

(wherein each of B R, R, R, R™ R' R and R’ independently represents a hydrogen
atom or an alkyl group having a carbon number & 6; and B represents an alkyl group
having a carbon number of 1 to 6, excluding a cabkere all of R°, R'® and R’ are a
hydrogen atom at the same time and all 8f R*, R*2, R™, R* and R® are a methyl group at
the same time).
[Claim 9]

The ruthenium complex according to claim 8,

wherein R’ is an alkyl group having a carbon number of 1;t&8, R'2, R* and R*
are a hydrogen atom; all of'RR* and R’ are a hydrogen atom or a methyl group at the
same time; and Ris a methyl group.
[Claim 10]

The ruthenium complex according to claim 8 or 9,

wherein R%is an ethyl group; R, R*>, R*® and R* are a hydrogen atom; all of R
R and R’ are a hydrogen atom or a methyl group at the simme and R®is a methyl

group.
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[Claim 11]
A method for producing a ruthenium complex, corsipg:
reacting a cationic tris(nitrile) complex repretgehby formula (4):
[Chem. 5]

T R2 17

3
R N==CR1®

R @vRu\/\—NECRm z

R4 N==CR"?

R5
- - (4)

5

(wherein each of RR?, R, R* and R independently represents a hydrogen atom or g alk

group having a carbon number of 1 to 8° Rpresents an alkyl group having a carbon number

of 1 to 4; and Zrepresents a counter anion) with an enone deravaéipresented by formula

(5):
10 [Chem. 6]

R20
H,;C \
H
O

21
R (5)

(wherein each of ® and B* independently represents an alkyl group havingraan number

of 1 to 6) in the presence of a base to produagtrenium complex represented by formula

(2):
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[Chem. 7]
R? H R
RS
A
& u H
R 0
R® R’ (1)

(wherein each of RR?, R’, R* and R independently represents a hydrogen atom or g alk
group having a carbon number of 1 to 6; and eadR®°afnd R independently represents an
alkyl group having a carbon number of 1 to 6).
[Claim 12]

The method for producing a ruthenium complex adiowyto claim 11,

wherein R is an alkyl group having a carbon number of 1;t&% R®, R* and R are
a hydrogen atom; and’Rnd K are a methyl group.
[Claim 13]

The method for producing a ruthenium complex agiowy to claim 11 or 12,

wherein R is a methyl group or an ethyl group? R, R* and R are a hydrogen
atom; and Rand R are a methyl group.
[Claim 14]

The method for producing a ruthenium complex agiogy to any one of claims 11 to
13,

wherein the base is an alkali metal carboxylatenoalkylamine.
[Claim 15]

A cationic tris(nitrile) complex represented byrfula (4b):
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[Chem. 8]
— - +
H
H N==CR1%
R'P @—Ru<—NECR19b Zb
H N==CR'®
H
— — (4b)

(wherein R® represents an alkyl group having a carbon numb@rto 6; R°° represents an
alkyl group having a carbon number of 1 to 4; abdr&presents a counter anion).
5 [Claim 16]
The cationic tris(nitrile) complex according taich 15,
wherein R*is a methyl group.
[Claim 17]
The cationic tris(nitrile) complex according taich 15 or 16,
10 wherein R"is an ethyl group; and*®is a methyl group.
[Claim 18]
A method for producing a cationic tris(nitrile)raplex, comprising:

reacting a ruthenocene derivative representedinyuia (6):

[Chem. 9]
R2
R3
SIS
R4
5
R (6)

15
(wherein each of RR?, R®, R* and R independently represents a hydrogen atom or ai alk

group having a carbon number of 1 to 6; and X mgmes ann’-(unsubstituted or
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substituted)cyclopentadienyl ligand representetbbyula (7):
[Chem. 10]

R® (7)

(wherein R, RZ, R, R* and R have the same meanings as above) or an
5  n°-2,4-dimethyl-2,4-pentadienyl ligand),
a nitrile represented by the formula'®8&N (wherein R® represents an alkyl group
having a carbon number of 1 to 4), and
a protonic acid represented by the formuldZHwherein Z represents a counter
anion) to produce a cationic tris(nitrile) complepresented by formula (4):
10 [Chem. 11]

R2
3
R /N__—_”CR19
R @—Ru\—NECR19 zZ
R4 N==CR"®

R5
— - (4)

(wherein R, R, R®, R, R°, R*® and Z have the same meanings as above).
[Claim 19]
The method for producing a cationic tris(nitri@mplex according to claim 18,
15 wherein X is am’-(unsubstituted or substituted)cyclopentadienyarig represented

by formula (7):
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[Chem. 12]

R® (7)

(wherein each of RR?, R’, R* and R independently represents a hydrogen atom or g alk
group having a carbon number of 1 to 6).
5 [Claim 20]
The method for producing a cationic tris(nitri®mplex according to claim 18 or 19,
wherein R%is a methyl group.
[Claim 21]

A method for producing a ruthenium complex, comsipg:

10 reacting a ruthenocene derivative representedioyuia (6):
[Chem. 13]
R2
R3
R? O Ru—X
R4
5
R (6)

(wherein each of RR?, R®, R* and R independently represents a hydrogen atom or ai alk
group having a carbon number of 1 to 6; and X m®@ms ann’-(unsubstituted or

15 substituted)cyclopentadienyl ligand representetbbyula (7):
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[Chem. 14]

R® (7)

(wherein R, RZ, R, R' and R have the same meanings as above) or an
n°-2,4-dimethyl-2,4-pentadienyl ligand),
5 a nitrile represented by the formula!®*@&N (wherein R® represents an alkyl group
having a carbon number of 1 to 4), and
a protonic acid represented by the formuldZHwherein Z represents a counter
anion) to produce a cationic tris(nitrile) complepresented by formula (4):
[Chem. 15]

— - +
R2

3
R N==CR"®

R GiRu<—N_——_—CR19 zZ

R4 NECR19
R5

- (4)
10

(wherein R, R, R®, R, R°, R*® and Z have the same meanings as above); and
further reacting the cationic tris(nitrile) complerith an enone derivative represented

by formula (5):
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[Chem. 16]

21
R (5)

(wherein each of ® and R* independently represents an alkyl group havingraan number
of 1 to 6) in the presence of a base to produagtrenium complex represented by formula
5 (Q):

[Chem. 17]
R? H R®
R3
1 H
R Ru H
R4 O
R® R ()
(wherein R, R, R®, R, R°, R° and R have the same meanings as above).
[Claim 22]
10 The method for producing a ruthenium complex agiogy to claim 21,

wherein X is am®-(unsubstituted or substituted)cyclopentadienyarig represented

by formula (7):
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[Chem. 18]

R*  (7)

(wherein each of RR?, R®, R* and R independently represents a hydrogen atom or ai alk
group having a carbon number of 1 to 6).
5 [Claim 23]
The method for producing a ruthenium complex adiowy to claim 21 or 22,
wherein R%is a methyl group.
[Claim 24]
A method for producing the ruthenium complex adawg to any one of claims 5 to 7,
10 comprising:
reacting a cationic bis(cyclooctadienyl) complegpnesented by formula (8):
[Chem. 19]

/(Me)n *
N\ y
(DTC

(Me),

|
H
(8)
(wherein n represents an integer of 0 to 2; ancepresents a counter anion) with a substituted

15 pyrrole represented by formula (9):
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[Chem. 20]

H
|

\_/ (9)
(wherein each of Rand R independently represents an alkyl group havingraan number
of 1 to 6) in the presence of a base.
5 [Claim 25]

The method for producing a ruthenium complex adiogy to claim 24,

wherein the base is an organic base.
[Claim 26]

A method for producing the ruthenium complex adowg to any one of claims 8 to

10 10, comprising:
reacting a cationic arene complex representeaiyila (10):

[Chem. 21]
R12
R10 O Ru R16 P-
R13
R14 R (10)

(wherein R° to R have the same meanings a3 ® R’ of formula (3); and Prepresents a
15 counter anion) with an alkyllithium representedfbymula (11): R®Li (wherein R® has the
same meaning as Rof formula (3)).
[Claim 27]
A method for producing a ruthenium-containing thim, comprising:

vaporizing a ruthenium complex represented by tbanil):
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[Chem. 22]
R? H RO
R3
R’ O Ru A D H
L
R® R’ (1)

(wherein each of RR?, R®, R* and R independently represents a hydrogen atom or ai alk
group having a carbon number of 1 to 6; and eadR®afnd R independently represents an
5 alkyl group having a carbon number of 1 to 6); and
decomposing the ruthenium complex on a substrate.
[Claim 28]
A method for producing a ruthenium-containing thim, comprising:
vaporizing the ruthenium complex according to ang of claims 5 to 7; and
10 decomposing the ruthenium complex on a substrate.
[Claim 29]
A method for producing a ruthenium-containing thim, comprising:

vaporizing a ruthenium complex represented by tdanf3a):

[Chem. 23]
R1 1a R1 5a
R12aR18a
R10a O RU R168
R13a
R14a R17a

15 (3a)

(wherein each of B2 R'2 R'2 R RM2 RI52 Rl 5nd R’ independently represents a
hydrogen atom or an alkyl group having a carbon lmemof 1 to 6; and ¥ represents an
alkyl group having a carbon number of 1 to 6); and
decomposing the ruthenium complex on a substrate.
20



