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General Introduction

Since the discovery of the Oxo process (hydroformylation of alkenes) in
1938,' organometallic chemistry has been extensively studied.> A variety of
homogeneous catalytic processes such as the Reppe process (Ni),’
polymerization of alkenes by Ziegler-Natta (T/Al)* or Kaminsky (Zr/Al)’
catalyst, Wacker process (Pd/Cu),® and Monsanto process (Rh),” have been
investigated so far to produce large amounts of industrial materials.

As the base for homogeneous catalytic processes, stoichiometric reactions
of organometallic compounds have received much attention. They have greatly
contributed to the development of the catalytic processes” as well as the growth
of organic syntheses.” The catalytic processes described above consist of
combinations of fundamental reactions of organometallic complexes,
represented by oxidative addition, reductive elimination, insertion, trans-
metalation, metathesis of alkenes, and o-bond metathesis. Elucidation of these
reactions is essential for understanding the mechanism of catalytic reactions,
especially together with the kinetic and theoretical studies. The fruit of the study
could enable one to design a more suited catalyst and a new catalytic system.
Wilkinson and co-workers, for a typical example, studied the detailed reactivity
of a rhodium complex, RhCI(PPh3);, and elucidated the mechanism of
hydrogenation of olefinic compounds using the rhodium catalyst.® Up to the
present, there have been numerous reports on the isolation of the intermediates
of catalytic reactions, which contribute to clarify the mechanism of the
reactions.” 2

With respect to both catalytic and stoichiometric reactions, ruthenium
chemistry has been one of major topics in organometallic chemistry for the past
20 years,”’ although it has lagged behind the chemistry of other transition metals
such as palladium and rhodium because of its peculiarity. In a laboratory scale,

various ruthenium-catalyzed reactions such as C-H, C-C, C-N, C-0, and C-S



bond forming reactions have been found,” and recently catalytic cleavage
reactions of these covalent bonds have also been developed.”®>' In most of these
reactions, the employed ruthenium catalysts are di- or higher valent complexes.
It is worth noting that zerovalent ruthenium complexes without a CO ligand
were rarely investigated in both catalytic and stoichiometric reactions until
recently.’>’ Zerovalent ruthenium complexes are usually unstable to air and
moisture due to their high reactivity, and thus the isolation and treatment of the
complexes are difficult. Further, examples of zerovalent ruthenium complexes
have been limited in number with the exception of a zerovalent ruthenium
carbonyl cluster, Ru3(CO)12,4O which is commercially available and used in some
catalytic reactions.””"

What is expected of zerovalent ruthenium complexes? First, the zerovalent
complexes are generally conceivable to have higher reactivity due to the higher
levels of the d orbital so that electrons become more available.*? Second, the
zerovalent complexes tend to accept oxidative addition of various bonds because
the ruthenium center of the complex has relatively condensed electron density.”
On the contrary, the reductive elimination from the divalent ruthenium complex
giving a zerovalent one is hard to proceed. These facts suggest that the isolation
of divalent ruthenium intermediates of a catalytic reaction could be achieved, in
which oxidative addition of substrates is the key step'. In fact, it is known that a
covalent bond such as C-H,* C-0,"* C-S,” and O-H"*® bond, can be
cleaved by a zerovalent ruthenium complex via oxidative addition to form an
isolable divalent ruthenium complex.

It is very important to control the high reactivity of a zerovalent ruthenium
complex. Low-valent complexes are known to be stabilized by the coordination

d,**"* and hence it is necessary to design a ligand that

of a strong 7-acid ligan
has suitable 7-acidity and occupies an appropriate number of vacant sites of the
zerovalent ruthenium complex. The coordination number of a zerovalent

ruthenium complex is usually five, which is less than that of higher valent



ruthenium complexes; six for a divalent and seven for a tetravalent ruthenium
complex.

Recently, we found that a novel zerovalent ruthenium complex,
Ru(7’-cot)(dimethyl fumarate), [1; cot = 1,3,5-cyclooctatriene], is formed
readily by the reaction of Ru(774-cod)(776-cot) [cod = 1,5-cyclooctadiene] with

322 Complex 1 is the first example

dimethyl fumarate or dimethyl maleate (eq 1).
derived from Ru(7*-cod)(7°-cot) by replacement of the 7'-cod ligand, not the
nP-cot ligand, by two moles of an olefin. Complex 1 possesses two
electron-deficient olefins and a tridentate olefinic ligand. It is known that the cot
ligand is labile and displays a versatile coordination mode. The coordination
mode of the cot ligand in zerovalent ruthenium complexes varies from 7° to 7",
| 7, n':17, etc., during reactions.”>° This tendency is of particular interest, and

may also play a crucial role in determining catalytic reactivity by controlling the

access of a reagent to the metal center.

Ru + 2 Bxmg \— =20
THF, 60 °C, 2 h
/ \ (E = COzMe) " coD
"

(1

i 1(92%)

Indeed, complex 1 showed excellent catalytic activity in the unusual
dimerization of bicyclo[2.2.1]hepta-2,5-diene (2,5-norbornadiene) to give
pentacyclo[6.6.0.0%°.0*".0'%|tetradeca-4,11-diene (PCTD) involving C-C
bond cleavage and reconstruction of a novel carbon skeleton under very mild

conditions (eq 2).**

2 15 @
THF, 40 °C, 1h

PCTD (96%)




In this thesis, the synthesis of various low-valent, especially zerovalent,
ruthenium complexes using 1 as the starting material is discussed. In response to
the type of ligand, complex 1 shows diverse reactivity to generate novel
complexes by ligand exchange or bond activation. Corresponding to the high
and unique catalytic reactivity of 1, the complexes derived from 1 are expected
to show specific features in both catalytic and stoichiometric reactions.

In Chapter 1, the reactions of 1 with mono- or bidentate phosphorus ligands
are described. Complex 1 reacts with monodentate tertiary phosphine ligands to
give novel zerovalent ruthenium phosphine complexes, Ru(7’-cot)(dimethyl
fumarate)(L) [L = tertiary phosphine], in high yields. These corﬁplexes show
fluxionality based on the rotation of the cot ligand, which was elucidated by the
NMR spectra and the X-ray crystallography. The preparation of novel bidentate
phosphine complexes, Ru(dimethyl fumarate)(dppe), and Ru(alkenyl)(alkyl)-
(dppe) [dppe = 1,2-bis(diphenylphosphino)ethane], is discussed, which are
obtained by the reaction of 1 with dppe. Ru(alkenyl)(alkyl)(dppe) is generated
~ through the activation of the sp” carbon-hydrogen bond of dimethyl fumarate,
and then the insertion of the other dimethyl fumarate into the formed
ruthenium—hydrogen bond. The treatment of Ru(alkenyl)(alkyl)(dppe) with 60
atm of carbon monoxide (CO) gives dimers of dimethyl fumarate and
Ru(CO);(dppe) via reductive elimination. A series of the reactions is considered
as model reactions of catalytic dimerization of olefinic compounds.

Chapter 2 deals with the synthesis of a zerovalent ruthenium aqua complex.
The reaction of 1 with dppe in 1,2-dichloroethane/water affords Ru(dimethyl
fumarate),(dppe)(H,O), which is the first example of a stable and isolable
zerovalent ruthenium aqua complex. The X-ray crystallography of this complex
indicates that the coordination of a water molecule to the ruthenium center is
stabilized by two hydrogen bonds with the carbonyl oxygen atoms of the
dimethyl fumarate ligands. The reactivity of Ru(dimethyl fumarate),(dppe)-
(H;0) toward CO is examined.



Chapter 3 presents the synthesis and structure of novel zerovalent
ruthenium complexes with three pyridine ligands or tridentate pyridyl ligands.
Complex 1 reacts with an excess amount of pyridine to give a novel ruthenium
zerovalent complex, Ru(dmfm),(pyridine);. The reaction of 1 with a tridentate
pyridyl ligand (N-N'-N) such as 2,2:6",2"-terpyridine (terpy), 2,6-bis-
(imino)pyridyl ligands, and 2,6-bis[(4S)-(—)-isopropyl-2-oxazolin-2-yl]pyridine
(i-Pr-Pybox) gives ﬁovel zerovalent ruthenium complexes, Ru(dmfm),(N-N"-N).
The obtained complexes are the first example of an isolable zerovalent
ruthenium complex having tridentate nitrogen ligands.

Chapter 4 describes the synthesis of novel zerovalent ruthenium complexes
with p-quinone derivatives, Ru( (76-cot)(p-quinone) via the reaction of 1 with
p-quinones. The reaction of 1 with p-biquinone gives a novel binuclear
zerovalent complex {Ru(7’-cot)},(p-biquinone) in which p-biquinone co-
ordinates to two isolated Ru(cot) moieties and the two Ru(cot) groups are
located at endo positions.

In Chapter 5, the synthesis of novel zerovalent arene complexes bearing
two dimethyl fumarate ligands, Ru(7’-arene)(dimethyl fumarate), (arene =
.benzene, toluene, p-xylene, mesitylene, etc.), is discussed in detail. Although
some additives are essential for the conventional synthesis of zerovalent
ruthenium arene complexes, this chapter provides a direct synthetic method of
these complexes via the ligand exchange of 1 with arenes.

Thus, the synthesis, Structure, and reactivity of novel zerovalent ruthenium

complexes derived from 1 are fully discussed.
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Chapter 1

Reaction of Ru(1-6- ﬂ-cyclooctatriene)(ﬂz-dimethyl fumarate), with
Monodentate and Bidentate Phosphines: A Model Reaction of Catalytic

Dimerization of Alkenes
Abstract

Ru( 776-cbt)( 772-dimethy1 fumarate), [1; cot = 1,3,5-cyclooctatriene] reacts
with monodentate tertiary phosphine ligands, PPh;, PMePh,, PMe,Ph, and PEt;,
to give novel ruthenium(0) phosphine complexes, Ru(#n’-cot)(7’-dimethyl
fumarate)(L) [L = PPh; (2a), PMePh, (2b), PMe,Ph (2¢), and PEt; (2d)], in high
yields. The structures of 2b, 2¢, and 2d were determined by X-ray analysis. The
coordination geometry of the complexes around the central ruthenium atom is a
highly distorted trigonal bipyramid, but the orientation of coordination of the cot
ligand differs from each other. Complexes 2a—d show dynamic behavior in
solution involving the rotation of the cyclooctatriene ligand around the axis,
which lies between the ruthenium metal and the center of the cot ligand. Novel
bidentate phosphine complexes, Ru(7’-dimethyl fumarate)(dppe), (4) and
Ru[C(CO,CH;)=CHC(O)OCH,][CH(CO,CH;)CH,C(O)OCH: |(dppe) (5) [dppe
= 1,2-bis(diphenylphosphino)ethane] were prepared by the reaction of 1 with

dppe in high yields. The structures of 4 and 5 were determined by single-crystal
X-ray diffraction. Complex 5 is generated through the activation of the sp’
carbon-hydrogen bond of dimethyl fumarate and then the insertion of the other
dimethyl fumarate into the formed ruthenium-hydrogen bond, followed by the
coordination of the two carbonyl groups of the esters. The treatment of § with 1
atm of carbon monoxide afforded R'u[C(COZCH3)=CHC(OI)OCH3][CH(COZ—
CH;)CH,C(O)OCH;](CO)(dppe) (6), the structure of which was confirmed by
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X-ray analysis. Complex 5 reacted with 60 atm of carbon monoxide to give

dimers of dimethyl fumarate and Ru(CO);(dppe) via reductive elimination.
Introduction

Over the past 20 years, the chemistry of ruthenium complexes has been
developed extensively.! Especially, low-valent ruthenium complexes whose
oxidation state is 0 or II, such as Ru(1-2:5-6-n-cod)(n’-cot) [cod =
1,5-cyclooctadiene, cot = 1,3,5-cyclooctatriene],” Rus(CO)ya,'* RuH,(PPhs),>°
and RuH,(CO)(PPh;);,”® have attracted much attention due to their high
reactivity in both stoichiometric and catalytic reactions. Quite recently, we have
found a novel zerovalent complex, Ru(7’-cot)(dmfm), [1; dmfm = dimethyl
fumarate], which is readily prepared by the reaction of Ru(1-2:5-6-7-cod)-
(n°-cot) with dimethyl fumarate or dimethyl maleate (eq 1).” Complex 1 shows

|\/!

— E

ot 2 B THF. 60 °C.2h \—R@ v
, 60 °C, E N

| / \| (E = CO,Me) -CoD ~

1(92%)

high catalytic reactivity for a unique dimerization of 2,5-norbornadiene to afford
a mnovel half-cage compound, pentacyclo[6.6.0.0%°.0>".0'%]tetradeca-4,11-
diene (PCTD), via carbon—carbon bond cleavage and reconstruction of the

carbon skeleton under very mild reaction conditions (eq 2).”

2 5 @
THF40C1h

PCTD (96%)
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Complex 1 can be regarded as a new starting material for zerovalent
ruthenium complexes. It reacts with mono- or bidentate amine ligands to give
first examples of completely characterized and isolated zerovalent ruthenium
complexes with amine ligands.'®"

Studies on the reactivity and the catalytic activity of 1 led us to examine the
character of the related ruthenium complexes having phosphine ligands. Here
we report the synthesis and the structures of novel zero- or divalent ruthenium

complexes with mono- and bidentate phosphine ligands derived from 1.
Results and Discussion

Reaction of Ru(7’-cot)(dmfm), (1) with Monodentate Phosphine
Ligands. Ru(7°-cot)(dmfm), (1) readily reacted with monodentate phosphine
ligands (L) in 1,2-dichloroethane at room temperature to give novel zerovalent
ruthenium complexes, Ru(7®-cot)(dmfm)(L) [L = PPh; (2a), PMePh, (2b),
PMe,Ph (2¢), and PEt; (2d)], in good to high yields by the substitution of one of
the dimethy! fumarates with L (eq 3). |

E

L
T
\H'— RU‘/‘\;' Z /

S
';—ER,u-"' o+ L - B A 3)
L <>fj CICH,CH,ClI /‘&

_E
~AE 2a:L=PPh; (91%)

E =CO-M 2b:  PMePh;(81%)

1 (E = COMe) 2c.  PMe,Ph (40%)

2d: PEt;  (46%)

The structures of 2b—d in solid-state were determined by single-crystal
X-ray diffraction (Figures 1-3). Crystal data and the details of data collection of
2b—d are given in Table 1, and lists of the selected bond distances and bond
angles of 2b—d are provided in Tables 2 and 3, respectively. The structure of

each complex can be rationalized as a distorted trigonal bipyramid in which the



C1

Figure 1. ORTEP drawing of the structure of 2b. A part of hydrogen atoms are
omitted for clarity.

Figure 2. ORTEP drawing of the structure of 2¢. A part of hydrogen atoms are
omitted for clarity. :

— 16 —



Figure 3. ORTEP drawing of the structure of 2d. A part of hydrogen atoms are
omitted for clarity.

phosphine and one of the olefinic bonds of cot occupy two axial positions, and
dimethyl fumarate and the other two olefinic bonds of cot occupy the equatorial
positions. The molecular structures of 2b—d are apparently similar to each other,
but it should be noted that the cot ligand of each complex coordinates in a
different way. In Figure 1, the olefinic carbons of cyclooctatriene located at the
axial position in 2b are C(11) and C(12), but in Figure 2, those in 2¢ are C(7)
and C(8). Figure 3 shows that the olefinic carbons C(9) and C(10) in 2d occupy
the axial position.

In the solid-state >°C NMR (CP-MAS) and *'P NMR (MASGHD) spectra
of 2b—d, all peaks were consistent with the structures shown in the X-ray
analyses. However, the solid-state °C (CP-MAS) and *'P NMR (MASGHD)
spectra of 2a were complicated; the latter spectrum showed at least three

broad peaks. This result will be discussed below.



Table 1. Summary of Crystal Data, Collection Data, and
Refinement of 2b, 2¢, and 2d

2b 2¢ 2d
formula C27H3104PRL1 C22H2904PRL1 C20H33O4PRU
fw 551.58 489.51 469.52
crystal color yellow orange orange
crystal system monoclinic monoclinic triclinic
space group P2/c P2,/a P1
a(A) 11.656(9) 14.814(8) 9.637(8)
b(A) 22.27(2) 9.180(6) 13.189(6)
c(A) 10.812(5) 16.121(8) 8.749(3)
o (deg) 90 90 92.25(3)
[ (deg) 62.47(5) 100.83(4) 103.35(4)
¥ (deg) 90 90 77.07(4)
V(A% 2489(3) 2153(1) 1054(1)
Z 4 4 2
Deaica (g/em?) 1.472 1.510 1.479
uMoKa)(em™)  7.25 8.27 8.41
- T(°C) 23.0 23.0 23.0
20 max (deg) 55.0 55.0 55.0
no. of measd reflns 11519 5126 5130
no. of obsd reflns 5034 4272 4056
residuals: R; Ry, 0.037, 0.055 0.030: 0.036 0.028; 0.030
- GOF 2.12 1.71 0.72

Table 2. Selected Bond Distances for 2b, 2¢, and 2d

bond distances (A)
2b 2¢ 2d
Ru_p 23872) 7365309)  2.3483(9)
Ru—C(1) 2.145(5) 2.133(3) 2.189(3)
Ru-C(2) 2.152(4) 2.119(3) 2.181(3)
Ru-C(7) 2.243(5) 2312(3) 2.266(3)
Ru—C(8) 2.228(5) 2.205(3) 2.166(3)
Ru-C(9) 2.266(5) 2.268(3) 2.229(3)
Ru—C(10) 2.277(6) 2.258(3) 2.220(3)
Ru-C(11) 2.198(5) 2.207(3) 2.164(3)
Ru-C(12) 2.274(5) 2.216(4) 2.341(3)
C(1)-C(2) 1.450(6) 1.434(5) 1.441(4)
C(7)-C(8) 1.425(9) 1.403(5) 1.402(5)
C(8)-C(9) 1.434(10) 1.424(5) 1.414(5)
CO-C(10)  1.422(10) 1.408(5) 1.412(5)
C0-C(11)  1.425(9) 1.430(5) 1.430(5)
C11)=C(12)  1.390(8) 1.412(5) 1.409(5)
C(12)-C(13)  1.514(7) 1.507(5) 1.503(4)
C3)-C(14)  1.52(1) 1.509(6) 1.495(5)
C4-C(7)  1.515(8) 1.500(5) 1.525(4)




Table 3. Selected Bond Angles for 2b, 2¢, and 2d°

bond angles (deg)
2b 2¢ 2d

P-Ru-C(1) 90.5(1) 88.72(10) 89.81(9)
P-Ru-C(2) 93.8(1) 97.63(9) 97.79(9)
P-Ru-C(7) 107.4(2) 174.37(9) 88.22(9)
P-Ru-C(8) 90.3(1) 141.2(1) 109.7(1)
P-Ru-C(9) 92.2(2) 110.2(1) 147.0(1)
P-Ru-C(10) 108.0(2) 91.48(9) 165.23(9)
P-Ru-C(11) 137.0(2) 86.68(9) 129.7(1)
P-Ru~C(12) 173.0(2) 102.34(10) 96.04(9)
P-Ru-Ctr(1-2) 92.3 93.3 94.0
P—Ru~Ctr(7-8) 99.2 159.4 99.0
P-Ru—Ctr(9-10) 100.6 101.3 162.1
P-Ru-Ctr(11-12) 155.4 94.7 112.3
Ctr(1-2)-Ru—Ctr(7-8) 131.0 97.2 139.5
Ctr(1-2)-Ru—Ctr(9-10)  154.5 151.9 100.7
Ctr(1-2)-Ru-Ctr(11-12)  97.7 134.1 119.3
Ctr(7-8)-Ru—Ctr(9-10) 68.8 62.6 63.1
Ctr(7-8)-Ru-Ctr(11-12).  91.1 90.6 90.6
Ctr(9-10)-Ru—Ctr(11-12) 62.4 68.8 68.9

? Definitions: Ctr(1-2), the center of C(1) and C(2); Ctr(7-8), the center of
C(7) and C(8); Ctr(9-10), the center of C(9) and C(10); Ctr(11-12), the center
of C(11) and C(12).

The '"H NMR spectra of 2a—d in solution showed reversible temperature
dependence exhibiting fluxional behavior of these complexes. The spectra of 2b
are representative (Figure 4). At room temperature, two sets of broad peaks were
observed, showing the presence of at least two species. The species with smaller
and larger peaks are assigned to A and B, respectively. It is noteworthy that
these two sets of peaks were observed even when a single crystal of 2b was
dissolved in CDCI;3 or CD,Cl,. The spectra for A have shown very characteristic
peaks of methylene protons of cyclooctatriene at very high field (ca. -1 and 0
ppm), while the spectrum of B has no such signals at high field. At —40 °C, the
signals of A became sharper and the signals for the methylene groups shifted to
higher field, while the peaks for B became very broad, and the signals for the
cyclooctatriene ligand of B almost disappeared. At —70 °C, the peaks for A

mostly remained with some broadening, and two sets of broad peaks appeared,



50 °C, CDCl,
T™S
.
J&J«JL__,/\

23 °C, CD,Cl, a

. A

a Tt
-1

-40 °C, CD,Cl,

=70 °C, CD,Cl,

(¢:A, 4:B, S:solvent, x :impurity)

Figure 4. Variable-temperature 'H NMR spectra of 2b.

suggesting the rate of conversion between two isomers, C and D (see *'P{'H}
NMR spectra in Figure 5), became slow. On the other hand, at 50 °C all peaks
became broad. Unfoftunately, the dynamic process at the higher temperatures
could not be studied in detail because these complexes decomposed irreversibly.

The “C{'H} NMR spectra of 2b—d in solution at room temperature showed
two sets of peaks (see Experimental Section). One of them was sharper and the
other was broader, which correspond to the 'H NMR spectra.
Variable-temperature °C NMR spectra were not informative because of their
complexity.

Variable-temperature *'P{'"H} NMR spectra of 2a-d in solution were Very
informative. The representative spectra for 2b are shown in Figure 5. The signal

for the free phosphine was not detected. As one peak corresponds to one
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Figure 5. Variable-temperature *'P NMR spectra of 2b.

complex, the results in Figure 5 clearly show that at room temperature two
species A and B (= C + D) are present in the solution. At —30 ~ —40 °C, the
broader peak almost disappeared and the signals of A remained. At —70 °C, three
peaks, which correspond to A, C, and D, were observed. These results are fully
consistent with those observed in the 'H NMR study for 2b. The fluxional
behavior between C and D is not frozen completely even at —70 °C.

The phenomenon that the signals assigned to the methylene protons of the
coordinated cot appear at higher field at lower than —70 °C can be reasonably
explained by the partial freezing of the conformers of the two methylene
groups. "

4 Taking into account the 'H NMR spectrum of the amine complex 3,"" which
shows the methylene signals at higher fields (—0.98 and 0.85 ppm), the structure

of A was deduced to be that shown in Scheme 1. The disappearance of the peaks
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for the other cot ligand in 2b isomer at —40 °C could be explained by the

coalescence of the signals for the structures C and D in Scheme 1. The structures

of A, C, and D correspond to those of 2¢, 2b, and 2d, respectively.

Scheme 1. A Possible Mechanism for the Isomerization of 2a—d
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The solid-state °'P NMR (MASGHD) spectrum of 2a showed three broad
peaks (vide supra) and this is because the cot ligand of 2a would not be fixed in
only one orientation even in solid state. The amine complex 3 does not show
fluxionality even at over 50 °C, and its coordination mode of cot corresponds to
that of A in Scheme 1."" Hence, the present isomerization of 2a—d is due to the
weakness of the bond between Ru and cot, which is attributed to the mback
bonding to both the phosphorus and the dimethyl fumarate ligands from the
ruthenium center.

The rotation of the coordinated dimethyl fumarate should be considered.wn
Figure 4 shows that the coalescence of the two methoxy peaks due to the
rotation of the dimethyl fumarate in 2b-A is observed around at room
temperature and those in 2b-C and 2b-D at over —40 °C.

The possibility of the substitution of the coordinated dimethyl fumarate was
examined. The rate of the formation of Ru(776-cot)(H3COZCCD=CDC02CH3)-
(PMePh;) (2b-d;) on mixing 2b and H;CO,CCD=CDCO,CH; (dimethyl



fumarate-d,) in CD,Cl, was proved to be comparatively slow; only 8.9% of the
dimethyl fumarate was substituted after 30 min at room temperature (see
Experimental Section). The result indicates that the dissociation and
recoordination of dimethyl fumarate in 2b is essentially indifferent to the
isomerization of 2b.

The 'H and *'P NMR spectra of 2a, 2¢, and 2d in solution also showed
principally the same behavior as those of 2b. At -30 ~ —40 °C, the 'H NMR
spectra of these complexes showed the signals only for the structure A with the
characteristic signals of the methylene protons at high magnetic field. The *'P
NMR spectra of 2a, 2¢, and 2d in solution showed two peaks at room
temperature and three peaks at —70 °C. These results show that these complexes
exhibit similar fluxional behavior to that of 2b in solution independently on the
structures in solid state.

Reaction of Ru(7’-cot)(dmfm), (1) with a Bidentate Phosphine Ligand,
1,2-Bis(diphenylphosphino)ethane. The reaction of Ru(7’-cot)(dmfm), (1)
with 2 equiv of 1,2-bis(diphenylphosphino)ethane [dppe] in toluene at 50 °C for
6 h afforded a new complex, Ru(dmfm)(dppe), (4) in 66% yield (Scheme 2).

Scheme 2. Reactions of Ru(7’-cot)(dmfm), (1) with dppe

M
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R
Domon b)) g ome
= Phy 2
< E =CO,Me > toluene MeO E
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On the other hand, the treatment of 1 with 0.8 equiv of dppe in toluene at 80 °C
for 30 min gave a novel complex I{:u[C(C02CH3)=CHC?O)OCH3][CH—
(C02CH3)CH2C(Q)OCH3](dppe) (5) in 81% yield (Scheme 2). The structures of
4 and 5 were deduced on the basis of 'H and >C{'"H} NMR and IR spectra and

were exactly confirmed by X-ray analysis. The X-ray structures of 4 and 5 are
shown in Figures.6 and 7. Crystal data and the details of data collection of 4 and
5 are given in Table 4, and lists of the selected bond distances and bond angles
of 4 and 5 are provided in Tables 5 and 6, respectively.

The structure of 4 is represented by a trigonal bipyramid, in which dimethyl
fumarate occupies an equatorial position. The two phosphorus atoms of dppe
occupy an axial and an equatorial position, respectively, and the other dppe
coordinates in the same way. Figure 6 shows that the geometry of the structure
of 4 is C, symmetry. Complex 4 is an analogue of the known complex,

Ru{1,2-bis(dimethylphosphino)ethane}(r*-ethylene)."*

Table 4. Summary of Crystal Data, Collection Data, and Refinement of

4,5, and 6

4 5 6
formula C58H5604P4Ru C33H4003P2Ru C39H4009P2Ru
fw - 1042.04 787.75 815.76
crystal color yellow orange yellow
crystal system monoclinic monoclinic monoclinic
space group P2,/n P2i/n P2i/n
a(A) 12.85(1) 10.38(3) 13.198(6)

b (A) 19.48(2) 19.95(3) 20.720(4)
c(A) 19.77(1) 17.40(4) 13.837(3)
p(deg) 93.03(6) 94.7(2) 96.13(3)
V(A% 4940(6) 3593(12) 3762(1)
VA 4 4 4

Deaied (g/cm®) 1.401 1.456 1.440

4 (Mo Ka) (cm™) 4.95 5.77 5.56

T (°C) 23.0 23.0 23.0

20 max (deg) 55.0 55.2 55.0

no. of measd reflections 11670 8751 8995

no. of obsd reflections 4107 6781 5015
residuals: R; Rw 0.052; 0.061 0.031; 0.033 0.038; 0.040
GOF 0.73 2.83 0.64
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Figure 6. ORTEP drawing of the structure of 4. Some hydrogen atoms are
omitted for clarity.
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Figure 7. ORTEP drawing of the structure of 5. Hydrogen atoms of methyl
groups and dppe are omitted for clarity.



Table 5. Selected Bond Distances and Angles for 4°

bond distances (A)
Ru-C(1) 2.218(10) Ru-C(2) 2.192(10)
Ru-P(1) 2.411(3) Ru-P(2) 2.377(3)
Ru-P(3) 2.372(3) Ru-P(4) 2.355(3)
bond angles (deg)
P(1)-Ru-P(2) 81.28(9) P(1)-Ru-P(3) 97.1(1)
P(1)-Ru-P(4) 175.10(10) P(2)-Ru-P(3) 95.67(9)
P(2)-Ru-P(4) 93.88(10) P(3)-Ru-P(4) 82.6(1)
Ctr(1-2)-Ru-P(1) 91.8 Ctr(1-2)-Ru-P(2) 134.4
Ctr(1-2)-Ru-P(3)  130.0 Ctr(1-2)-Ru-P(4) 92.2
“ Definitions: Ctr(1-2), the center of C(1) and C(2).
Table 6. Selected Bond Distances and Angles for 5
bond distances (A)
Ru-P(1) 2.289(3) Ru-P(2) 2.230(4)
Ru-0O(1) 2.181(4) Ru-0O(5) 2.235(2)
Ru-C(1) 1.979(3) Ru-C(7) 2.241(4)
C(H-C(2) 1.365(5) C(1H)-C(5) 1.494(4)
C(2)-C(3) 1.4254) - C(7)-C(®) 1.525(4)
C(8)-C(9) 1.478(5)
bond angles (deg)
P(1)-Ru-P(2) 84.2(2) P(1)-Ru-0O(1)  92.8(2)
P(1)-Ru-O(5) 93.63(8) P(1)-Ru-C(1)  91.3(1)
P(1)-Ru-C(7) 169.58(8) P(2)-Ru-0O(1) 176.50(6)
P(2)-Ru-O(5) 93.08(8) P(2)-Ru—C(1)  99.3(1)
PQ2)-Ru-C(7) 99.2(2) O(1)»-Ru-O(5) 88.86(9)
O(1)-Ru-C(1) 79.0(1) O(1)-Ru-C(7) 84.1(2)
O(5)-Ru-C(1) 167.10(9) O(5)-Ru—C(7) 76.4(1)
C(1)-Ru-C(7) 97.9(2)

As Figure 7 shows, the structure of 5 is represented by an octahedral.
Complex 5 has f-methoxycarbonylalkenyl and f-methoxycarbonylalkyl chelate
ligands. The Amethoxycarbonylalkenyl group coordinates to the ruthenium
center with an sp® carbon atom C(1) and a carbonyl oxygen atom O(1). This
ligand can be generated by the activation of the sp> C—H bond of the dimethyl
fumarate in 1. The Fmethoxycarbonylalkyl group coordinates with C(7) and a
carbonyl oxygen atom O(5). This ligand is derived from the dimethyl fumarate



Scheme 3. A Plausible Mechanism of the Formation of 5
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that inserted into the formed Ru—H bond. Since C(7) and the ruthenium center in
5 are chiral, the formation of several diastereomers is expected. The NMR data
of 5, however, revealed that no diastereomer was formed. Reactions of 1 with
other bidentate phosphines such as bis(diphenylphosphino)methane [dppm],
1,3-bis(diphenylphosphino)propane [dppp] and 1,4-bis(diphenylphosphino)-
butane [dppb] were attempted, but no isolable complex was formed. A plausible
mechanism of the formation of § is shown in Scheme 3. The dimethyl fumarate
ligand and one of the olefinic bonds of cyclooctatriene in 1 dissociate, and then
dppe coordinates with both phosphorus atoms to generate an intermediate, an
analogue of the reported zerovalent ruthenium bidentate nitrogen complex,
Ru(1-2:5-6- n—co;t)(dmfm)(Lz) [L, = 2,2’-bipyridyl or 1,10-phenanthroline]
which is readily prepared by the reaction of 1 with bidentate nitrogen ligands."
Then the cyclooctatriene ligand dissociates and the removed dimethyl fumarate
coordinates again. The activation of the sp*> C—H bond of the dimethyl fumarate
ligand occurs, followed by the insertion of the other dimethyl fumarate into the
formed Ru—H bond to form 5.

Complex 5 readily reacts with 1 atm of carbon monoxide to give 6 (eq 4).
The reductive elimination to afford the dimer of dimethyl fumarate did not occur

under the condition. The structure of 6 was deduced on the basis of
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Figure 8. ORTEP drawing of the structure of 6. Hydrogen atoms of methyl
groups and the dppe ligand are omitted for clarity.

'H and BC{'H} NMR and IR spectra and exactly confirmed by X-ray analysis.
The structure of 6 is shown in Figure 8. Crystal data and the details of data

collection of 6 are given in Table 4, and lists of the selected bond distances and

bond angles of 6 are provided in Table 7. The reaction appears to be a direct

substitution reaction of the coordinated methoxy carbonyl group with carbon



Table 7. Selected Bond Distances and Angles for 6

bond distances (A)
Ru-P(1) 2.369(1) Ru-P(2) 2.392(1)
Ru-O(1) 2.179(3) Ru-C(1) 2.072(4)
Ru-C(7) 2.237(4) Ru-C(39) 1.820(5)
C(1)-C(2) 1.344(6) C(1)-C(5) 1.509(6)
C(2)-C(3) 1.430(6) C(7)-C(8) 1.516(6)
C(8)-C(9) 1.515(6)

bond angles (deg)
P(1)-Ru-P(2)  82.53(4) P(1)-Ru-O(1)  88.25(8)
P(1)-Ru-C(1)  94.2(1) P()-Ru-C(7)  173.4(1)
P(1)-Ru-C(13)  94.9(1) P(2)-Ru-O(1)  98.48(8)
P2)-Ru-C(1)  173.9(1) PQ)Ru-C(7)  91.6(1)
P(2)-Ru—C(13) 88.1(1) O(1)-Ru-C(1)  76.2(1)
O(1)-Ru-C(7)  89.7(1) O(1)-Ru-C(39) 173.1(2)
C(1)-Ru-C(7)  91.4(1) C(1)-Ru-C(39) 97.3(2)

C(7)-Ru-C(39) 87.9(2)

monoxide; however, the reaction was not simple. The product was not 6'
(Scheme 4), which could be derived via simple substitution of 5, but 6. If it is
assumed that the configuration C(7) in § is overall retention through the reaction,
the C(1) in 6, which had coordinated to the ruthenium center at the cis position
of both phosphorus atoms of dppe in 5, changed the relative position. In
complex 6, the carbon atom is located at the trans position of one of the
phosphorus afoms of dppe.

A plausible mechanism of the formation of 6 is shown in Scheme 4. First,
the dissociation of O(1) in § would occur, and then carbon monoxide
coordinates at the vacant site formed. The carbonyl oxygen atom O(5)
dissociates to result in the immigration of one of the phosphorus atoms of dppe,
which had coordinated at the trans position toward the carbon monoxide. Then
the carbonyl oxygen atom O(1) coordinates again at the formed vacant site to
afford 6.

Complex 5 was treated under 60 atm of carbon monoxide at 100 °C to give
dimers of dimethyl fumarate 7a—c (7a:7b:7¢ = 37:58:5) and Ru(CO);(dppe)"

via reductive elimination (Scheme 5). Hydrogenation of the mixture of 7a—c by



Scheme 4. A Plausible Mechanism of the Formation of 6
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Scheme 5. Reaction of 5 with Carbon Monoxide
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‘overall 49% isolated yield
mixture of diastereomers

the PtO, catalyst afforded 7¢ in 49% yield based on 5.

Although the hydrodimerization of dialkyl fumarate has been performed by
electrolytic reductive coupling,'® the present reactions are the first example of
the stepwise dimerization of dimethyl fumarate mediated by a transition metal
and can be regarded as a model of catalytic dimerization of a general olefinic
compound. The catalytic dimerization of an olefinic compound with an

- e, «1_ 21
17720 acrylonitrile,” and

electron-withdrawing group, such as methyl acrylate,
acrolein,”® has been achieved by using ruthenium and other transition metal

complexes. Various mechanisms for these dimerization reactions were proposed



Scheme 6. Proposed Catalytic Cycles for the Dimerization of an Olefin with an
Electron-Withdrawing Group
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and they are roughly divided into three paths, A, B, and C in Scheme 6.

Path A is the oxidative cyclization of Ru(olefin),L, to form a ruthena-
cyclopentane, followed by Bhydride elimination to form a hydrido 7-allyl
complex. The reductive elimination of the complex gives the ‘dimer and
catalytically active species.

In paths B and C, the formation of an alkenylhydridoruthenium complex 8
via oxidative addition of the olefinic C—H bond would be the first step of the
catalytic cycle. A model complex of 8 derived from RuH,(PPh;), and alkyl
methacrylate has been reported by Komiya et al.’*’ The presence of an
intermediate that has both alkenyl and alkyl groups such as 9 has also been
suggested in various reactions.'”™'"*!'”8 To the best of our knowledge, complex 5
is the first evidence of the oxidative addition of the vinyl C—H bond followed by
the insertion of another olefinic compound. |

In path B, the dimer is formed by the insertion of another olefinic
compound into the Ru—C(alkyl) bond of 9, followed by [-H elimination.
Sustmann and coworkers suggested this mechanism for the dimerization of
methyl acrylate on the basis of the study by means of cyclic voltammetry.'"

Further treatment of 5 with dimethyl fumarate gave no dimer.



Path C shows that the dimer is generated from 9 by reductive elimination.
The reaction of 5 with carbon monoxide shown in Scheme 5 indicates that a

catalytic dimerization of dimethyl fumarate via path C could be designed.
Conclusion

The reactions of Ru(7°-cot)(dmfm), (1) with various tertiary phosphine
ligands provide new routes to novel low-valent ruthenium complexes. In the
reaction with monodentate phosphine ligands, new ruthenium zerovalent
complexes, Ru(cot)(dmfm)(L) (2a—d) [L = PPh;, PMePh,, PMe,Ph, and PEt;],
were formed by the substitution of one of the dimethyl fumarates in 1 with the
phosphine ligand. In contrast to the amine complexes, these phosphine
complexes were fluxional in solution via changing the orientation of the
coordination of the cyclooctatriene ligand. The reaction of 1 with a bidentate
phosphine ligand, dppe, gave a novel ruthenium(Il) complex 5 via sp> C—H bond
activation of dimethyl fumarate followed by insertion of the other dimethyl
fumarate. This complex 5 would be a model complex of the intermediate of
catalytic dimerization of olefinic compounds. These results would shed some
light on the chemistry of the low-valent ruthenium and the catalysis of the

complexes.
Experimental Section

Materials or Methods. All manipulations were performed under an argon
atmosphere by standard Schlenk techniques. All solvents were distilled under
argon over appropriate drying reagents (sodium, calcium chloride, or calcium
hydride). Ru(7’-cot)(dmfm),” and H;CO,CCD=CDCO,CH; (dimethyl
fumarate-d2)23 were synthesized as described in the literature. PPh;, PMePh,,
PMe,Ph, PEt;, carbon monoxide and 1,2-bis(diphenylphosphino)ethane were



| obtained commercially and used without further purification.

Physical and Analytical Measurements. NMR spectra were recorded on
either a JEOL GSX-270 [FT, 270 MHz ('H), 68 MHz (**C), 109 MHz (*'P)] or a
JEOL EX-400 [FT, 400 MHz (‘H), 100 MHz (°C), 162 MHz (*'P)] instrument.
Chemical shifts (8) for 'H and C are referenced to internal solvent resonances
and reported relative to SiMe,. Chemical shifts for *'P are referenced to an
external P(OMe); resonance and reported relative to H;PO,. Solid-state °C
(CP-MAS) and *'P NMR (MASGHD) spectra were recorded on va JEOL
GSX-270 with DOTY DSI-698 5 mm MAS probe. IR spectra were recorded
using a Nicolet Impact 410 FT-IR spectrometer. GC-MS studies were conducted
on a Shimadzu GCMS-QP5000 instrument with 70-eV electron impact
ionization. Elemental analyses were performed at the Microanalytical Center of
Kyoto University. Analytical gas chromatography was performed on a Shimadzu
GC-14B gas chromatograph with FID detection using a 3.2-mm 1.d. x 3 m
column with 2% (w/w) silicone OV-17 liquid phase on a Chromosorb W(AW
DMCS) support in 60/80 mesh.

Synthesis of Ru(#%-cot)(dmfm)(PPh;) (2a). To a solution of
Ru(7°-cot)(dmfm), [1; 0.26 g, 0.52 mmol] in 1.0 mL of 1,2-dichloroethane was
added a solution of PPh; (0.14 g, 0.53 mmol) in 1.0 mL of 1,2-dichloroethane,
and the mixture was stirred at room temperature. Yellow microcrystals
precipitated immediately; after 15 min, the product was separated by filtration,
washed with CH,Cl,, and dried under vacuum to give 2a (0.29 g, 91%).
Satisfactory elemental analysis data were obtained without recrystallization.

Complex 2a: yellow crystals, mp 186-187 °C dec. Anal. Calcd for
C3,H;;04PRu: C, 62.63; H, 5.42. Found: C, 62.48; H, 5.49. IR (KBr disk): 1686,
1675, 1438, 1247, 1155 cm™". "TH NMR (400 MHz, CDCl;, —40 °C): §7.50-7.30
(Hap), 6.26 (CH of cot), 5.88 (CH of cot), 5.09 (CH of cot), 4.83 (CH of cot),
4.68 (CH of cot), 4.14 (CH of cot), 3.78 (s, OCH3), 3.65 (s, OCHj;), 2.87 (CH of
dmfm), 1.97 (CH of dmfm), 1.48 (CHH of cot), 0.68 (CHH of cot), 0.00 (CHH



of cot), —=0.97 (CHH of cot). *'P NMR (162 MHz, CD,Cl,, —40 °C): 6 53.90 (s).
Because of low solubility of 2a, the sufficient >C NMR spectrum in solution
could not be obtained.

Synthesis of Ru(7’-cot)(dmfm)(PMePh;) (2b). To a solution of
Ru(7-cot)(dmfm), [1; 0.55 g, 1.1 mmol] in 5 mL of 1,2-dichloroethane was
added PMePh, (0.22 g, 1.1 mmol), and the mixture was stirred at room
temperature for 2 h and then chromatographed on alumina. Elution with
chloroform gave a yellow solution, from which the solvent was evaporated. The
yellow residue was recrystallized from chloroform/pentane to give 2b (0.49 g,
81%).

| Complex 2b: yellow solid, mp 151 °C dec. Anal. Calcd for Cy;H;,04PRu: C,
58?79; H, 5.66. Found: C, 58.61; H, 5.56. IR (KBr disk): 1691, 1681, 1459, 1432,
1297, 1163 em™. Solid-state >C NMR (68 MHz, CP-MAS): 6 180.57, 176.42,
139.36-128.04, 105.58, 96.08, 93.10, 92.10, 86.23, 77.73, 53.31, 49.77, 43.72,
42.00, 38.89, 21.18, 11.93. Solid-state *'P NMR (109 MHz, MASGHD): §27.00.
'H NMR (400 MHz, CD,Cl,, —40 °C): for isomer A: §7.5-6.8 (Hy,), 6.14 (t, J=
6.4 Hz, CH of cot), 5.81 (dd, J = 8.8 Hz, J= 5.4 Hz, CH of cot), 4.74 (br, CH of
cot), 4.63 (t, J=7.8 Hz, CH of cot), 4.52 (t, J= 7.8 Hz, CH of cot), 4.01 (quintet,
J=17.3 Hz, CH of cot), 3.70 (s, OCH,), 3.55 (s, OCH3), 2.79 (t, J= 9.3 Hz, CH
of dmfm), 2.47 (t, J = 8.3, CH of dmfm), 2.04 (d, J=18 Hz, PCHj3), 1.40 (d,
CHH of cot), 0.56 (m, CHH of cot), —0.07 (br, CHH of cot), —1.12 (m, CHH of
cot), and for the other isomers: 2.68 (br), 1.79 (d, J = 7.8 Hz, PCH;). *'P NMR
(162 MHz, CD,Cl,, —40 °C): §33.16 (s). °C NMR (100 MHz, CD,Cl,, 23 °C):
0179.4,178.0,177.4, 161.2, 139.9-128.0, 103.6, 102.7, 100.2, 99.6, 96.5, 95.2,
94.4, 88.8, 85.0, 82.3, 80.8, 76.8, 50.7, 50.5, 50.3, 40.5, 39.5, 35.4, 32.3, 31.8,
29.8,24.2,16.8, 13.5 (d, Jop = 23.9 Hz).

Synthesis of Ru(7°-cot)(dmfm)(PMe,Ph) (2¢). To a solution of
Ru(776-cot)(dmfm)2‘ [1; 0.59 g, 1.2 mmol] in 5 mL of 1,2-dichloroethane was
added PMe,Ph (0.17 g, 1.2 mmol), and the mixture was stirred at room
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temperature for 2 h and then chromatographed on alumina. Elution with
chloroform gave a yellow solution, from which the solvent was evaporated. The
yellow residue was recrystallized from chloroform/pentane to give 2¢ (0.235 g,
40%).

Complex 2c: yellow solid, mp 141-142 °C dec. Anal. Calcd for
CyoH2904PRu: C, 53.98; H, 5.97. Found: C, 53.79; H, 5.96. IR (KBr disk): 1687,
1672, 1450, 1433, 1295, 1260, 1156 cm™. Solid-state C NMR (68 MHz,
CP-MAS): 6181.93, 180.03, 141.84-129.58, 110.92, 97.44, 92.00, 90.10, 82.67,
78.78, 51.65, 40.33, 34.63, 21.76, 14.94, 9.155. Solid-state *'P NMR (109 MHz,
MASGHD): § 4.897. 'TH NMR (400 MHz, CD,Cl,, —20 °C): for isomer A: &
7.5-7.24 (Har), 5.76 (t, J = 6.8 Hz, CH of cot), 5.68 (t, J = 5.4 Hz, CH of cot),
4.82 (br, CH of cot), 4.58 (t, J = 7.8 Hz, CH of cot), 4.50 (t, J= 8.3 Hz, CH of
cot), 3.97 (quintet, J = 8.3 Hz, CH of cot), 3.58 (s, OCHj3), 3.52 (s, OCHs3), 2.67
(d, /= 8.8 Hz, CH of dmfm), 2.38 (t, /= 8.8 Hz, CH of dmfm), 1.71 (d, J=9.3
Hz, PCH;), 1.58 (d, J= 8.3 Hz, CHH of cot), 1.19 (br, CHH of cot), 1.01 (d, J =
Hz, PCH;), 0.90 (br, CHH of cot), —0.78 (br, CHH of cot), and for the other
isomers: 0 6.81 (m), 4.31 (t, J= 6.6 Hz), 4.22 (br), 3.52 (s), 3.15 (s), 3.13 (t, J =
10.25 Hz,), 1.53 (d, J = 8.8 Hz, PCH;), 1.28 (d, J = 8.8 Hz, PCH;). *'P NMR
(162 MHz, CD,Cl,, =20 °C): §13.28 (s), 1.81 (s). *C NMR (100 MHz, CD,Cl,,
23 °C): 6 180.2, 179.3, 177.6, 176.9, 141.0-128.2, 107.2, 103.5, 102.6, 97.8,
96.3, 92.7, 91.7, 85.2, 84.8, 83.2, 79.3, 78.8, 78.2 50.9, 50.6, 50.3, 38.8, 38.5,
38.1, 36.5, 35.5, 32.7, 26.0, 23.6, 18.3, 15.9 (d, Jcp = 23.9 Hz), 11.0 (d, Jcp =
23.9 Hz).

Synthesis of Ru(7’-cot)(dmfm)(PEt;) (2d). To a solution of
Ru(7’-cot)(dmfm), [1; 0.38 g, 0.78 mmol] in 5 mL of 1,2-dichloroethane was
added PEt; (93 mg, 0.79 mmol), and the mixture was stirred at room
temperature for 2 h and then chromatographed on alumina. Elution with
chloroform gave a yellow solution, from which the solvent was evaporated. The

orange residue was recrystallized from chloroform/pentane to give 2d (0.17 g,



46%).

Complex 2d: orange solid, mp 107-108 °C dec. Anal. Calcd for
CyoH3304PRu: C, 51.16; H, 7.08. Found: C, 51.08; H, 7.12. IR (KBr disk): 1683,
1676, 1476, 1458, 1451, 1431, 1297, 1150, 1044, 1038 cm™'. Solid-state "*C
NMR (68 MHz, CP-MAS): 6 177.52, 104.26, 99.08, 83.10, 75.58, 53.55, 52.00,
40.94, 38.87, 32.39, 25.73, 22.45, 17.35, 14.59, 10.10, 8.89, 8.11. Solid-state *'P
NMR (109 MHz, MASGHD): §27.18. '"H NMR (400 MHz, CD,Cl,, 0 °C): for
isomer A: 05.98 (t, J= 6.4 Hz, CH of cot), 5.56 (dd, J= 8.8 Hz, J= 5.3 Hz, CH
of cot), 5.07 (br, CH of cot), 4.64 (t, /= 7.8 Hz, CH of cot), 4.52 (t, J = 8.8 Hz,
CH of cot), 4.35 (m, CH of cot), 3.61 (s, OCHj3), 3.41 (s, OCHj3), 2.64 (d, J=9.3
Hz, CH of dmfm), 2.33 (m, CHH of cot), 2.14 (t, J= 7.3 Hz, CH of dmfm), 1.81
(d, J=15.6 Hz, CHH of cot), 1.36 (br, CHH of cot), 1.25 (m, PCH,), 0.78 (m, |
CHj; of PEt), —0.78 (m, CHH of cot), and for the other isomers: 6 6.04 (br), 5.90
(br), 4.95 (br), 3.63 (s, OCHs3), 3.51 (s, OCHj3), 3.23 (br, CH of dmfm), 2.93 (t, J
= 9.7 Hz, CH of dmfm), 1.75-1.64 (m), 0.76 (m, CH; of PEt). *'P NMR (162
MHz, CD,Cl,, 0 °C): & 25.91 (s, isomer A), 9.66(br). °C NMR (100 MHz,
CD,Cl,, 23 °C): 6 179.7, 179.5, 177.9, 177.8, 105.2, 102.5, 99.8, 95.3, 94.6,
93.9, 92.0, 83.7, 82.4, 80.9, 79.8, 76.5, 50.6, 50.4, 50.0, 38.5, 37.6, 37.5, 37.2,
33.6,31.3, 28.0, 25.9, 16.8 (d, Jcp = 25.7 Hz), 13.8 (d, Jcp = 20.3 Hz), 7.5 (d, Jcp
=25.7 Hz) |

Synthesis of Ru(dmfm)(dppe), (4). To a suspension of Ru(7°-cot)(dmfm),
[1;0.11 g, 0.23 mmol] in 2.0 mL of toluene was added a solution of dppe (0.19 g,
0.47 mmol) in 2.0 mL of toluene, and the mixture was stirred at 50 °C. Yellow
microcrystals precipitated immediately; after 6 h, the product was separated by
filtration, washed with toluene, and dried under vacuum to give 4 (0.16 g, 66%).

Complex 4: yellow crystals, mp 235-236 °C dec. Anal. Calcd for
CssHs6O4P4Ru: C, 66.85; H, 5.42. Found: C, 66.60; H, 5.51. IR (KBr disk): 1686,
1655, 1432, 1262, 1207, 1139 cm™. "H NMR (400 MHz, CD,Cl,): 6 7.95-5.94
(Har), 3.34 (s, 6H, CH3), 2.79 (m, 2H:HCH of dmfm), 1.80 (br, 4H, PCH,), 1.52



(br, 4H, PCH,). *'P NMR (162 MHz, CDCl;): §60.61 (t, J= 18.3 Hz), 56.73 (t,
J = 18.3 Hz). Because of low solubility of 4, the sufficient °C NMR spectrum
could not be obtained.

Synthesis of R]Lu[C(COZCHg,)=CHC((I))OCH3] [CH(CO,CH;3)CH,C(0)0-
CHs](dppe) (5). To a suspension of Ru(7’-cot)(dmfm), [1; 1.7 g, 3.4 mmol] in

100 mL of toluene was added a solution of 1,2-bis(diphenylphosphino)ethane
[dppe; 1.1 g, 2.8 mmol] in 2.0 mL of toluene. The mixture was stirred at 80 °C
for 30 min and then chromatographed on alumina. Elution with chloroform gave
an orange solution from which the solvent was evaporated. The orange residue
was recrystallized from chloroform/pentane to give 5 (1.8 g, 81% based on
dppe).

Complex 5: orange crystals, mp 192-194 °C dec. Anal. Calcd for
Cs33H40O5P,Ru: C, 57.94; H, 5.12. Found: C, 57.78; H, 5.03. IR (KBr disk): 1708,
1701, 1669, 1659, 1562, 1434, 1351 cm™. '"H NMR(400 MHz, CD,Cl,): &
8.06-6.92 (Hy,), 5.80 (t, J= 1.5 Hz, 1H, CH of alkenyl group), 3.93 (s, 3H, CH;),
3.42 (s, 3H, CH3), 3.35 (m, 1H, Ru—CH of alkyl group), 3.23 (m, 1H, PCHH),
3.20 (m, 1H, CHH of alkyl group), 3.08 (s, 3H, CH3) , 2.89 (m, 2H, PCH,), 2.73
(s, 3H, CH3), 2.51 (m, 1H, CHH of alkyl group), 2.47 (m, 1H, PCHH). °C NMR
(100 MHz, CD,Cl,): 6 223.29 (m, Ru—C(alkenyl group)), 188.27 (s, C=0),
188.20 (s, C=0), 178.21 (s, C=0), 176.35 (s, C=0), 141.14-127.39 (Ca),
117.86 (s, CH of alkenyl group), 53.27 (s, CHj3), 53.14 (s, CHj3), 49.87 (s, CHjy),
49.17 (s, CH3), 36.41 (d, J = 3.7 Hz, CH, of alkyl group), 30.39 (dd, J = 33.1 Hz,
J=11.1 Hz, PCH,), 27.79 (dd, J = 42.3 Hz, J= 5.6 Hz, Ru—CH), 26.70 (dd, J =
29.4 Hz, J=18.3 Hz, PCH,). *'P NMR (162 MHz, CD,Cl,): §87.28 (d, J=12.2
Hz), 61.63 (d, /= 12.2 Hz).

Synthesis of Ru[C(CO,CH;)=CHC(O)OCH;][CH(CO,CH;)CH,C(0)O-
CH3](CO)(dppe) (6). In a 20 mL Pyrex flask with a stirring bar, 5 (0.10 g, 0.13

mmol) was placed under a carbon monoxide atmosphere. Then 1.5 mL of

CH,Cl, was added and the solution was magnetically stirred at room



temperature. After 4 h, 10 mL of pentane was added and yellow microcrystals
were precipitated. The product was separated by filtration and dried under
vacuum to give 6 (0.085 g, 80%).

Complex 6: yellow solid, mp 178-181 °C dec. Anal. Calcd for
C39H49O9PoRu: C, 57.42; H, 4.94. Found: C, 57.44; H, 4.93. IR (KBr disk): 1930,
1731, 1698, 1692, 1582, 1444, 1434, 1350 cm™’. "H NMR (400 MHz, CDCl;): §
7.80—-6.86 (Ha,), 6.41 (dd, 1H, J= 8.3 Hz, J= 2.0 Hz, =CH-), 3.70 (s, 3H, CH,),
3.37 (s, 3H, CHj3), 3.36 (s, 3H, CH3), 3.06 (s, 3H, CHj3), 2.86 (m, 1H, Ru—CH),
2.80 (m, 1H, CHH of alkyl group), 2.49 (m, 2H, PCH,), 2.19 (m, 2H, PCH,),
2.04 (m, 1H, CHH of alkyl group). °C NMR (100 MHz, CDCl;): §219.68 (dd,
J = 754 Hz, J = 9.2 Hz, carbon monoxide), 205.88 (t, J = 11.0 Hz,
Ru-C(alkenyl group)), 181.05 (d, J = 9.2 Hz, C=0 of ester), 180.25 (s, C=0 of |
ester), 176.02 (d, J = 5.5 Hz, C=0 of ester), 174.44 (s, C=0 of ester),
134.52-128.12 (Car), 122.50 (s, =CH of alkenyl group), 52.92 (s, CH;), 51.18 (s,
CHj;), 50.59 (s, CH3), 48.82 (s, CH3), 39.25 (s, CH, of alkyl group), 29.93 (dd, J
= 28.5 Hz, J = 16.6 Hz, PCH,), 26.15(dd, J = 27.6 Hz, J = 14.7 Hz, PCH,),
22.03 (dd, J = 43.2 Hz, J = 4.6 Hz, Ru~CH). *'P NMR (162 MHz, CDCLy): &
55.44 (s), 44.55 (s).

Reaction of 5 with carbon monoxide to give dimethyl fumarate dimers,
and subsequent hydrogenation of dimers. A suépension of 5 (0.20 g, 0.25
mmol) in 10 mL of toluene was placed in a 50 mL stainless steel autoclave
under a flow of argon. Carbon monoxide was then pressured to 60 atm at room
temperature, and the mixture was magnetically stirred at 100 °C for 20 h. After
cooling, the mixture of dimethyl fumarate dimer was isolated by Kugelrohr
distillation and placed in a 20 mL Pyrex flask under a hydrogen atmosphere.
Then 2 mL of ethyl acetate was added, and the solution was magnetically stirred
at room temperature. After 4 h, the product was isolated by Kugelrohr
distillation (overall 49% yield). The ratio of the isomers was determined by 'H

NMR spectra.24



Reaction of 2b with H;CO,CCD=CDCO,CHj; (Dimethyl Fumarate-d,).
Complex 2b (10.3 mg, 0.019 mmol) and dimethyl fumarate-d, (3.8 mg, 0.026
mmol) were placed in an NMR tube and then CD,Cl, (0.7 mL) was added. The
'H NMR spectra of this sample were measured at 30 min, 3 h, 6 h and 24 h. It
was proved that the exchange ratios against the coordinated dimethyl fumarate
were 0.089, 0.365, 0.618 and 1.184 and that after 24 h some disproportionation
occurred.

Crystallographic study of complexes 2b, 2¢, 2d, 4, S, and 6. Single
crystals of complexes 2b—d, 4, 5, and 6 obtained by recrystallization from
CH,Cl,/pentane were subjected to X-ray crystallographic analysis. The crystal
data and experimental details for 2b, 2¢ and 2d are summarized in Table 1 and
- for 4, 5 and 6 in Table 4. All measurements were made on a Rigaku AFC7R
diffractometer with graphite-monochromated Mo Ko, radiation (1 = 0.71069 A)
and a rotating anode generator. The reflection intensities were monitored by
three standard reflections at every 150 measurements. No decay correction was
applied. Reflection data were corrected for Lorentz and polarization effects.
Azimuthal scans of several reflections indicated no need for an absorption
correction. The structures were solved by direct methods using SIR92% for 2¢,
2d, 4, 5, 6 and SHELXS86% for 2b, expanded using Fourier techniques,
DIRDIF94,” and refined anisotropically for non-hydrogen atoms by full-matrix
least-squares calculations. Atomic scattering factors and anomalous dispersion
terms were takeh from the literature.”®>° Hydrogen atoms were found except for
the hydrogens on C(4), C(6), C(14), C(18), C(19), C(21), C(23), and C(24) for
2b and on C(4), C(12) , C(24), C(29), C(31), C(32), and C(35) for 6, and all
protons for 4. The hydrogens’ positions in 2b, 4, and 6 were not refined, and
isotropic B values were refined. Hydrogens in 2e¢, 2d, and § were refined
isotropically. The calculations were performed on an Silicone Graphics O,
computer uSing the program system teXsan.’' In Figures 1-3 and 6-8, thermal

ellipsoids are shown at the 30% probability level.
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Chapter 2

Synthesis, Structure, and Reactivity of a Stable

Zerovalent Ruthenium Aqua Complex
Abstract

A novel ruthenium(0) aqua complex, Ru(dimethyl fumarate),(dppe)(H,O)
(4), was synthesized via the reaction of Ru(7°-cot)(dimethyl fumarate), [3; cot =
1,3,5-cyclooctatriene] with dppe in 1,2-dichloroethane/water, which is a quite
rare example of a stable and isolable ruthenium(0) aqua complex. The X-ray
crystallography of 4 indicated that coordination of a water molecule to the
ruthenium center was stabilized by two hydrogen bonds with the carbonyl

oxygen atoms of dimethyl fumarate ligands.



Introduction

Investigation of the reactivity of transition metal complexes toward H,O is
very important because H,O is an extremely attractive reagent in transition
metal-catalyzed organic reactions; for example, hydration of alkynes,'™ dienes’
and nitriles,” and, in particular, anti-Markovnikov hydration of terminal
alkynes®” and alke:nes.8 With respect to one activation reaction of water by
transition metals, the first step would be the coordination of H,O to a metal
center and then the oxidative addition to afford a hydrido hydroxo complex. A
number of examples of transition-metal aqua complexes’ ' and hydrido
hydroxo complexes'®™'® have been found. As for ruthenium complexes, although
many examples for divalent or trivalent complexes having H,O ligands have

7,9,10 . . .
d,””"" zerovalent ruthenium aqua complexes have been investigated

been reporte
by only two groups. Sustmann et al. showed the formation of
Ru(MA),(PPh;),(H,O) [1; MA = methyl acrylate] by the reaction of the
coordinatively unsaturated ruthenium(0) complex Ru(MA ),(PPhs), with H,O (eq
1).""* The structure of 1 was confirmed by X-ray analysis. Ogasawara et al.
synthesized the ruthenium(0) aqua nitrosyl complex [Ru(CO)NO)-
(P'Bu,Me),(H,O)][BAr,] [2; Ar = C¢H;s-3,5-(CF3),] from [Ru(CO)NO)(P'Bu,-
Me),][BAr,;] and H,O (eq 2).11b Although both complexes are claimed to be
formed in high yields in solution on the basis of their NMR spectra, neither the

procedure of the isolation of the products nor the isolated yields have been

reported. These zerovalent ruthenium complexes are apparently unstable, and

RU(MA),(PPh3); + Hp0
(1

Ru(MA)(PPhs),(H20)
1

[Ru(CO)(NO)(P'BusMe),][BAry] + H.O (2)
—— [Ru(CO)(NO)(P'BusMe)s(Ho0)][BAr,]
2



they do not tolerate the isolation procedures. It was claimed that an attempt to
isolate 2 in pure form under vacuum gave [Ru(CO)NO)(P'Bu,Me),][BAr,] via
dissociation of the H,O ligand.

In this study, the synthesis and characterization of an isolable zerovalent
ruthenium complex, Ru(dimethyl fumarate),(dppe)(H,O) [dppe = 1,2-bis(di-
phenylphosphino)ethane], was examined, and we found that the coordination of
a water molecule in the ruthenium aqua complex is stabilized by two hydrogen

bonds with the carbonyl oxygen atoms of dimethyl fumarate ligands.
Results and Discussion

Ru(7’-cot)(dmfm), [3;'7 cot = 1,3,5-cyclooctatriene, dmfm = dimethyl
fumarate] in 1,2-dichloroethane/H,O was treated with dppe at 60 °C. From the
reaction solution, a novel ruthenium(0) aqua complex, Ru(dmfm),(dppe)(H,O)
(4), was isolated in 55% yield as a pale yellow, relatively air-stable powder
(Scheme 1). Simultaneously, two known complexes, S and 6, were also

obtained as byproducts. The reaction of 3 with other phosphine ligands such as

Scheme 1. Synthesis of a Ruthenium Aqua Complex, 4

1) CICH,CH,Cl / Hp0

\R o 60 °C, 30 min
U
N
Q CICH20H201 P P~ PP PPhy
60°C, 1.5h E = CO,Me

s 70 ) AR
f——Ru"\\ 1+ AF Ru + /Ru\j\
o ’EB/\“,OMe ¢ ! M ©
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1,2-bis(diethylphosphino)ethane, bis(diphenylphosbhino)methane, 1,3-bis(di-
phenylphosphino)propane, 1,4-bis(diphenylphosphino)butane, and triphenyl-
phosphine did not give an analogue of 4.

As mentioned in the Introduction, there have been only two reports on the
synthesis of zerovalent ruthenium aqua complexes; however, their isolated
yields have not been reported. Thus, complex 4 is the first example of a
zerovalent ruthenium aqua complex suitable for large-scale synthesis and further
investigation of the reactivity.

The 'H, °C, and *'P NMR spectra of 4 at room temperature showed very
broad peaks, which suggests that 4 is fluxional in solution. At —20 °C, all signals
were sharpened, and the results are summarized in Table 1. In the 'H NMR
spectrum, the four singlet signals (3.90, 3.38, 3.00, and 2.82 ppm) for the methyl
groups of dmfm were observed, showing that neither the mirror plane nor the
symmetry axis exists in 4; in other words, both of the two dmfm ligands
coordinate with the same enantioface, not with a combination of (e, re) and (si,
si) faces. In contrast to this result, Sustmann’s complex 1, Ru(MA),(PPhs),-
(H,0), has a mirror plane; two methyl acrylates coordinate to the ruthenium
center with a combination of re and si faces. Although it was revealed that 1 in
solution isomerizes into two isomeric complexes in the geometry around
ruthenium, complex 4 was revealed to be a single isomer based on the
variable-temperature 'H and *'P NMR spectroscopy (=55 to 50 °C).

The solid-state structure of 4 was confirmed by X-ray analysis, and the
result is shown in Figure 1. Single crystals of 4-C¢HsCl for X-ray analysis were
obtained by recrystallization from CgH;Cl/pentane. The crystal data and the
details are given in Table 2, and lists of the selected bond angles and bond
lengths of 4 are given in Tables 3 and 4, respectively. The structure of 4 can be
rationalized as a distorted trigonal bipyramid in which H,O and one of the
phosphorus atoms of dppe occupy two axial positions, and two dimethyl

fumarate molecules and the other phosphine moiety of dppe hold equatorial



Table 1. 'H, °C, and >'P NMR Spectra of 4 (8)°

Iq 1Bc
dimethyl fumarate
=CH 3.82 (m) =CH 53.95
2.74 (d, 10.6) 51.16
2.41 (dd, 9.6, 4.4) 47.12
3.21(d, 9.6) 45.87
Me 3.90 (s) Me 51.78 (2C)
3.38 (s) 50.85
3.00 (s) 50.30
2.82 (s) C=0 182.59
182.43
176.84
179.26
dppe
Ph 7.93—6.83 (m) Ph 139.24-127.11
PCH, 3.00 (br) PCH, 29.20 (dd, 136.8, 87.6)
2.81 (br) 18.26 (d, 78.8)
2.30 (brd, 7.6)
1.91 (br)
H,O
4.72 (br s)
3p
dppe 73.9 (d, 12.2)
42.7 (d, 12.2)

? Measured in CDCl; solution at —20 °C. Legend: s = singlet, d = doublet, m =
multiplet, br = broad. Values in parentheses are the coupling constants J (Hz).

positions. The X-ray analysis reveals that both dmfm ligands coordinate to the
ruthenium center with the same enantioface, which coincides with the results of
the NMR spectra (vide supra). The structure showed that the water molecule was
fixed by two hydrogen bonds to the carbonyl oxygen atoms of each dmfm ligand.
In complex 1, Ru(MA),(PPh;3),(H,O), the H,O molecule is also held by two
hydrogen bonds with the carbonyl oxygen atoms of methyl acrylate. However,
the orientations of the two hydrogen bonds are somewhat different. In complex 1,

since the two methoxy carbonyl groups are oriented to the same side, the
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Figure 1. Structure of 4-C¢H;sCl. Some hydrogen atoms and C¢HsCl molecules
are omitted for clarity. Ellipsoides are given at the 50% probability level.

Chart 1. Partial Structures of 1 and 4
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Table 2. Crystal Data of 4-C¢HsCl and 7-dppm

4-CsHsCl 7-dppm
empirical formula C33H4209P2RU.‘C6H5C1 C39H4004P2Ru
fw 918.32 735.76
crystal system orthorhombic monoclinic
space group P2,2,2, (#19) P2i/n (#14)
a (A) 8.9235(1) 11.810(3)
b (A) 12.7964(3) 15.917(3)
c(A) 36.6115(7) 18.031(2)
[(deg) - 90 99.43(1)
V(A% 4180.6(1) 3343.8(1)
VA 4 4
Deated (g/cm?) 1.459 1.461
Fooo 1896.00 1520.00
(Mo Ko) (cm™) 571 6.06
T(°C) -130 23.0
2 Onax (deg) 55.0 55.0
no. of measd rflns 19557 8353
no. of unique rflns 4947 (Rine= 0.056) 7689 (Rine = 0.058)
residuals: R; Ry 0.040; 0.051 0.040; 0.041

GOF 1.05 0.60

Table 3. Selected Bond Angles (deg) for 4

P(1)-Ru-P(2) 82.60(6) P(1)-Ru—0(9) 175.5(1)
P(1)}-Ru-C(1) 92.2(2) P(1)-Ru-C(2) 99.5(2)
P(1}-Ru—C(7) 100.5(2) P(1)-Ru—C(8) 95.7(2)
P(2)-Ru-0(9) 93.2(1) P(2)-Ru-C(1) 126.8(2)
P(2)-Ru-C(2) 90.0(2) P(2)-Ru-C(7) 140.6(2)
P(2)-Ru—C(8) 101.9(2) 0(9)-Ru—C(1) 89.0(2)
0(9)-Ru-C(2) 78.8(2) 0(9)-Ru—C(7) 83.8(2)
0(9)-Ru-C(8) 86.7(2) C(1)>-Ru-C(2) 38.5(2)
C(1)-Ru-C(7) 92.5(2) C(1)-Ru-C(8) - 131.3(2)
C(2)-Ru—C(7) 127.3(2) C(2)-Ru-C(8) 161.8(2)
C(7)-Ru-C(8) 38.8(2) Ru-C(1)-C(2) 71.9(4)
Ru-C(1)-C(3) 113.8(4) Ru~C(2)-C(1) 69.6(4)
Ru-C(2)-C(5) 126.1(4) Ru—C(7)-C(8) 72.3(4)
Ru—C(7)-C(9) 124.8(4) Ru-C(8)-C(7) 68.9(3)
Ru-C(8)-C(11) 117.4(4) Ru-0(9)-H(1) 116.6(6)
Ru-O(9)-H(2) 115.6(4) P(1)-C(13)-C(14)  108.8(5)
PQ2)-C(14)-C(13)  109.3(5) C(1)-C(2)-C(5) 115.3(5)
C(2)-C(1)-C(3) 121.9(6) C(7)-C(8)-C(11) 118.8(6)
C(8)-C(7)-C(9) 123.0(6) H(1)-0(9)-H(2) 86.5(7)

0(9)-H(1)-0(1) 136.6(89) 0(9)-H(2)-0(7) 144.6(68)




Table 4. Selected Bond Lengths (A) for 4

Ru-P(1) 2.269(2) Ru-P(2) 2.389(2)
Ru-0(9) 2.241(5) Ru-C(1) 2.147(6)
Ru-C(2) 2.177(6) Ru—C(7) 2.158(6)
Ru-C(8) 2.203(6) P(1)-C(13) 1.852(7)
P(1)-C(15) 1.831(6) P(1)-C(21) 1.871(7)
P(2)-C(14) 1.852(6) P(2)-C(27) 1.830(7)
P(2)-C(33) 1.835(6) 0(1)-C(3) 1.221(8)
0(2)-C(3) 1.339(8) 0(2)-C(4) 1.454(7)
0(3)-C(5) 1.211(8) 0(4)-C(5) 1.354(8)
0(4)-C(6) 1.445(7) 0(5)-C(9) 1.206(8)
0(6)-C(9) 1.353(8) 0(6)-C(10) 1.446(8)
O(7)-C(11) 1.230(8) 0(8)-C(11) 1.357(8)
0(8)-C(12) 1.455(8) C(1)-C(2) 1.425(9)
C(1)-C(3) 1.476(9) C(2)-C(5) 1.484(8)
C(7)-C(8) 1.449(9) C(7)-C(9) 1.469(9)
C(8)-C(11) 1.462(9) C(13)-C(14) 1.524(8)
C(15)-C(16) 1.401(9) C(15)-C(20) 1.397(9)
C(16)-C(17) 1.385(9) C(17)-C(18) 1.42(1)

C(18)-C(19) 1.36(1) C(19)-C(20) 1.394(9)
C(21)-C(22) 1.394(9) C(21)-C(26) 1.388(9)
C(22)-C(23) 1.38(1) C(23)-C(24) 1.38(1)

C(24)-C(25) 1.38(1) C(25)-C(26) 1.36(1)

C(27)-C(28) 1.39(1) C(27)-C(32) 1.38(1)

C(28)-C(29) 1.39(1) C(29)-C(30) 1.36(1)

C(30)-C(31) 1.38(1) C(31)-C(32) 1.40(1)

C(33)-C(34) 1.39(1) C(33)-C(38) 1.404(9)
C(34)-C(35) 1.39(1) C(35)-C(36) C137(D)

C(36)-C(37) 1.38(1) C(37)-C(38) 1.391(9)
0(1)-0(9) 2.668(6) 0(7)-0(9) 2.643(7)
H(1)-0(1) 1.84(11) H(1)-0(9) 1.01(11)
H(2)-0(7) 1.73(8) H(2)-0(9) 1.03(8)

hydrogen bonds are formed with the adjacent carbonyl groups. On the other
hand, in complex 4, hydrogen bonds are formed between distant carbonyl
groups (Chart 1). In solution, complex 2, [Ru(CO)YNO)(P'Bu,Me),(H,0)][BA1,],
is stable, but the H,O ligand, having no hydrogen bond, is only weakly
coordinated. Removal of the solvent in vacuo gives the starting unsaturated
ruthenium(0) complex.''® Thus, the hydrogen bonds in 4 and the stronger z-acid,
dimethyl fumarate, would stabilize the coordination of H,O to form an isolable

zerovalent ruthenium complex.
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Preparation of Ru(dmfm),(dppe)(D,0) (4-d,) was attempted. Unfortunately,
the isolation of pure 4-d, was unsuccessful. Formation of 4-d, was confirmed in
the reaction of 3 with D,O and dppe; however, ligand exchange between the
coordinated D,0 and the adsorbed H,O on alumina occurred during the isolation
procedure of chromatography on alumina. When a drop of D,0 was added to 4
in CDCl;, the intensity of the 'H NMR signal for H,O decreased to 1/10, which
means that 4-d, was formed in situ. Another synthesis of 4-d, was attempted as
follows. Complex 4 was treated with D,0 in dichloromethane. After the biphasic
solution was stirred for 15 min at room temperature, the solvent and D,O were
evaporated under reduced pressure. These procedures were repeated three times,
and then the residue was dissolved in CDCl; and the "H NMR spectrum revealed
that up to 69% of the water hydrogens were exchanged with D. |

Complex 4 was reacted with another molecule of dppe in 1,2-dichloro-
ethane at 60 °C for 2 h to give 5. The reaction of 5 with water did not give the
aqua complex 4. While the interconversion from 6 to 4 was not observed, the
transformation of 4 into 6 occurred by heating 4 in solution with a drying
reagent, molecular sieves 3A (see Experimental Section).

A plausible mechanism of the formation of the aqua cofnplex 4 is as follows
(Scheme 2). We have already reported that one of the dmfm ligands and one of
the olefinic moieties of the cot ligand in 3 are replaced by a bidentate nitrogen
ligand in the reaction of complex 3 with 2,2’-bipyridyl or 1,10—phenanthroline.19
Considering this ligand exchange reaction, an intermediate 7 would be formed at
an early stage by the reaction of 3 with a bidentate phosphine ligand, dppe.
Successive replacement of the coordinated olefin moieties of cot by dmfm and
H,O will lead to the formation of 4 along with the liberation of cot. The
formation of 5 may be explained by the ligand exchange of the cot moiety of 7
with dppe. In the case of the formation of 6, sp> C-H bond activation of dmfm
and successive insertion of another molecule of dmfm into a Ru-H bond are

involved.



Scheme 2. A Plausible Mechanism of the Formation of 4, 5, and 6
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An analogue of the intermediate 7, Ru(1-2:5-6-7-cot)(dmfm)(dppm)
[7-dppm; dppm = bis(diphenylphosphino)methane] in eq 3, was obtained by the
reaction of 3 with dppm in 1,2-dichloroethane. Even in the presence of water as
a solvent, the product was not an aqua complex such as Ru(dmfm),(dppm)(H,O)
but 7-dppm. The structure of 7-dppm was determined by X-ray analysis (Figure
2). The crystal data and experimental details of 7-dppm are given in Table 2,
and lists of the selected bond lengths and bond angles of 7-dppm are given in
Tables 5 and 6, respectively. Complex 7-dppm seemed to be very stable, and

further ligand exchange reactions did not occur.
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Figure 2. Structure of 7-dppm. Some hydrogen atoms are omitted for clarity.
Ellipsoids are given at the 30% probability level.

The reaction of 4 with carbon monoxide (1 atm) gave Ru(CO),(dmfm)-
(dppe) (8) via the dissociation of H,O and one of the dmfm ligands followed by
the coordination of two carbon monoxide molecules (Scheme 3). The NMR
spectra of 8 in solution show the fluxionality. In the *'P NMR, a slightly
broadened singlet signal (57.9 ppm) and a pair of the doublet signals (62.9 and
60.0 ppm, J = 18.3 Hz) are observed. This result indicates the presence of two

isomeric forms, 8a and 8b, which are different in the position of one carbon



Table 5. Selected Bond Lengths (A) for 7-dppm

Ru-P(1) 2.371(1) Ru-P(2) 2.364(1)
Ru-C(1) 2.174(4) Ru-C(2) 2.226(4)
Ru-C(7) 2.162(4) Ru-C(8) 2.221(4)
Ru-C(11) 2.325(4) Ru-C(12) 2.293(4)
P(1)-C(15) 1.839(5) P(1)-C(28) 1.839(4)
P(1)-C(34) 1.838(4) P(2)-C(15) 1.830(4)
P(2)-C(16) 1.831(5) P(2)-C(22) 1.839(5)
O(1)-C(3) 1.203(5) 0(2)-C(3) 1.345(6)
0(2)-C(4) 1.435(6) 0(3)-C(5) 1.219(6)
0(4)-C(5) 1.355(5) O(4)-C(6) 1.432(6)
C(1)-C(2) 1.447(5) C(1)-C(3) 1.473(6)
C(2)-C(5) 1.454(6) C(7)-C(8) 1.413(6)
C(7)-C(14) 1.521(6) C(8)-C(9) 1.485(6)
C(9)-C(10) 1.326(7) C(10)-C(11) 1.489(7)
C(11)-C(12) 1.394(7) C(12)-C(13) 1.503(7)
C(13)-C(14) 1.509(7) C(16)-C(17) 1.392(7)
C(16)-C(21) 1.395(6) C(17)-C(18) 1.390(7)
C(18)-C(19) 1.373(8) C(19)-C(20) 1.366(9)
C(20)-C(21) 1.396(7) C(22)-C(23) 1.383(7)
C(22)-C(27) 1.378(7) C(23)-C(24) 1.377(8)
C(24)-C(25) 1.381(9) C(25)-C(26) 1.376(9)
C(26)-C(27) 1.388(7) C(28)-C(29) 1.397(6)
C(28)-C(33) 1.393(6) C(29)-C(30) 1.391(7)
C(30)-C(31) 1.377(8) C(31)-C(32) 1.372(8)
C(32)-C(33) 1.377(6) C(34)-C(35) 1.390(7)
C(34)-C(39) 1.383(7) C(35)-C(36) 1.386(7)
C(36)-C(37) 1.370(9) C(37)-C(38) 1.386(9)
C(38)-C(39) 1.388(7)
Scheme 3. Reaction of 4 with Carbon Monoxide
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Table 6. Selected Bond Angles (deg) for }7-dppm

P(1)-Ru-P(2) 70.68(4) P(1)-Ru-C(1) 98.9(1)
P(1)}-Ru-C(2) 90.6(1) P(1)-Ru-C(7) 93.7(1)
P(1)-Ru—C(8) 88.0(1) P(1)-Ru-C(11) 150.1(1)
P(1)-Ru-C(12) 171.6(1) P(2)-Ru-C(1) 143.3(1)
P(2)-Ru-C(2) 105.3(1) P(2)-Ru-C(7) 124.2(1)
P(2)-Ru-C(8) 87.4(1) P(2)-Ru-C(11) 83.0(1)
P(2)-Ru-C(12) 116.7(1) C(1)-Ru-C(2) 38.4(1)
C(1)-Ru—C(7) 90.7(2) C(1)-Ru-C(8) 128.2(2)
C(1)-Ru—-C(11) 110.8(2) C(1)-Ru-C(12) 77.5(2)
C(2)-Ru-C(7) 128.8(2) C(2)-Ru—C(8) 166.0(2)
C(2)-Ru—-C(11) 110.3(2) C(2)-Ru-C(12) 91.1(2)
C(7)-Ru—C(8) 37.6(2) C(7)-Ru—C(11) 89.5(2)
C(7)-Ru-C(12) 78.9(2) C(8)-Ru-C(11) 76.5(2)
C(8)-Ru-C(12) 88.3(2) C(11)-Ru-C(12) 35.1(2)
C(7)-C(8)-C(9) 121.1(4) C(8)-C(9)-C(10) 120.5(4)
C(O-C(10)-C(11)  119.7(5) C(10)-C(11)-C(12)  120.3(5)
C(12)-C(13)-C(14)  116.8(4) " C(7)-C(14)-C(13) 115.1(4)

monoxide and one phosphine moiety. The singlet in the 3'P NMR spectrum is
consistent with 8a and the pair of doublets is in accord with 8b. Helliwell et al.
reported that an analogous complex, Ru(CO)(dmfm)(PMe,Ph),,** shows
fluxionality in solution on the basis of the Berry pseudorotation’ and the
rotation of the dmfm ligand. At room temperature the ratio of 8a to 8b was 1:1.6
on the basis of the '"H NMR spectrum. As the temperature was lowered, the
equilibrium inclined to 8b; actually, at —55 °C the ratio of 8a to 8b became

1:2.6.
Conclusion

The synthesis and reactivity of a zerovalent ruthenium aqua complex were
discussed in detail. The reaction of 3 with dppe in the presence of excess water
affords Ru(dmfm),(dppe)(H,O) (4), which is a quite rare example of a stable and
isolable ruthenium(0) aqua complex. The X-ray crystallography of 4 indicates

that coordination of a water molecule to the ruthenium center is stabilized by



two hydrogen bonds with the carbonyl oxygen atoms of the dmfm ligands. In
case of the reaction of 3 with dppm [dppm = bis(diphenylphosphino)methane],
the product was not an aqua complex such as Ru(dmfm),(dppm)(H,O) even in
the presence of excess water, but a novel zerovalent compléx, Ru(7*-cot)-
(dmfm)(dppe) was obtained via the dissociation of one of dmfm and one of cot’s
olefinic bond and then the coordination of dppm. This complex is considered as
a model complex of the intermediate in the formation reaction of 4. Further

studies on the reactivity of 4 are currently in progress.
Experimental Section

‘Materials or Methods. All manipulations were performed under an argon
atmosphere using standard Schlenk techniques. All solvents were distilled under
argon over appropriate drying reagents (sodium, calcium chloride, or calcium
hydride). Ru(7°-cot)(dmfm), (3) was synthesized as described in the literature."’
1,2-Bis(diphenylphosphino)ethane, 1,2-bis(diethylphosphino)ethane, bis(di-
phenylphosphino)methane, 1,3-bis(diphenylphosphino)propane, 1,4-bis(di-
phenylphosphino)butane, triphenylphosphine, and carbon monoxide were
obtained commercially and used without further purification.

Physical and Analytical Measurements. NMR spectra were recorded on a
JEOL EX-400 (FT, 400 MHz ('H), 100 MHz (*°C), 162 MHz (*'P)) instrument.
Chemical shifts (8) for 'H and "C are referenced to internal solvent signals and
reported relative to SiMe,. Chemical shifts for *'P are referenced to an external
P(OMe); resonance and reported relative to H;PO,. IR spectra were recorded
using a Nicolet Impact 410 FT-IR spectrometer. Elemental analyses were
performed at the Microanalytical Center of Kyoto University.

Synthesis of Ru(dmfm),(dppe)(H,0) (4). Ru(r’-cot)(dmfm), [3; 1.11 g,
2.2 mmol] in a 1,2-dichloroethane (6 mL) / H,O (9 mL) solution was stirred at
60 °C for 30 min. Then dppe (894 mg, 2.24 mmol) in 1,2-dichloroethane (9 mL)



was added dropwise and the mixture was stirred at 60 °C for 1.5 h. After the
solvent and water were evaporated, the orange-yellow solid was dissolved into
chloroform and then chromatographed on alumina (Merck, No. 1.01097, activity
II-11T). Elution with chloroform gave a yellow solution, from which the solvent
- was evaporated. The yellow residue was recrystallized from chloroform/pentane
to give 4 as pale yellow microcrystals (988 mg, 55%). Preparation of single
crystals of 4-C¢H;Cl will be described later.

Complex 4: pale yellow crystals, mp 127-129 °C dec. Anal. Calcd for
C3sH4O9P,Ru: C, 56.64; H, 5.25. Found: C, 56.64; H, 5.24. IR spectrum (KBr
disk): 3406, 1707, 1685, 1642 cm™".

Reaction of 4 with dppe. Complex 4 (50 mg, 0.10 mmol) and dppe (48
mg, 0.1 mmol) were reacted in 1,2-dichloroethane at 60 °C for 2 h. After the
solvent was evaporated, the 'H NMR spectrum of the residue in CDCl; revealed
that 40% of 4 was converted into 5.

Attempt to Synthesize 4 from 6. Complex 6 and water (excess) were
reacted in 1,2-dichloroethane at 60 °C for 2 h. After the solvent and water were
evaporated, the 1I_-I NMR spectrum of the residue in CDCI; revealed the
complete recovery of 6.

Synthesis of 6 from 4. Complex 4 (22 mg, 27 wpmol) was heated in
1,2-dichloroethane (3 mL) with molecular sieves 3A (230 mg) at 60 °C for 2 h.
After the solvent was evaporated, the '"H NMR spectrum of the residue in CDCl,
was measured. The spectrum revealed the complete transformation of 4 into 6.

Synthesis of Ru(cot)(dmfm)(dppm) (7-dppm). In a 50 mL Pyrex flask
with a stirring bar, complex 3 (296 mg, 0.60 mmol) and dppm (229 mg, 0.60
mmol) were placed under an argon atmosphere. Then 1,2-dichloroethane (3 mL)
was added and the mixture was stirred at room temperature for 5 h. The product
was separated by filtration. The yellow residue was recrystallized from
dichloromethane/pentane to give 7-dppm (420 mg, 95%). The “C NMR

spectrum of 7-dppm could not be measured because of its poor solubility.
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Complex 7-dppm: pale yellow crystals, mp 211-213 °C dec. Anal. Calcd
for CsoHsO4P,Ru: C, 63.67; H, 5.48. Found: C, 63.75; H, 5.65. IR spectrum
(KBr disk): 1683, 1656, 1465, 1432, 1304, 1157 cm™'. '"H NMR (400 MHz,
CDCl;): 67.85-6.68 (m, 20H, Hy,), 5.10 (dd, 1H, J= 3.6 Hz, J = 8.0 Hz, olefin
of cot), 4.88 (dt, 1H, J=10.4 Hz, J= 15.2 Hz, olefin of cot), 4.48 (m, 1H, olefin
of cot), 4.47 (d, 1H, J= 10.0 Hz, olefin of cot), 4.22 (dt, 1H, J=8.8 Hz, J= 7.4
Hz, olefin of cot), 4.17 (m, 1H, olefin o‘f cot), 4.02 (m, 1H, olefin of dmfm),
3.79 (m, 1H, CHj; of cot), 3.69 (s, 3H, OCH; of dmfm), 3.54 (s, 3H, OCHj; of
dmfm), 3.53 (m, 2H, PCH,), 2.97 (dd, 1H, J = 6.8 Hz, J = 8.8 Hz, olefin of
dmfm), 2.59 (m, 1H, CHH of cot), 2.45 (m, 2H, CH, of cot), 1.85 (br, 1H, CHH
of cot). >'P NMR (162 MHz, CDCls, —20 °C): §-0.90 (d, J = 48.8 Hz), -11.1 (d,
J = 48.8 Hz).

Synthesis of Ru(CO);(dmfm)(dppe) (8). In a 50 mL Pyrex flask with a
stirring bar, complex 4 (188 mg, 0.23 mmol) was placed under a carbon
monoxide atmosphere (1 atm). 1,2-Dichloroethane (5 mL) was added, and the
solution was magnetically stirred at room temperature. After 24 h, the solution
was chromatographed on alumina. Elution with chloroform gave a pale yellow
solution from which the solvent was evaporated to give 8 as pale yellow
microcrystals (131 mg, 83%).

Complex 8: pale yellow crystals, mp 228-230 °C dec. Anal. Caled for
C33H3,06P,Ru: C, 58.37; H, 4.61. Found: C, 58.27; H, 4.61. IR spectrum (KBr
disk): 2013, 1975, 1948, 1677, 1434 1296 cm™. For the isomer 8a: '"H NMR
(400 MHz, CDCl5) 6 7.91-7.15 (Hy,), 3.67 (s, 2H, =CH), 3.63 (s, 6H, 2MeO),
3.09 (dd, 1H, J = 20.8 Hz, J = 9.2 Hz, PCHH), 2.36 (m, 1H, PCHH). "C NMR
(100 MHz, CDCl;): 6 198.2 (m, Ru-CO), 178.4 (C=0), 138.7-125.1(C4;), 50.5
(OMe), 29.2 (m, =CH), 28.8 (t, J = 22.1 Hz, PCH,). *'P NMR (162 MHz,
CDCly): 657.9 (s). For the isomer 8b: '"H NMR(400 MHz, CDCl;): 67.91-7.15
(Har), 3.63 (br, 1H, =CH), 3.53 (s, 3H, OMe), 3.29 (s, 3H, OMe), 2.76 (m, 1H,
PCHH), 2.57 (m, 1H, PCHH), 2.53 (m, 1H, PCHH), 2.37 (br, 1H, =CH), 2.10



(m, 1H, PCHH); C NMR (100 MHz, CDCl;): §201.5 (m, Ru-CO), 197.1 (m,
Ru-CO), 179.2 (s, C=0), 178.2 (s, C=0), 138.7-125.1(C4,), 50.5 (OMe), 50.3
(OMe), 37.8 (s, =CH), 34.4 (dd, J = 32.5 Hz, J = 20.0 Hz, PCH,), 32.2 (d, J =
16.7 Hz, =CH), 29.6 (dd, J = 25.8 Hz, J = 10.8 Hz, PCH,). *'P NMR (162 MHz,
CDCl;): 662.9 (d, J=18.3 Hz), 60.0 (d, /= 18.3 Hz).

Crystallographic Study. Single crystals of 4 and 7-dppm obtained by
recrystallization from chlorobenzene/pentane and dichloromethane/pentane,
respectively, were subjected to X-ray crystallographic analyses. Measurements
were made on a Rigaku RAXIS imaging plate area detector with graphite-
monochromated Mo Ko radiation for 4 and a Rigaku AFC7R diffractometer
with graphite-monochromated Mo Ka. radiation (4 = 0.71069 A) and a rotating
anode generator for 7-dppm. The structures were solved by direct methods
using SIR92* for 4 and 7-dppm expanded using Fourier techniques,
DIRDIF99,” and were refined anisotropically for non-hydrogen atoms by
full-matrix least-squares calculations. Hydrogen atoms except for the H,O
ligand and the solvent in 4 and all hydrogen atoms in 7-dppm were placed at
their geometrically calculated positions. The hydrogen atoms of the H,O ligand
in 4, H(1) and H(2), were located from Fourier maps and refined about xyz and
Bis,- On the disordered solvent molecule, chlorobenzene, the hydrogen atoms
were not located. The calculations were performed using the Crystal Structure of

Rigaku Corp. and Molecular Structure Corp.
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Chapter 3

Synthesis and Structure of Novel Zerovalent Ruthenium Complexes with

Three Pyridine Ligands or Tridentate Pyridyl Ligands
Abstract

Ru(7’-cot)(dmfm), [1; cot = 1,3,5-cyclooctatriene, dmfm = dimethyl
fumarate] reacted with an excess amount of pyridine to give a novel
ruthenium(0) complex, Ru(dmfm),(pyridine); (4). The reaction of 1 with
tridentate pyridyl ligands (N-N'-N) gave novel ruthenium(0) complexes,
Ru(dmfm),(N-N"-N) [N-N'-N = 2,2":6",2" -terpyridine (terpy), 2,6-bis(imino)-
pyridyl ligands, and 2,6-bis{(4S)-(-)-isopropyl-2-oxazolin-2-yl}pyridine
(i-Pr-Pybox)]. The products are mixtures of two isomers, respectively, one of
which is different from the other by the coordinating enantioface of a dmfm
ligand. The structure of 4, one isomer of Ru(dmfm),(terpy) (5) and
Ru(dmfm),(i-Pr-Pybox) (8) were elucidated by X-ray analysis.



Introduction

Strong o-donor nitrogen ligands have been revealed to be congenial to
transition metals. Particularly, transition metal complexes bearing pyridine-
based ligands have been thoroughly studied. As for ruthenium, various
complexes with polypyridyl ligands (for instance; 2,2":6",2" -terpyridine and its
derivatives') have been well investigated because of their interesting
photochemical and redox properties.”> Other tridentate ligands such as
2,6-bis(imino)pyridine and Pincer-type ligand have been disclosed to form

9 some of which show catalytic activity in many

ruthenium complexes,
important reactions such as epoxidation of cyclohexene,” cyclopropanation of
styrene,’ N-alkylation of aromatic amines with diols,” ring-opening metathesis
polymerization of 2-norbornene,'® and DNA cleavage." An asymmetric
tridentate nitrogen ligand, 2,6-bis[(4S)-(-)-isopropyl-2-oxazolin-2-yl]pyridine
(i-Pr-Pybox) is known to form ruthenium complexes which catalyze an
asymmetric cyclopropanation of olefinic compounds with diazoacetates' and
polymerization of ethylene.” It should be noted that these complexes are
divalent or tetravalent ruthenium complexes, and, to the best of our knowledge,
isolable mononuclear zerovalent ruthenium complexes with tridentate nitrogen
ligands have not been reported, which are expected to have unique reactivity.
Recently, we reported the first example of zerovalent ruthenium complexes
with mono- and bidentate nitrogen ligands (L' and L?, respectively) such as
Ru(7°-cot)(dmfm)(L") [2;'* L' = pyridine, propylamine, benzylamine, or
dimethylamine; cot = 1,3,5-cyclooctatriene; dmfm = dimethyl fumarate] and
Ru(1-2:5-6-7-cot)(dmfm)(L?) [3;" L? = 2,2 -bipyridyl or 1,10-phenanthroline].
Complexes 2 and 3 are easily derived from Ru(7’-cot)(dmfm), (1)'® (Scheme 1).
Complex 1 shows excellent catalytic activity in unusual dimerization of

3.1 10,14
0%1.0

2,5-norbornadiene to give pentacyclo[6.6.0.0%° Jtetradeca-4,11-diene

(PCTD) involving carbon—carbon bond cleavage and reconstruction of a novel



Scheme 1. Reactions of 1 with Mono- or Bidentate Nitrogen Ligands
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carbon skeleton under very mild conditions (eq 1).!® Complex 1 has been

revealed to be a versatile starting material for preparation of various Ru(0)

complexes.'*'>">"® We now report a series of novel zerovalent ruthenium

complexes with three pyridine ligands and those with tridentate pyridyl ligands

derived from 1.
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Results and Discussion

A pyridine solution of Ru(#7°-cot)(dmfm), (1) was refluxed for 2 h to give
Ru(dmfm),(pyridine); (4) in 58% yield via the dissociation of the cot ligand in 1
followed by the coordination of three pyridine molecules (eq 2). It is noteworthy
that no stereoisomer was included in the product of this reaction. Complex 4 is a

zerovalent ruthenium complex with both o-donor and z~acceptor ligands, and
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Figure 1. Structure of Ru(dmfm),(pyridine);:CH,Cl, (4-CH,Cl,). CH,Cl, and
some hydrogen atoms are omitted for clarity. Thermal ellipsoids are given at
30% probability level.



Table 1. Summary of Crystal Data, Collection Data, and Refinement of 4,

5b, and 10a

4-CH,Cl, 5b'2{(CH3)2CO} 10a
empirical formula Sﬁi{éiFBOSR‘l gfzgﬁgjg(%}%u C29H39N3010Ru
fw 711.56 738.76 690.71
crystal color brown brown black
crystal system triclinic monoclinic monoclinic
space group PT (#2) P2i/c (#14) P2y (#4)
a(A) 10.830(6) 13.6929(9) 9.064(9)
b (A) 15.52(1) 14.027(1) 17.019(5)
c(A) 10.035(6) 18.8621(2) 10.776(5)
a (deg) 104.38(6) 90 90
S (deg) 105.46(5) 111.98(1) 110.86(4)
y(deg) 82.78(5) 90 90
V(A% 1571.8(2) 3359.4(5) 1553.3(2)
VA 2 4 2
Deatcq (g/em’) 1.503 1.461 1.477
1 (Mo Ka) (em™) 7.20 527 5.64
T (°C) 23.0 -160.0 23.0
2 Bnax (deg) 55.0 55.0 55.0
no. of measd reflns 7581 35799 3991
no. of obsd reflns 7199 7531 3680
residuals: R; Ry 0.028; 0.030 0.054; 0.100 0.085; 0.099
GOF 1.40 1.21 1.20

follows the 18-electron rule. The "H NMR spectrum of 4 exhibited two singlets
(0 3.36 and 2.98) corresponding to the methoxy groups of dmfm and an AB
quartet (6 4.23 and 3.97, J = 8.6 Hz) corresponding to the olefinic protons of
dmfm. In the "H NMR spectrum of 4, eleven non-equivalent protons for pyridine
ligands were observed for these 15 protons, which means that two axial pyridine
ligands are not equivalent each other. Therefore, the structure of 4 in solution
could be C; symmetry; one of two dmfm ligands in 4 coordinates with (re, re)
enantioface and the other with (si, si) enantioface. This means that one of the
dmfm ligands must dissociate once and re-coordinate to the ruthenium center

through the formation reaction of 4.



Table 2. Selected Bond Distances (A) for 4

Ru-N(1) 2.133(2) Ru-N(2) 2.221(2)
Ru-N(3) 2.135(2) Ru—C(1) 2.148(3)
Ru-C(2) 2.194(3) Ru—C(7) 2.129(3)
Ru-C(8) 2.172(3) 0(1)-C(3) 1.216(3)
0(2)-C(3) 1.347(3) 0(2)-C(4) 1.443(3)
0(3)-C(5) 1.211(3) 0(4)-C(5) 1.355(3)
0(4)-C(6) 1.435(3) 0(5)-C(9) 1.211(3)
0(6)-C(9) 1.352(4) 0(6)-C(10) 1.434(3)
0(7)-C(11) 1.209(3) 0(8)-C(11) 1.345(3)
0(8)-C(12) 1.440(4) N(1)=C(13) 1.343(3)
N(1)-C(17) 1.346(3) N(2)-C(18) 1.347(3)
N(2)-C(22) 1.341(3) N(3)-C(23) 1.348(3)
N(3)-C(27) 1.339(3) C(1)-C(2) 1.437(3)
C(1)-C(5) 1.468(3) C(2)-C(3) 1.462(3)
C(7)-C(8) 1.437(3) C(7)~C(11) 1.475(3)
C(8)-C(9) 1.459(4) C(13)-C(14) 1.382(3)
C(14)-C(15) 1.372(4) C(15)-C(16) 1.373(4)
C(16)-C(17) 1.387(4) C(18)-C(19) 1.372(4)
C(19)-C(20) 1.376(4) C(20)-C(21) 1.366(5)
C(21)-C(22) 1.379(4) C(3)-C(24)  1.382(4)
C(24)-C(25) 1.373(4) C(25)-C(26) 1.371(4)
C(26)-C(27) 1.386(3)

The structure of 4 was exactly confirmed by X-ray analysis (Figure 1). The
crystal data and the details are summarized in Table 1. The selected bond
distances and angles of 4 are given in Tables 2 and 3, respectively. The structure
of 4 is rationalized as a distorted trigonal bipyramid, in which three molecules of
pyridine occupy two axial and one equatorial positions, and two dmfm ligands
are held in equatorial positions. The olefinic double bonds of the dmfm ligands
lie in the equatorial plane. There is a mirror plane including N(1), N(2), N(3)
and Ru atoms, which makes complex 4 C; symmetric as discussed above. The
angle of N(1)-Ru—-N(3) is 175.40(8)°, which implies that the coordinated N(1)
and N(3) of the o~donor ligands occupy axial positions. The axial Ru—N bond \



Table 3. Selected Bond Angles (deg) for 4

N(1)-Ru-N(2)
N(1)-Ru-C(1)
N(1)-Ru~C(7)
N(2)-Ru-N(3)
N(2)-Ru-C(2)
N(2)-Ru-C(8)
N(3)-Ru-C(2)
N(3)-Ru-C(8)
C(1)-Ru—C(7)
C(2)-Ru—C(7)
C(7)-Ru-C(8)
Ru-N(1)-C(17)
Ru-N(2)-C(22)
Ru-N(3)-C(27)
Ru-C(1)-C(5)
Ru-C(2)-C(3)
Ru-C(7)-C(11)
Ru-C(8)-C(9)
N(1)-C(17)-C(16)
N(2)-C(22)-C(21)
N(3)-C(27)-C(26)
0(1)-C(3)-C(2)
0(3)-C(5)-0(4)
0(4)-C(5)-C(1)
0(5)-C(9)-0(6)
0(6)-C(9)-C(8)
O(7)-C(11)-C(7)
0(8)-C(11)-C(7)
C(3)-0(2)~C(4)
C(8)-C(7)-C(11)
C(11)-0(8)-C(12)
C(13)-C(14)-C(15)
C(15)-C(16)-C(17)
C(18)-C(19)-C(20)
C(20)-C(21)-C(22)
C(23)-C(24)-C(25)
C(25)-C(26)-C(27)

92.2(1)
82.1(1)
93.1(1)
83.9(1)
93.4(1)
95.4(1)
87.8(1)
89.2(1)
96.1(1)

131.6(1)
39.03(9)

121.8(2)

120.0(2)

123.1(2)

125.4(2)

116.7(2)
118.8(2)
120.6(2)

123.2(3)

122.7(3)
123.2(3)
124.3(2)
121.7(2)
109.3(2)
121.2(3)
113.5(2)
126.4(3)
111.5(2)
116.2(2)
117.6(2)
116.2(3)
119.1(3)
119.1(3)
119.2(3)
119.7(3)
119.4(3)
119.5(3)

N(1)-Ru-N(3)
N(1)-Ru-C(2)
N(1)-Ru-C(8)
N(2)-Ru-C(1)
N(2)-Ru-C(7)
N(3)-Ru-C(1)
N(3)-Ru-C(7)
C(1)-Ru-C(2)
C(1)-Ru—C(8)
C(2)-Ru-C(8)
Ru-N(1)-C(13)
Ru-N(2)-C(18)
Ru-N(3)-C(23)
Ru-C(1)-C(2)
Ru-C(2)-C(1)
Ru-C(7)-C(8)
Ru-C(8)-C(7)
N(1)-C(13)-C(14)
N(2)-C(18)-C(19)
N(3)-C(23)-C(24)
0(1)-C(3)-0(2)
0(2)-C(3)-C(2)
0(3)-C(5)-C(1)
C(5)-0(4)-C(6)
C(1)-C(2)-C(3)
0(5)-C(9)-C(8)
O(7)-C(11)-0(8)
C(2)-C(1)~C(5)
C(7)-C(8)-C(9)
C(9)-0(6)-C(10)
C(13)-N(1)-C(17)

C(14)-C(15)-C(16)

C(18)-N(2)-C(22)

C(19)-C(20)-C(21)

C(23)-N(3)-C(27)

C(24)-C(25)-C(26)

175.40(8)
94.9(1)
88.6(1)

130.01(9)

133.89(9)

102.3(1)
87.8(1)
38.63(9)

133.7(1)

170.36(9)

121.8(2)

122.7(2)

120.5(2)
72.4(1)
69.0(1)
72.1(1)
68.9(1)

123.6(3)

123.2(3)

123.2(3)

121.8(2)

113.8(2)

129.0(2)

116.9(2)

122.6(2)

125.3(3)

122.1(2)

123.6(2)

122.2(2)

117.2(3)

116.4(2)

118.7(3)

116.9(2)

118.4(3)

116.5(2)

118.2(3)




distances [Ru-N(1) = 2.133(2) and Ru-N(3) = 2.135(2) A] are shorter than that
of a monopyridine ruthenium(0) complex, 2 [Ru-N = 2.175(3) Al," but are in
the typical range for the Ru-N(pyridine) o-bond of ruthenium complexes
bearing three pyridine ligands."” The equatorial Ru—N bond distance [Ru-N(2) =
2.221(2) A] is exceptionally longer than the axial Ru-N bond distances. One
reason for this difference would be the decrease of the electron density on the
ruthenium atom by back donation to the dmfm ligands. The same tendency was
observed in the result of X-ray analysis of the reported bipyridyl ruthenium(0)
complex, 3.

A tridentate nitrogen ligand, 2,2":6",2" -terpyridine (terpy), was reacted
with 1 in acetone under reflux for 2 h to afford a mixture of stereoisomers of a
novel ruthenium(0) complex, Ru(dmfm),(terpy) (5) in 36% yield via the
substitution between the cot ligand and terpy. In this reaction, the starting
complex was completely consumed. The '"H NMR spectrum of the reaction
mixture showed that the selective formation of § was unsuccessful and a mixture
of various complexes was formed. Using column chromatography, only complex
5 could be isolated. The obtained complexes were revealed to be a mixture of
two stereoisomers, Sa and Sb in eq 3, based on the NMR spectra and the ratio of
5a to Sb was 2.5:1. The structure of 5a resembles that of 4, but that of Sb is
different from those of 4 and 5a; in Sa, two dmfm Iigands coordinate with (re,
re) and (si, si) enantiofaces, respectively, but in Sb, both of the dmfm ligands
coordinate with the same enantiofaces, (si, si) and (si, si) [or (re, re) and (re, re)

in the enantiomer]. Thus, Sa has a mirror plane containing all nitrogen atoms

E 7N o
. '

E
g R| (1 equiv)
PR ..\l/
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E \ - CgH1o

1

5a (total 36%) 5b
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Figure 2. Structure of Ru(dmfm),(terpy)-2{(CH;),CO} [Sb-2{(CHj;),CO}].
Two molecules of acetone [(CH3),CO] and some hydrogen atoms are omitted for
clarity. Thermal ellipsoids are given at 50% probability level.

and the Ru center, while complex Sb has a C, symmetry vaxis involving the
Ru—N(central) bonds.

A number of ruthenium(II) complexes having a terpy ligand were reported
so far.? Although the selective formation of one of the stereoisomers has not
been achieved, 5a and Sb are the first example of an isolable mononuclear
zerovalent ruthenium complex with a tridentate nitrogen ligand.

The structure of 5b was confirmed by X-ray analysis. Single crystals of Sb



Table 4. Selected Bond Distances (A) for S5b

Ru-N(1) 2.078(1) Ru-N(2) 2.002(1)
Ru-N(3) 2.072(1) Ru-C(1) 2.163(2)
Ru-C(2) 2.159(2) Ru—C(7) 2.154(2)
Ru-C(8) 2.159(2) 0(1)-C(3) 1.213(2)
0(2)-C(3) 1.356(2) 0(2)-C(4) 1.441(2)
0(3)-C(5) 1.217(2) 0(4)-C(5) 1.355(2)
0(4)-C(6) 1.442(2) 0(5)-C(9) 1.221(2)
0(6)-C(9) 1.357(2) 0(6)-C(10) 1.444(2)
O(7)-C(11) 1.225(2) 0(8)-C(11) 1.360(2)
0(8)-C(12) 1.442(2) N(1)-C(13) 1.345(2)
N(1)-C(17) 1.376(2) N(2)-C(18) 1.345(2)
N(2)-C(22) 1.343(2) N(3)-C(23) 1.373(2)
N(3)-C(27) 1.341(2) C(1)-C(2) 1.441(3)
C(1)-C(5) 1.465(2) C(2)-C(3) 1.473(2)
C(7)-C(8) 1.437(2) C(7)-C(11) 1.459(2)
C(8)-C(9) 1.462(2) C(13)-C(14) 1.387(3)
C(14)-C(15) 1.384(3) C(15)-C(16) 1.387(3)
C(16)-C(17) 1.390(2) C(17)-C(18) 1.481(2)
C(18)-C(19) 1.396(2) C(19)-C(20) 1.390(3)
C(20)-C(21) 1.394(3) C(21)-C(22) 1.390(2)
C(22)-C(23) 1.447(2) C(23)-C(24) 1.387(3)
C(24)-C(25) 1.384(3) C(25)-C(26) 1.385(3)
C(26)-C(27) 1.395(2)

were obtained by recrystallization of the mixture of 5Sa and 5b from
acetone/pentane. The ORTEP drawing of Sb is displayed in Figure 2. The crystal
data and the details are summarized in Table 1. The sélected bond distances and
angles of Sb are given in Tables 4 and 5, respectively. The structure of Sb is
rationalized as a distorted trigonal bipyramid, in which the outer pyridyl
moieties of terpy occupy axial coordination sites, and the central one is placed at
an equatorial position. Both of the dmfm ligands are held in equatorial positions.
These results indicate that the coordination number of Sb is five, and complex
Sb is a zerovalent ruthenium complex following the 18-electron rule. Three
pyridyl rings are almost on the same plane. The bond angle of N(1)-Ru-N(3) is
158.23(6)°, which is within the range [156.9(5) to 159.8(1)°] observed for other

ruthenium(IT) complexes having a terpy ligand."** The equatorial Ru—N bond



Table S. Selected Bond Angles (deg) for Sb

N(1)-Ru-N(2)
N(2)-Ru-N(3)
N(1)-Ru-C(2)
N(1)-Ru-C(8)
N(2)-Ru~C(2)
N(2)-Ru—C(8)
N(3)-Ru-C(2)
N(3)-Ru-C(8)
C(1)-Ru-C(2)
C(1)-Ru-C(8)
C(7-Ru-C(8)
Ru-N(1)-C(17)
Ru-N(2)-C(22)
Ru-N(3)-C(27)
Ru-C(1)-C(5)
Ru-C(2)-C(3)
Ru-C(7)-C(11)
Ru-C(8)-C(9)
N(1)-C(17)-C(16)
N(2)-C(18)-C(17)
N(2)-C(22)-C(21)
N(3)-C(23)-C(24)
N(3)-C(27)-C(26)
0(1)-C(3)-C(2)
C(3)»-0(2)-C(4)
0(3)-C(5)-0(4)
0(5)-C(9)-0(6)
0(6)-C(9)-C(8)
O(7)-C(11)-C(7)
O(8)-C(11)-C(7)
C(2)-C(1)}-C(5)
C(5)-O(4)-C(6)
C(11)-0(8)-C(12)
C(13)-C(14)-C(15)
C(15)-C(16)-C(17)
C(17)-C(18)-C(19)
C(18)-C(19)-C(20)
C(20-C(21)-C(22)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
C(25)-C(26)-C(27)

79.10(6)
79.12(6)
87.95(6)
90.01(6)
91.79(6)
93.17(6)
92.94(6)
87.28(6)
38.97(7)

135.96(8)
38.93(6)

113.6(1)

118.3(1)

128.4(0)

117.6(1)

112.4(1)

117.3(1)

110.6(1)

121.8(2)

127.02)

119.6(2)

115.1(1)

123.1(2)

127.12)

115.6(1)

122.5(2)

122.0(2)

110.6(1)

120.7(2)

111.1(1)

120.8(2)

115.5(2)

114.9(1)

119.22)

119.3(2)

120.7(2)

118.4(2)

118.6(2)

123.1(2)

119.5(2)

118.7(2)

N(1)-Ru-N(3)
N(1)-Ru-C(1)
N(1)-Ru~C(7)
N(2)-Ru—C(1)
N(2)-Ru-C(7)
N(3)-Ru-C(1)
N(3)-Ru—C(7)
C(2)-Ru—C(7)
C(1)-Ru-C(7)
C(2)-Ru-C(8)
Ru-N(1)-C(13)
Ru-N(2)-C(18)
Ru-N(3)-C(23)
Ru-C(1)-C(2)
Ru-C(2)-C(1)
Ru~C(7)-C(8)
Ru-C(8)-C(7)
N(1)-C(13)-C(14)
N(1)-C(17)-C(18)
N(2)-C(18)-C(19)
N(2)-C(22)-C(23)
N(3)-C(23)-C(24)
O(1)-C(3)-0(2)
0(2)-C(3)-C(2)
0(3)-C(5)-C(1)
0(4)-C(5)-C(1)
0(5)-C(9)-C(8)
O(7)-C(11)-0(8)
C(7)-C(8)-C(9)
C(1)-C(2)-C(3)
C(8)-C(7)-C(11)
C(9)-0(6)-C(10)
C(13)-N(1)-C(17)
C(14)-C(15)-C(16)
C(16)-C(17)-C(18)
C(18)-N(2)-C(22)
C(19)-C(20)-C(21)
C(21)-C(22)-C(23)
C(23)-N(3)-C(27)
C(24)-C(25)-C(26)

158.23(6)
103.85(6)
89.52(6)
129.33(6)
130.15(6)
89.93(6)
104.66(6)
136.55(7)
100.52(6)
174.92(7)
128.6(1)
118.7(1)
113.9(1)
70.38(10)
70.66(9)
70.71(9)
70.36(10)

122.902)

115.4(1)
119.8(2)
113.5(1)
121.8(2)
122.1(2)
110.8(2)
127.5(2)
110.1(2)
127.4(2)
121.9(2)
121.0¢1)
119.8(2)
120.9(2)
115.4(1)
117.7(1)
119.1(2)
122.8(2)
122.9(1)
120.6(2)
126.9(2)
117.7(1)
119.1(2)




distance [Ru—N(2) = 2.002(1) A] was shorter than that of the axial Ru-N bond
[Ru-N(1) = 2.078(1) and Ru-N(3) = 2.072(1) A}, but is typical of Ru"(terpy)
| complexes. This deviation is attributed to the geometrical constraints of the
terpy backbone. These results point out that terpy holds the Ru atom tightly, and
the ligand does not tend to dissociate from the Ru center.

A strong tridentate o-donor ligand, 2,6-bis(imino)pyridine (NN'N) such as
2,6-bis{1-(phenylimino)ethyl}pyridine, was reacted with 1 in 1,4-dioxane under
reflux for 2 h to give Ru(dmfm)z(NN’N) (6) in 21% yield (eq 4). In a similar
manner, 2,6-bis{(1-isopropylimino)ethyl}pyridine reacted with 1 to afford an
analogue 7 in 29% yield (eq 4). The products of these reactions were also a
mixture of stereoisomers; one of which has two dmfm ligands coordinated with
a combination of same enantiofaces, and the other has two dmfm ligands
coordinate with a combination of (si, si) and (re, re) faces. The isolation of each

isomer has not been achieved. The ratio of 6a to 6b was revealed to be 5.6:1,

and that of 7a to 7b to be 3.7:1 by the "H NMR spectra.

X
»
E N R R
S N N E N E N
E Ei R” 1 equiv) R LT | = L | )=
equiv w vl 4
—_ Ll Ru N + Ru N
\g R“/,\’[ 1,4-dioxane /\{E\ \_/ E o~ \ y 7 *)
E \/ reflux, 2 h ET N N \_ N
- CgH1o R E K
1 6a (R=Ph;total21%) 6b

7a (R='Pr; total 29%) 7b

Switching the coordinative enantioface of one of the dmfm ligands through
this reaction suggests that the reaction would begin with the dissociation of the
dmfm ligand (Scheme 2). The generated vacant site would be occupied by one
of the terminal imine moieties to give an intermediate 8. This is supposed on the

basis of our report on the formation of ruthenium(0) complexes with
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Scheme 2. Mechanism of the Formation of a Tridentate Nitrogen Complex
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monodentate nitrogen ligands.'* Then the dissociation of the central olefinic
group of the cot ligand is followed by the coordination of the central pyridyl
group of the tridentate ligand to afford an intermediate 9, according to the
reported reaction pathway to form ruthenium(0) complexes having bidentate
nitrogen ligands.”” The complete dissociation of the cot ligand and the
coordination of the last nitrogen moiety formed the Ru(N-N"-N) species. Finally,
the dissociated dmfm coordinates again in the place of the cot ligand with the (s,
si) or (re, re) enantioface, which would produce stereoisomers such as a and bin
Scheme 2. The cot ligand is not directly substituted by a tridentate nitrogen
ligand. This mechanism would be able to explain the formation of the analogous
complexes reported in this paper. In case of 4, however, the reason why only one
isomer could be obtained has not been clarified.

By using an asymmetric tridentate nitrogen ligand, 2,6-bis(oxazolinyl)-
pyridine (Pybox), successful enantioface-selective coordination of dmfm or
trans-cyclooctene to ruthenium(Il) was reported by Nishiyama et al.?1?
Complex 1 reactéd with 2,6-bis[(4S5)-(—-)-isopropyl-2-oxazolin-2-yl]pyridine
(i-Pr-Pybox) in 1,2-dichloroethane under reflux for 2 h to afford a mixture of

two stereoisomers of Ru(dmfm),(i-Pr-Pybox) (10a, and 10b or 10c) in good



Scheme 3. Reaction of 1 with i-Pr-Pybox
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yield (Scheme 3). Although the selective formation of only one stereoisomer
could not be achieved, the formation of the one isomer (10b or 10c¢) could be
successfully prevented. The ratio of 10a to 10b (or 10c) was revealed to be 1:1
by the '"H NMR spectrum. The structures of the products were deduced on the
basis of 'H, >C NMR and IR spectra. The structure of 10a was confirmed by
X-ray analysis. The used single crystals of 10a were obtained by the
recrystallization of the mixture of 10a and 10b (or 10¢) from acetone/pentane.
The ORTEP drawing of 10a is shown in Figure 3. The crystal data and the
details are given in Table 1. The selected bond distances and angles of complex
10a are given in Tables 6 and 7, respectively. The coordination number of 10a is
five and it is also a zerovalent ruthenium complex satisfying the 18-electron rule.
The structure of 10a is represented by a trigonal bipyramid. The nitrogen atoms
of the oxazolinyl group occupy axial positions, and the pyridyl moiety of
i-Pr-Pybox and two dmfm ligands coordinated at equatorial positions. One of the

dmfm ligands coordinates to the ruthenium center with the (si, si) face and the
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Figure 3. ORTEP drawing of Ru(dmfm),(i-Pr-Pybox) (10a). Some hydrogen
atoms are omitted for clarity. Thermal ellipsoids are given at 30% probability
level.

other with the (re, re) face. Thus, any atoms in 10a could not be equivalent with
each other in the NMR spectra.

Unfortunately, it could not be achieved to elucidate which isomer, 10b or
10c¢, was formed. Both 10b and 10c have a symmetry axis including the bond
between Ru and the nitrogen atom of the central pyridyl group. Thus, the results
of NMR spectra of these complexes must be very similar.

Considering the steric repulsion between i-Pr of Pybox and the ester groups



Table 6. Selected Bond Distances (A) for 10a

Ru(1)-N(1) 2.13(2) Ru(1)-N(2) 2.02(1)
Ru(1)-N@3) 2.16(2) Ru(1)-C(1) 2.11(2)
Ru(1)-C(2) 2.13(2) Ru(1)-C(7) 2.19(2)
Ru(1)-C(8) 2.20(2) 0(1)-C(3) 1.22(2)
0(2)-C(3) 1.30(3) 0(2)-C(4) 1.46(2)
0(3)-C(5) 1.19(3) O(4)-C(5) 1.40(3)
O(4)-C(6) 1.45Q2) O(5)-C(9) 1.30(3)
0(6)-C(9) 1.28(3) O(6)-C(10) 1.42(3)
O(7)-C(11) 1.27(3) O(8)-C(11) 1.24(2)
0(8)-C(12) 1.42(2) 0(9)-C(18) 1.37(2)
0(9)-C(20) 1.42(3) 0O(10)-C(24) 1.35(2)
0(10)-C(26) 1.48(3) N(1)-C(18) 1.30(3)
N(1)-C(19) 1.48(3) N(@2)-C(13) 1.38(2)
N(2)-C(17) 1.33(2) N(3)-C(24) 1.30(3)
N(3)-C(25) 1.52(3) C(1)-C(2) 1.39(3)
C(1)-C(5) . 1.48(3) C(2)-C@3) 1.46(2)
C(7)-C(8) 1.47(3) C(7)-C(11) 1.47(3)
C(8)-C(9) 1.38(3) C(13)-C(14) 1.41(3)
C(13)-C(18) 1.46(3) C(14)-C(15) 1.32(3)
C(15)-C(16) 1.38(3) C(16)-C(17) 1.37(3)
C(A7-C(24)  1.46(3) C(19)-C(20) 1.55(3)
C(19)-C(21) 1.503) C(21)-C(22) 1.55(3)
C(21)-C(23) 1.48(3) C(25)-C(26) 1.48(3)
C(25)-C(27) 1.56(3) - CQT)-C(28) 1.52(3)
- C(27)-C(29) 1.54(3)

of dmfm, complex 10¢ seems to be more stable than 10b. Nishiyama and
coworkers showed that the (S,S)-Ph-Pybox coordinated ruthenium(II) compléx
can select the enantioface of dmfm and the dmfm ligand coordinates by the
(re,re) face.”'® This is the result of the repulsion between Ph groups of Pybox
and the ester groups of dmfm. Therefore, it could be possible to say that 10¢ is
more stable than the other isomers.

The mechanism for the formation of complexes 10 could also be inferred as
shown in Scheme 2. This mechanism can explain the prevention of the
formation of one isomer, 10b or 10c. The starting material 1 has two dimethyl

fumarate ligands; one of which would not dissociate during the formation



Table 7. Selected Bond Angles (deg) for 10a

N(1)-Ru(1)-N(2)
N(2)-Ru(1)-N(3)
N(2)-Ru(1)-C(1)
N(1)-Ru(1)-C(2)
N(3)-Ru(1)-C(2)
N(1)-Ru(1)-C(7)
N(3)-Ru(1)-C(7)
C(2)-Ru(1)-C(7)
N(2)-Ru(1)-C(8)
C(1)-Ru(1)-C(8)
C(7)-Ru(1)-C(8)
Ru(1)-N(1)-C(18)
Ru(1)-N(2)-C(17)
Ru(1)-N(3)-C(25)
Ru(1)-C(1)-C(5)
Ru(1)-C(2)-C(3)
Ru(1)-C(7)-C(11)
Ru(1)-C(8)-C(9)
N(1)-C(19)-C(20)
N(2)-C(13)-C(14)
N(2)-C(17)-C(16)
N(3)-C(24)-C(17)
N(3)-C(25)-C(27)
0(1)-C(3)-C(2)
0(3)-C(5)-0(4)
0(4)-C(5)-C(1)
0(5)-C(9)-C(8)
0(6)-C(9)-C(8)
0(7)-C(11)>-0(8)
0(9)-C(18)-C(13)
0(10)-C(24)-N(3)
0(10)-C(26)-C(25
C(2)-C(1)-C(5)
C(5)-0(4)-C(6)
C(8)-C(7)-C(11)
C(11)-0(8)-C(12)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(15)-C(16)-C(17)
C(18)-0(9)-C(20)
C(19)-C(21)-C(23)
C(22)-C(21)-C(23)
C(24)-O(10)-C(26
C(25)-C(27)-C(29)
C(28)-C(27)-C(29)

78.5(6)

74.8(5)
128.1(6)

97.8(6)

84.8(7)

87.8(6)
109.3(6)
134.8(8)

97.8(6)
134.2(8)

39.1(7)
109.9(1)
123.6(1)
140.3(1)
119.9(1)
115.7(1)
121.0(1)
109.3(1)
101.3(2)
120.6(2)
123.002)
120.8(2)
108.2(2)
121.5(2)
119.7(2)
111.6(2)
125.6(2)
114.32)
120.7(2)
120.3(2)
118.32)
107.9(2)
124.0(2)
115.1(2)
122.4(2)
121.7(2)
119.3(2)
120.2(2)
119.0(2)
104.9(2)
109.2(2)
111.4(2)
102.6(2)
107.4(2)
110.3(2)

N(1)-Ru(1)-N(3)
N(1)-Ru(1)-C(1)
N(3)-Ru(1)}-C(1)
N(2)-Ru(1)-C(2)
C(1)-Ru(1)-C(2)
N(2)-Ru(1)-C(7)
C(1)-Ru(1)-C(7)
N(1)-Ru(1)-C(8)
N(3)-Ru(1)-C(8)
C(2)-Ru(1)-C(8)
Ru(1)-N(1)-C(19)
Ru(1)-N(2)-C(13)
Ru(1)-N(3)-C(24)
Ru(1)-C(1)-C(2)
Ru(1)-C(2)-C(1)
Ru(1)-C(7)-C(8)
Ru(1)-C(8)-C(7)
N(1)-C(18)-C(13)
N(1)-C(19)-C(21)
N(2)-C(13)-C(18)
N(2)-C(17)-C(24)
N(3)-C(25)-C(26)
O(1)-C(3)-0(2)
0(2)-C(3)-C(2)
0(3)-C(5)-C(1)
0(5)-C(9)-0(6)
0(8)-C(11)-C(7)
O(7)-C(11)-C(7)
0(9)-C(18)-N(1)
0(9)-C(20)-C(19)
0(10)-C(24)-C(17)
C(1)-C(2)-C(3)
C(3)-0(2)-C(4)
C(7)-C(8)-C(9)
C(9)-0(6)-C(10)
C(13)-N(Q2)-C(17)
C(14)-C(13)-C(18)
C(16)-C(17)-C(24)
C(18)-N(1)-C(19)
C(19)-C(21)-C(22)
C(20)-C(19)-C(21)
C(24)-N(3)-C(25)
C(25)-C(27)-C(28)
C(26)-C(25)-C(27)

153.3(7)

93.8(7)
104.0(7)

91.4(7)

38.3(7)
133.4(6)

96.8(7)

95.7(7)

86.2(7)
165.0(7)
140.2(1)
118.9(1)
112.5(1)

71.5(1)

70.2(1)

70.8(1)

70.1(1)
123.5(2)
114.8(2)
108.8(2)
108.1(2)
100.9(2)
125.6(2)
112.8(2)
128.6(2)
120.1(2)
115.9(2)
123.5(2)
116.0(2)
104.6(2)
120.6(2)
128.0(2)
119.4(2)
124.7(2)
120.3(2)
117.12)
130.4(2)
128.6(2)
107.72)
111.4Q2)
117.5(2)
106.6(2)
114.5(2)
114.3(2)




reaction of 10, whereas the other would dissociate once and then re-coordinate
to the ruthenium center. The enantioface of the former dmfm ligand can be
either (si, si) or (re, re). On the other hand, the enantioface of the latter dmfm
ligand would be selected by (S,5)-i-Pr-Pybox ligand when it re-coordinates to
the ruthenium center. Based on the results reported by Nishiyama et al.,*' it
seems likely that (S,5)-i-Pr-Pybox ligand would select the enantioface of the
re-coordinated dmfm ligand as (re, re). If the same selection of the enantioface is
performed in the formation of 10, the formation of 10b might be difficult.

As for complexes 10, the substitution of the coordinated dimethyl fumarate
ligands with external dimethyl fumarate was examined. A solution of complexes
10 and H;CO,CCD=CDCO,CHj3 (dimethyl fumarate-d,; 8 equiv) in 1,2-di-
chloroethane was refluxed for 2 h. After solvent was evaporated, the 'H NMR of
the residue in CDCl; proved that none of dimethyl fumarate-d, was incorporated
in complexes 10. This result indicates that the dissociation and re-coordination
of the dimethyl fumarate ligands do not occur, and thus there is no equilibrium

between complexes 10a and 10¢ (or 10b).

Conclusion

Complex 1 is revealed to be a parent complex for various zerovalent
ruthenium complexes. In contrast to the reaction of 1 with mono- or bidentate
nitrogen ligands, in the present reaction with tridentate pyridine ligands, the cot
ligand of 1 was dissociated completely to afford a novel series of zerovalent
complexes Ru(dmfm),(N-N'-N). Complexes 4, 5, 6, 7, and 10 are interesting
complexes possessing both electron-deficient olefinic ligands and electron-riich
o-donor N-ligands. Some of the zerovalent complexes are expected to be

valuable catalyst precursors.
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Experimental Section

Materials or Methods. All manipulations were performed under an argon
atmosphere using standard Schlenk Techniques. All solvents were distilled under
argon over appropriate drying reagents (sodium, calcium chloride, and calcium
hydride). Complex 1, 2,6-bis{(1-isopropylimino)ethyl}pyridine, 2,6-bis-{(1-
phenylimino)ethyl} pyridine, and H;CO,CCD=CDCO,CHj; (dimethyl fumarate-
dy) were synthesized as described in the literature.”'®* 2,2":6",2""-Terpyridine
(terpy), and 2,6-bis[(4S)-(=)-isopropyl-2-oxazolin-2-yl]pyridine (i-Pr-Pybox)
were obtained commercially and used without further purification. All new
compounds are characterized below.

Physical and Analytical Measurements. NMR spectra were recorded on a
JEOL EX-400 (FT, 400 MHz (‘H), 100 MHz("°C)) instrument. Chemical shifts
(8) for 'H and C are referenced to internal solvent resonances and reported
relative to SiMe,. IR spectra were recorded using a Nicolet Impact 410 FT-IR
spectrometer. HR-MS spectra were recorded on JEOL SX102A spectrometers
with m-nitrobenzyl alcohol (m-NBA) as a matrix. Elemental analyses of the
complexes except for 6 were performed at the Microanalytical Center of Kyoto
University. Elemental analysis of 6 was performed using PerkinElmer PE 2400
series IT CHNS/O analyzer.

Synthesis of Ru(dmfm),(pyridine); (4). In a 20 mL two-necked flask

equipped with a reflux condenser and a stirring bar, Ru(7°-cot)(dmfim), (1; 0.50
g, 1.0 mmol) was placed under an argon atmosphere. Then 5.0 mL of pyridine
was added and the mixture was refluxed for 2 h. The solution was
chromatographed on alumina (activity II-III). Elution with hexane-pyridine
(50:50) gave an orange solution, from which the solvent was evaporated. The
orange residue was recrystallized from CH,Cl,/pentane to give complex

4-CH,Cl, (0.416 g, 58% yield).



Complex 4-CH,Cl,: Orange crystals, mp 100-102 °C dec. Anal. Calcd for
C,7H31N305Ru-CH,Cl,: C, 47.26; H, 4.67; N, 5.91; Cl, 9.96. Found: C, 46.99; H,
4.68; N, 5.83; Cl, 9.99. IR (KBr disk): 3047, 2943, 1697, 1659, 1435, 1262,
1169, 1041 cm™. "H NMR (400 MHz, CD,CL): §9.23 (d, 2H, J = 4.8 Hz, Py),
8.11 (br, 1H, Py), 8.00 (d, 2H, J= 6.1 Hz, Py) 7.80 (t, 1H, J= 7.3 Hz, Py), 7.39
(t, IH, J= 7.3 Hz, Py), 7.33 (t, 2H, J= 7.3 Hz, Py), 7.28 (t, 1H, J= 7.3 Hz, Py),
7.20, (br, 1H, Py), 7.09 (br, 1H, Py), 6.73 (t, 2H, J = 7.3 Hz, Py), 6.58 (br, 1H,
Py), 4.23 (d, 2H, J = 8.6 Hz, =CH), 3.97 (d, 2H, J = 8.6 Hz, =CH), 3.36 (s, 6H,
OMe), 2.98 (s, 6H, OMe). °C NMR (100 MHz, CD,Cl,): 6 180,0 (C=0), 177.5
(C=0), 157.9 (Py), 155.6 (Py), 134.6 (Py), 134.6 (Py), 125.7 (Py), 123.2 (Py),
52.3 (=CH), 50.7 (OMe), 49.9 (OMe), 48.5 (=CH).

Synthesis of Ru(dmfm),(terpy) (5a and 5b). In a 20 mL two-necked flask
equipped with a reflux condenser and a stirring bar, Ru(7°-cot)(dmfm), (1; 1.0 g,
2.0 mmol) and terpy (0.49 g, 2.1 mmol) were placed under an argon atmosphere.
Acetone (15 mL) was added and the mixture was refluxed with stirring for 2 h.
The solution was chromatographed on alumina. Elution with CHCl; gave a dark
purple solution, from which the solvent was evaporated. The dark purple residue
was recrystallized from acetone/pentane and the formed microcrystals were
dried under vacuum to give a mixture of complexes Sa and Sb (0.45 g, 36%
yield).

Mixture of 5a and 5b: Dark purple crystals, mp 162-164 °C dec. Anal.
Calcd for Cy7Hp7N3OgRu: C, 52.09; H, 4.37; N, 6.75. Found: C, 52.52; H, 4.62;
N, 6.49. IR spectrum (KBr disk): 2956, 1670, 1446, 1301, 1260, 1148, 1038
cm™.

Complex 5a: '"H NMR (400 MHz, CDCl;): §8.12-7.17 (11H, Hpy), 3.97 (d,
2H, J=12.2 Hz, =CH), 3.78 (s, 6H, OMe), 3.57 (d, 2H, J = 12.2 Hz, =CH), v2.i7l



(s, 6H, OMe). °C NMR (100 MHz, CDCly): §178.6 (C=0), 174.1 (C=0), 157.6
(Py), 156.7 (Py), 155.8 (Py), 155.6 (Py), 155.2 (Py), 155.2 (Py), 136.3 (Py),'
135.5 (Py), 132.9 (Py), 125.5 (Py), 125.4 (Py), 121.0 (Py), 120.6 (Py), 120.0
(Py), 119.6 (Py), 52.6 (=CH), 50.8 (OMe), 49.8 (OMe), 42.9 (=CH).

Complex 5b: "H NMR (400 MHz, CDCl;): §8.12-7.17 (11H, Hpy), 3.85 (s,
6H, OMe), 3.76 (d, 2H, J= 9.3 Hz, =CH), 3.60 (d, 2H, J= 9.3 Hz, =CH), 2.71 (s,
6H, OMe). °C NMR (100 MHz, CDCl;): 8 179.6 (C=0), 174.1 (C=0), 157.4
(Py), 156.5 (Py), 154.6 (Py), 135.9 (Py), 134.8 (Py), 125.6 (Py), 121.4 (Py),
119.8 (Py), 50.7 (OMe), 50.6 (=CH), 49.8 (OMe), 42.5 (=CH).

Synthesis of Ru(dmfm),[2,6-bis{(1-phenylimino)ethyl}pyridine] (6a and
6b). In a 20 mL two-necked flask equipped with a reflux condenser and a
stirring bar, Ru(7°-cot)(dmfm), (1; 0.98 g, 2.0 mmol) and 2,6-bis{(1-phenyl-
imino)ethyl}pyridine (0.62 g, 2.0 mmol) were placed under an argon atmosphere.
Then 1,4-dioxane was added and the mixture was refluxed with stirring for 2 h.
The solution was chromatographed on alumina. Elution with CHCI; gave a dark
purple solution, from which the solvent was evaporated. The dark purple residue
was recrystallized from CHCls/pentane to give a mixture of complexes 6a and
6b (0.29 g, 21% yield).

Mixture of 6a and 6b: Dark purple crystals, mp 178-181 °C dec. HR-MS
FAB® (m/z): 704.1522 (IM + H]’, caled 704.1546). IR spectrum (KBr disk):
2951, 1686, 1438, 1280, 1142, 1055 cm™. Anal. Caled for C33H3sN;OgRu: C,
56.40; H, 5.02; N, 5.98. Found: C, 56.59; H, 5.45; N, 6.03.

Complex 6a: 'H NMR (400 MHz, CDCl;): § 8.02-7.88 (3H, Hpy),
7.40-6.98 (10H, Ha,), 4.27 (d, 2H, J=10.3 Hz, =CH), 4.14 (d, 2H, J=10.3 Hz,
=CH), 3.08 (s, 6H, OMe), 2.86 (s, 6H, OMe), 2.35 (s, 3H, Me), 1.98 (s, 3H, Me).
BC NMR (100 MHz, CDCl;): 6 175.2 (C=0), 174.0 (C=N), 171.1 (C=0), 165.0



(C=N), 159.1 (Py), 152.7 (Py), 148.5 (Py), 148.3 (Py), 131.4 (Py), 127.9 (Ar),
127.4 (Ar), 125.7 (Ar), 125.4 (Ar), 123.9 (Ar), 122.9 (Ar), 122.7 (Ar), 122.4
(Ar),. 54.0 (=CH), 49.5 (OMe), 49.3 (OMe), 46.1 (=CH), 18.7 (Me), 18.1 (Me).

Complex 6b: 'H NMR (400 MHz, CDCl;): § 8.02-7.88 (3H, Hpy),
7.40-7.15 (10H, Hy,), 4.21 (d, 2H, J = 10.7 Hz, =CH), 3.72 (d, 2H, J= 10.7 Hz,
=CH), 3.01 (s, 6H, OMe), 2.99 (s, 6H, OMe), 2.17 (s, 6H, Me). BC NMR (100
MHz, CDCl3): 6 175.8 (C=0), 171.4 (C=0), 169.5 (C=N), 155.9 (Py), 148.8
(Py), 132.7 (Py), 127.6 (Ar), 125.3 (Ar), 122.9 (Ar), 122.4 (Ar), 51.3 (=CH),
49.5 (OMe), 49.3 (OMe), 47.8 (=CH), 18.7 (Me),

Synthesis of Ru(dmfm),|[2,6-bis{(1-isopropylimino)ethyl}pyridine] (7a
and 7b). In a 20 mL two-necked flask equipped with a reflux condenser and a
stirring bar, Ru(7’-cot)(dmfm), (1; 0.15 g, 0.30 mmol) and 2,6-bis{(1-isopropyl-
imino)ethyl}pyridine (0.084 g, 0.34 mmol) were placed under an argon
atmosphere. Then 1,4-dioxane was added and the mixture was refluxed with
stirring for 2 h. The solution was chromatographed on alumina. Elution with
CHCI; gave a dark purple solution, from which the solvent was evaporated. The
dark purple residue was recrystallized from CHCls/pentane to give a mixture of
complexes 7a and 7b (0.086 g, 29% yield). |

Mixture of 7a and 7b: Dark purple crystals, mp 204-206 °C dec. Anal.
Calcd for C,7H30N;05Ru: C, 51.09; H, 6.19; N, 6.62. Found: C, 50.65; H, 5.97,
N, 6.55. IR spectrum (KBr disk): 2980, 2945, 1693, 1683, 1589, 1578, 1459,
1434 cm™. |

Complex 7a: '"H NMR (400 MHz, CDCl;): § 7.80-7.65 (3H, Hpy), 4.70
(heptet, 1H, J= 6.8 Hz, CH of i-Pr), 4.16 (d, 2H, J= 9.6 Hz, =CH), 3.97 (d, 2H,
J=9.6 Hz, =CH), 3.73 (s, 6H, OMe), 3.33 (heptet, 1H, J = 6.8 Hz, CH of i-Pr),
2.74 (s, 6H, OMe), 2.67 (s, 3H, Me), 2.42 (s, 3H, Me), 1.48 (d, 6H, J= 6.8 Hz,



Me of i-Pr), 1.41 (d, 6H, J = 6.8 Hz, Me of i-Pr). C NMR (100 MHz, CDCl;):
0176.7 (C=0), 171.4 (C=0), 170.0 (C=N), 160.8 (C=N), 160.7 (Py), 155.9 (Py),
130.9 (Py), 122.0 (Py), 120.2 (Py), 61.9 (i-Pr), 57.9 (i-Pr), 53.6 (=CH), 50.4
(OMe), 49.6 (OMe), 43.7 (=CH), 23.0 (Me of i-Pr), 22.3 (Me of i-Pr), 19.5 (Me),
19.4 (Me).

Complex 7b: '"H NMR (400 MHz, CDCl;): & 7.80-7.65 (3H, Hp,), 4.22 (d,
2H, J= 9.6 Hz, =CH), 3.97 (d, 2H, J = 9.6 Hz, =CH), 3.85 (m, 2H, J= 7.2 Hz,
CH of i-Pr), 3.77 (s, 6H, OMe), 2.74 (s, 6H, OMe), 2.54 (s, 6H, Me), 1.45 (d, 6H,
J = 7.2 Hz, Me of i-Pr), 1.41 (d, 6H, J = 7.2 Hz, Me of i-Pr). ®C NMR (100
MHz, CHCl;): 6 179.3 (C=0), 172.0 (C=0), 165.4 (C=N), 158.5 (Py), 133.2
(Py), 120.5 (Py), 60.5 (i-Pr), 50.7 (=CH), 50.4 (OMe), 49.6 (OMe), 42.8 (=CH),
23.7 (Me of i-Pr), 21.9 (Me of i-Pr), 19.6 (Me).

Synthesis of Ru(dmfm),(i-Pr-Pybox) (10a and 10b (or 10c¢)). In a 20 mL
two-necked flask equipped with a reflux condenser and a stirring bar,
Ru(7’-cot)(dmfm), (1; 0.50 g, 1.0 mmol) and i-Pr-Pybox (0.31 g, 1.0 mmol)
were placed under an argon atmosphere. Then 1,2-dichloroethane was added and
the mixture was refluxed with stirring for 2 h. The solution was
chromatographed on alumina. Elution with CHCl; gave a dark green solution,
from which the solvent was evaporated. The dark green residue was
recrystallized from CHCls/pentane to give a mixture of complexes 10a and 10b
or 10¢ (0.43 g, 62% yield).

Mixture of 10a and 10b: Dark green crystals, mp 90-92 °C dec. Anal.
Calcd for C,0H3oN30,0Ru: C, 50.43; H, 5.69; N, 6.08. Found: C, 50.42; H, 5.71;
N, 5.80. IR spectrum (KBr disk): 2947, 2869, 2831, 1681, 1387, 1141 cm™,

Complex 10a: 'H NMR(400 MHz, CDCly): 67.85-7.71 (3H, Hpy), 4.59 (dd,
1H, J = 4.4 Hz, J = 8.8 Hz, OCHH), 4.55 (dd, 1H, J = 8.8 Hz, J = 9.6 Hz,



OCHH), 4.49 (d, 1H, J = 10.3 Hz, =CH), 4.44 (t, 1H, J = 9.2 Hz, OCHH), 4.34
(d, 1H, J=10.3 Hz, =CH), 4.18 (dd, 1H, J = 8.4 Hz, J = 12.8 Hz, OCHH), 3.99
(d, 1H, J = 9.8 Hz, =CH), 3.90 (m, 1H, N-CH), 3.83 (m, 1H, N-CH), 3.80 (d,
1H, J= 9.8 Hz, =CH), 3.75 (s, 3H, OMe), 3.65 (s, 3H, OMe), 2.92 (s, 3H, OMe),
2.89 (s, 3H, OMe), 2.49 (m, 2H, CH of i-Pr), 1.15 (d, 3H, J = 6.8 Hz, Me of
i-Pr), 0.95 (d, 3H, J = 6.8 Hz, Me of i-Pr), 0.80 (d, 3H, J = 6.8 Hz, Me of i-Pr),
0.75 (d, 3H, J = 6.8 Hz, Me of i-Pr). C NMR (100 MHz, CDCl;): & 178.0
(C=0), 177.8 (C=0), 173.7 (C=0), 173.0 (C=0), 149.8 (C=N), 146.5 (C=N),
150.0 (ipso-Py), 146.5 (ipso-Py), 133.2 (Py), 122.0 (Py), 121.8 (Py), 71,7 (CH,),
71.3 (CH,), 69.8 (=N—-CH), 67.1 (=N—-CH), 55.8 (=CH), 51.7 (=CH), 50.8
(OMe), 50.3 (OMe), 49.9 (OMe), 49.8 (OMe), 42.5 (=CH), 40.1 (=CH), 26.5
(CH of i-Pr), 26.3 (CH of i-Pr), 22.4 (Me), 19.6 (Me), 16.7 (Me), 14.3 (Me).

Cdmplex 10b or 10c: 'H NMR(400 MHz, CDCl;): 6 7.85-7.71 (3H, Hpy),
4.52 (m, 2H, OCHH), 4.40 (m, 2H, OCHH), 4.24 (d, 2H, J = 10.3 Hz, =CH),
4.12 (d, 2H, J = 10.3 Hz, =CH), 3.49 (m, 2H, N-CH), 3.03 (s, 6H, OMe), 2.52
(m, 2H, CH of i-Pr), 2.04 (s, 6H, OMe), 0.83 (d, 6H, J = 6.8 Hz, Me of i-Pr),
0.69 (d, 6H, J = 6.8 Hz, Me of i-Pr). °C NMR (100 MHz, CDCl;): & 177.9
(C=0), 173.5 (C=0), 161.7 (C=N), 144.4 (ipso-Py), 134.0 (Py), 123.0 (Py), 70.8
(CHp), 67.7 (=N—CH), 50.7 (OMe), 49.9 (OMe), 48.8 (=CH), 42.9 (=CH), 27.3
(CH of i-Pr), 19.5 (Me), 14.1 (Me).

Crystalldgraphic Study of 4 and 10a. Single crystals of 4 and 10a were
obtained by recrystallization from CH,Cly/pentane and acetone/pentane,
respectively. The crystal data and experimental details for 4 and 10a are
summarized in Table 1. All measurements were made on a Rigaku AFC7R
diffractometer with graphite monochromated Mo Ka. radiation (4 = 0.71069 A)
and a rotating anode generator. The reflection intensities were monitored by

three standard reflections at every 150 measurements. No decay correction was



applied. Reflection data were corrected for Lorentz and polarization effects.
Azimuthal scans of several reflections indicated no need for an absorption
correction. The structures were solved by direct methods using SIR92** for 4
and 10a, expanded using Fourier techniques, DIRDIF99,” and refined
anisotropically for non-hydrogen atoms by full-matrix least-squares calculations.
All hydrogen atoms in 4 and 10a were refined using the riding model. The
calculations were performed using the program system CrystalStructure
crystallographic software package. The final atomic parameters for
non-hydrogen atoms of 4 and 10a are given in the Supporting Information.
Crystallographié Study of 5b. Single crystals of Sb were obtained by
recrystallization from acetone/pentane. The crystal data and experimental details
for Sb are summarized in Table 1. All measurements were made on a
Rigaku/MSC Mercury CCD diffractometer with graphite monochromated Mo
Ko radiation (4 = 0.71069 A). The structures were solved by direct methods
using SIR97,% expanded using Fourier techniques, DIRDIF94,%” and refined
anisotropically for non-hydrogen atoms by full-matrix least-squares calculations.
All hydrogen atoms were included but not refined. The calculations were
performed using the program system teXsan crystallographic software package

of Molecular Structure Corporation.
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Chapter 4

Synthesis and Structures of Novel Zerovalent Ruthenium p-Quinone

Complexes and a Bimetallic p-Biquinone Complex
Abstract

Ru(7n%-cot)(dmfm), [1; cot = 1,3,5-cyclooctatriene, dmfm = dimethyl
fumarate] reacted with p-quinones to give novel p-quinone-coordinated
ruthenium(0) complexes, Ru( n°-cot)(p-quinone) (2), in good to high yields via
the replacement of two dimethyl fumarates by p-quinones. The reaction of 1
with p-biquinone gave a novel bimetallic zerovalent complex {Ru(7’-cot)},-
(p-biquinone) (3), in which p-biquinone coordinates to two isolated “Ru(cot)”
moieties with a unique mode and the two Ru(cot) groups are located at endo
positions. Complexes 2 and 3 have either p-quinone or p-biquinone as
n-acceptor ligands. The structures of complexes Ru(7’-cot)(2,6-dimethoxy-

p-quinone) (2f) and 3 were determined by X-ray crystallography.



Introduction

Among low-valent transition metal complexes bearing an olefinic
z-acceptor ligand, p-quinone complexes have been intensively investigated.'
The study of p-quinone ligands is intriguing not only because of their role in
proton/electron transfer but also in view of their strong electron-accepting ability
through 7-back donation. Since the degree of z-acidity can be controlled by
changing the substituents on quinone, the electron density on the metal center is
easily adjusted, which is important from the viewpoint of catalytic activity. The
first synthesis of a transition metal p-quinone complex, Fe(CO);(duroquinone),
was accomplished by Sternberg, Markby and Wender in 1958." Several group 9
and 10 metal p-quinone complexes have been reported so far.”'® In contrast,
there are very few examples of other metal complexes such as iron(0),""
ruthenium(II),'® manganese(~I),"” and molybdenum(II).?

The methods used to prepare p-quinone complexes can be divided into four
classes: (A) direct ligand exchange of appropriate complexes with p-quinones,
(B) coupling of alkynes with carbon monoxides on the transition metal, (C)
reaction of maleoyl/phthaloylmetal species with an alkyne, and (D)
deprotonation of hydroquinone complexes. In the synthesis of p-quinone

2-5,7.9,11
d, > whereas

10,12,13,16
d.

complexes by method A, duroquinone has been frequently use
few examples of other p-quinone complexes have been reporte
Fe(CO);(duroquinone),’ CpCo(p-quinone),® and CpMoCl(CO)(duroquinone)*
have been prepared by method B. Liebeskind and co-workers reported a
high-yield synthesis of p-quinone cobalt complexes through method C, in which
maleoyl/phthaloylmetal species were generated by oxidative addition of
cyclobutenedione or benzocyclobutenedione to a low-valent cobalt complex.'

Iridium and manganese 7°-hydroquinone complexes have been prepared by

15,21 22

. . 19 .
Amouri and co-workers and Sweigart and co-workers, " respectively,

taking advantage of method D; 7°-semiquinone and 7*-p-quinone complexes are



synthesized.

Recently, we reported a novel zerovalent ruthenium complex Ru(7°-cot)-
(dmfm), [1; cot = 1,3,5-cyclooctatriene, dmfm = dimethyl fumarate].”> Complex
1 was found to be an excellent catalyst for a unique dimerization of
2,5-norbornadiene to afford a novel half-cage compound.” In this catalyst, the
coordinated dimethyl fumarate was found to be crucial as a 7~acceptor ligand.
Complex 1 is also a versatile precursor for novel Ru(0) complexes, as we
demonstrated previously.”* In the course of our further investigation of the
reactivity of 1, we found that reactions with various p-quinones and a
p-biquinone under mild conditions give novel complexes Ru(7°-cot)(p-quinone)
(2) and {Ru(7’-cot)},(p-biquinone) (3) in high yields via simple and selective
ligand exchange (method A) between m-acceptors. We report here the synthesis
and structures of a series of novel p-quinone ruthenium(0) complexes 2 and a

unique p-biquinone bimetallic complex 3.
Results and Discussion

Ru(7°-cot)(p-quinone) (2). As shown in Table 1, the reactions of 1 with
p-quinones were performed in Et;O at room temperature for 2 h (entry 1), under
reflux for 4 h (entries 2-5, 7) and in toluene at 80 °C for 2 h (entry 6),
respectively. The selective ligand exchange between z-acceptors, dimethyl
fumarate and p-quinone, proceeded smoothly to afford 2 in good to high yield.
Several kinds of p-quinones with an electron-donating group (entries 2, 3, 6) or
an electron-withdrawing group (entries 4, 5) were found to be suitable for this
substitution reactidn, including p-naphthoquinone (entry 7). The reaction with
chloranil (tetrachloro-p-benzoquinone) also proceeded to give a precipitate;
however, spectroscopic characterization was impossible because of the low

solubility of the product. The use of DDQ (2,3-dichloro-5,6-dicyano-p-benzo-



Table 1. Reactions of 1 with p-Quinones

0

VA N/
E Ru + 3Ru
\\\/E/\\\,E R3 1 R2 L, E o R;L R'z)
E . E RZ R
1 (E = CO,Me) (1.1 - 3.0 equiv) )
entry R R? & R* an;gilgn;e()f solvent Cfggﬂ?gln product }g/i %9
(equiv)
1 H H H H 1.1 Et,O rt,2h 2a 98
2 Me H H H 1.1 Et,;0O reflux,4h 2b 87
3 Me H H Me 2.2 Et,O reflux,4h 2¢ 94
4 Ph H Ph H 1.2 EO reflux,4h 2d 64
5 Cl H Cl H 1.1 Et;O reflux,4h  2e 65
6 OMe H H OMe 1.1 toluene 80°C,2h  2f 60
7 -CH=CH-CH=CH- H H 3.0 Et,O reflux,4h 2g 89
“Isolated yield.

quinone) gave a complex mixture of products.

The structures of 2a—g were deduced on the basis of 'H and C NMR, IR,
and mass spectra. The 'H and >C NMR data for 2a-g are summarized in Tables
2 and 3, respectively. In the '"H NMR spectra of 2, the signals for the olefinic
protons of the 1,3,5-cyclooctatriene moiety appear at 6.6—4.1 ppm, and those for
the methylene protons appear at 2.8-0.1 ppm. The signals for the olefinic
protons of p-quinone ligands in 2 appear at 5.0-5.8 ppm, which are shifted to a
higher magnetic field than those of the corrésponding free p-quinones by
1.5-1.8 ppm. The appearance of these signals as singlet peaks, except in 2b,
suggests that cyclooctatriene rotates freely on ruthenium at room temperature in
solution. In the *C NMR spectra of 2, the carbonyl carbons of the coordinated
p-quinones are observed at 153—159 ppm, \;vhich are shifted upfield by ca. 30
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Table 2. 'H NMR Data of 2a—g (8, ppm)”

p-quinone
complex 1,3,5-cyclooctatriene
=CH others
2a 5.02 (s, 4H) 6.33 (m, 2H), 5.56 (br t, 6.8, 2H), 5.04 (m, 2H),
2.22 (m, 2H), 1.00 (m, 2H)
2b 516 (s, 1H), 1.82(s,3H) 6.20 (m, 2H), 5.42 (brt, 7.4, 1H), 5.38 (br t, 7.4,
5.00 (m, 2H) 1H), 4.90 (m, 2H), 2.19 (m, 2H), 0.95 (m, 2H)
2¢ 5.09(s,2H) 1.82(s,6H) 6.04 (dd, 4.9, 2.0, 2H), 5.22 (ddd, 8.3, 4.9, 2.0,
2H), 4.74 (m, 2H), 2.14 (m, 2H), 0.90 (m, 2H)
2d 5.59(,2H) 7.36-7.84 5.96 (t, 7.3, 1H), 5.61 (m, 1H), 5.50 (t, 8.0, 1H),
(m, 10H) 5.35(t, 8.5, 1H), 5.03 (m, 1H), 4.12 (dd, 13.6, 7.4,
1H), 2.29 (m, 1H), 1.53 (m, 2H), 0.09 (m, 1H)
2e 5.76 (s, 2H) 6.58 (t, 7.4, 1H), 6.19 (t, 8.3, 1H), 5.31 (t, 7.1,
2H), 4.90 (t, 8.8, 1H), 4.80 (dd, 8.0, 14.4, 1H),
2.75 (m, 1H), 1.91 (m, 2H), 0.20 (m, 1H)
2f 524(s,2H) 3.68(s,6H) 6.13 (m, 2H), 5.27 (m, 2H), 4.91 (m, 2H), 2.17 (m,
2H), 0.89 (m, 2H)
2g 520(s,2H)  8.01 (m, 2H), 5.39 (m, 2H), 4.92 (m, 2H), 4.79 (m, 2H), 1.97 (m,

7.40 (m, 2H)

2H), 0.57 (m, 2H)

? Measured in CDCl; at room temperature and 400 MHz. Legend: s = singlet, d = doublet,
t = triplet, m = multiplet, br = broad. Values in parentheses are the coupling constants, Jy-p

(Hz).

Table 3. °C NMR Data of 2a—g (J, ppm)”*

p-quinone
complex Cc=C 1,3,5-cyclooctatriene
(coordinated) C=0 others
2a 83.7 158.6 99.8,92.6,91.1, 32.9
2b 99.7, 87.2, 158.1,157.6  15.7 99.9,99.7,94.3,93.2,91.8,
82.4,82.3 90.6, 32.9,32.6
2¢ 97.8, 85.7 158.0,156.8  15.7 99.9,94.8,90.8, 32.6
2d 97.7,81.8 158.6 133.0,128.8, 102.4,101.9,97.7,95.8,93.2,
128.6,128.3  87.7,34.4,29.7
2e 103.1, 82.7 154.2 101.5, 101.4, 100.9, 100.8, 98.3,
90.8, 37.6, 28.6
2f 132.3, 68.6 153.4,141.3 564 99.1,94.7,91.0, 32.8
2g 109.9, 74.3 157.0 130.2,1252 101.8,95.5, 87.4,32.0

? Measured in CDCl; at room temperature and 100 MHz.



ppm compared with free p-quinones, whereas one of the two carbonyl carbons
in 2f appeared at a higher field (141.3 ppm). The signals for the olefinic carbons
of p-quinones vary from 68 to 132 ppm depending on their magnetic
environment, and most of them are also shifted to higher fields because of
z-back bonding from ruthenium. |

The molecular structure of Ru(7’-cot)(2,6-dimethoxy-p-benzoquinone) (2f)
was confirmed by X-ray crystallography, and the ORTEP drawing is shown in
Figure 1. Lists of the selected bond lengths and bond angles of 2f are given in
Tables 4 and 5, respectively. The crystal data and the details are given in Table 6.

O3

C7

Figure 1. ORTEP drawing of 2f.
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Table 4. Selected Bond Lengths (A) for 2f

Ru-C(1) 2.410(4) Ru-C(2) 2.305(5)
Ru-C(3) 2.238(4) Ru-C(4) 2.438(4)
Ru-C(5) 2.189(4) Ru-C(6) 2.246(4)
Ru-C(9) 2.210(6) Ru-C(10) 2.134(6)
Ru-C(11) 2.185(7) Ru-C(12) 2.188(6)
Ru-C(13) 2.165(5) Ru—C(14) 2.227(6)
0(1)-C(1) 1.258(5) 0(2)-C(4) 1.251(5)
0(3)-C(2) 1.349(5) 0(3)-C(7) 1.437(6)
0(4)-C(6) 1.360(5) 0(4)-C(8) 1.441(5)
C(1)-C(2) 1.457(7) C(1)-C(6) 1.442(7)
C(2)-C(3) 1.400(6) C(3)-C(4) 1.463(6)
C(4)-C(5) 1.443(6) C(5)-C(6) 1.416(6)
C(9)-C(10) 1.38(1) C(9)-C(16) 1.494(8)
C(10)-C(11) 1.38(1) C(11)-C(12) 1.39(1)
C(12)-C(13) 1.42(1) C(13)-C(14) 1.360(9)
C(14)-C(15) 1.485(8) C(15)-C(16) 1.486(8)
Table 5. Selected Bond Angles (deg) for 2f
C(1)-Ru-C(2) 35.92) C(1)-Ru-C(3) 65.4(2)
C(1)-Ru—C(4) 75.9(1) C(1)-Ru-C(5) 66.3(2)
C(1)-Ru—C(6) 35.9(2) C(1)-Ru-C(9) 111.2(2)
C(1)-Ru-C(10) 91.0(2) C(1)-Ru-C(11) 100.0(3)
C(1)-Ru-C(12) 123.6(3) C(1)-Ru-C(13) 151.5(2)
C(1)-Ru-C(14) 164.2(2) C(2)-Ru—C(3) 35.8(2)
C(2)-Ru-C(4) 63.6(2) C(2)-Ru-C(5) 77.0(2)
C(2)-Ru-C(6) 64.0(2) C(2)-Ru-C(9) 145.8(2)
C(2)-Ru-C(10) 115.6(3) C(2)-Ru-C(11) 103.4(2)
C(2)-Ru-C(12) 105.3(2) C(2)-Ru-C(13) 117.6(2)
C(2)-Ru-C(14) 138.6(2) C(3)-Ru-C(4) 36.1(2)
C(3)-Ru-C(5) 66.1(2) C(3)-Ru-C(6) 76.9(2)
C(3)-Ru—C(9) 166.0(2) C(3)-Ru—C(10) 151.2(3)
C(3)-Ru-C(11) 127.3(3) C(3)-Ru—C(12) 107.5(2)
C(3)-Ru-C(13) 96.6(2) C(3}-Ru-C(14) 104.4(2)
C(4)-Ru-C(5) 35.8(2) C(4)-Ru—C(6) 64.2(2)
C(4)-Ru~C(9) 130.5(2) C(4)-Ru-C(10) 156.5(3)
C(4)-Ru-C(11) 163.2(3) C(4)-Ru-C(12) 132.6(3)
C(4)-Ru-C(13) 103.1(2) C(4)-Ru-C(14) $8.8(2)
C(5)-Ru—C(6) 37.2(2) C(5)-Ru-C(9) 99.9(2)
C(5)-Ru-C(10) 120.9(3) C(5)-Ru-C(11) 156.5(4)
C(5)-Ru-C(12) 166.1(3) C(5)-Ru—C(13) 128.5(2)
C(5)-Ru-C(14) 99.0(2) C(6)-Ru~C(9) 92.7(2)
C(6)-Ru~C(10) 93.7(3) C(6)-Ru—C(11) 121.4(3)
C(9)-Ru-C(10) 37.1(3) C(9)-Ru—C(11) 66.2(3)
C(10)-Ru-C(11) 37.3(3) C(6)-Ru-C(12) 156.0(3)
C(6)-Ru~C(13) 165.7(2) C(6)-Ru-C(14) 132.7(2)
C(9)-Ru-C(12) 85.9(3) C(9)-Ru-C(13) 91.3(2)
C(9)-Ru-C(14) 75.7(2) C(10)-Ru—C(12) 71.0(3)
C(10)-Ru—C(13) 97.8(3) C(10)-Ru-C(14) 102.0(2)
C(11)-Ru-C(12) 37.1(3) C(11%-Ru-C(13) 72.7(3)
C(11)-Ru-C(14) 95.8(3) C(12)-Ru-C(13) 38.03)
C(12)-Ru-C(14) 70.0(3) C(13)-Ru-C(14) 36.0(2)
C(2)-0(3)-C(7) 118.9(4) C(6)-0(4)-C(8) 117.7(4)
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Table 5. Selected Bond Angles (deg) for 2f (continued)

Ru—C(1)-0(1) 131.4(3) Ru-C(1)-C(2) 68.1(2)
Ru~C(1)-C(6) 65.9(2) Ru-C(2)-0(3) 132.0(3)
Ru—-C(2)-C(1) 76.0(3) Ru—-C(2)-C(3) 69.5(3)
Ru-C(3}-C(2) 74.7(3) Ru-C(3)-C(4) 79.4(3)
Ru-C(4)-0(2) 135.8(3) Ru-C(4)-C(3) 64.5(2)
Ru-C(4)-C(5) 62.6(2) Ru—C(5)-C(4) 81.5(3)
Ru—C(5)-C(6) 73.6(3) Ru—C(6)-O(4) 127.9(3)
Ru-C(6)-C(1) 78.3(3) Ru-C(6)-C(5) 69.2(3)
Ru-C(9)-C(10) 68.5(4) Ru~C(9)-C(16) 113.0(4)
Ru-C(10)-C(9) 74.5(4) Ru-C(10)-C(11) 73.4(4)
Ru—C(11)-C(10) 69.4(4) Ru~C(11)-C(12) 71.5(4)
Ru-C(12)-C(11) 71.3(4) Ru-C(12)-C(13) 70.1(3)
Ru-C(13)-C(12) 71.8(4) Ru~C(13)-C(14) 74.5(4)
Ru—C(14)-C(13) 69.5(4) Ru-C(14)-C(15) 112.7(4)
O(1)-C(1)-C(2) 123.7(5) O(1)—-C(1)-C(6) 123.3(4)
0(2)-C(4)~C(3) 123.6(4) C(2)-C(3)-C(4) 121.9(4)
0(2)-C(4)-C(5) 123.4(5) 0(3)-C(2)-C(1) 112.2(4)
0(3)-C(2)-C(3) 124.4(5) 0(4)-C(6)-C(1) 113.4(4)
O(4)-C(6)-C(5) 122.8(4) C(1)-C(2)-C(3) 123.3(4)
C(1)-C(6)-C(5) 123.8(4) C(2)-C(1)-C(6) 112.8(4)
C(3)-C(4)-C(5) 112.4(4) C(4%-C(5)-C(6) 121.6(4)
C(9)-C(10)-C(11) 120.6(7) C(9)-C(16)-C(15) 107.6(5)
C(10)-C(9)-C(16) 122.3(6) C(10)-C(11)-C(12) 129.6(7)
C(11)-C(12)-C(13)  132.9(7) C(13)-C(14)-C(15)  128.7(6)
C(14)-C(15)-C(16)  109.5(5) C(12)-C(13)-C(14) 131.5(6)

This structure is represented by a highly distorted trigonal bipyramid and is quite
similar to that of 1.7 Figure 1 shows the 7*-coordination of the p-quinone ligand
with olefinic carbons. The axial positions are occupied by an olefinic moiety of
1,3,5-cyclooctatriene [C(9)-C(10)] and an olefinic moiety of 2,5-di-
methoxy-p-benzoquinone [C(2)-C(3)], which are located diagonally from each
other, and other olefinic parts of either cyclooctatriene [C(11)-C(12),
C(13)-C(14)] or p-quinone [C(5)-C(6)] are located at the three equatorial
positions. The average bond distance between Ru and the four olefinic carbons
of p-quinone is 2.24 A. On the other hand, the bond lengths between Ru and the
carbonyl carbons of quinone, i.e. Ru—C(1) [2.410(4) A] and Ru-C(4) [2.438(4)
A], are longer than the average distance by ca. 0.2 A. The bond distances of
C(1)-O(1) and C(4)-O(2) are 1.258(5) and 1.251(5) A, respectively, which are
typical lengths in transition metal p-quinone complexes. > 131621 A gimplified

side view of 2f is shown in Figure 2, where the boat shape of the p-quinone
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02

Figure 2. Simplified side view of 2f. Hydrogen atoms, cyclooctatriene, and two
methoxy groups are omitted for clarity. o = 3.2°, a' = 19.0°.

Table 6. Summary of Crystal Data, Collection Data, and

Refinement of 2f and 3

2f 3
formula Ci6H1304Ru-H,O C30H3006Ru,-CH,Cl,
fw 393.40 773.64
crystal color yellow black
crystal system orthorhombic monoclinic
space group Pbca P2i/n
a (A) 10.5230(3) 10.7583(5)
b (A) 13.5805(3) 23.2869(9)
c(A) 20.7004(5) 11.4630(7)
p(deg) 90 103.372(2)
V(A% 12958.2(1) 2793.9(2)
Z 8 4
Deatea (g/cm®) 1.766 1.839
T(°0) 50 -130
u(MoKa) (cm™)  10.82 13.18
260 max (deg) 54.9 54.9
no. of measd rflns 28298 24764
no. of obsd rflns 1948 5076
no. of variables 212 403
residuals R; Ry 0.026; 0.030 0.056; 0.073
GOF 0.43 1.61
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ligand can be recognized clearly. The dihedral angles between the plane of four
olefinic carbons C(2)-C(3), C(5)-C(6) and the planes that include C(1), C(2),
C(6) (o) and C(3), C(4), C(5) (at") are 3.2° and 19.0°, respectively. These angles
in transition metal p-quinone complexes are normally ~20°: for example,
CpRh(7*-duroquinone) (23°),” (7-CoH;)Rh(7*-duroquinone) (25°),” CpCo(7'-
duroquinone) (21°),° and Cp*Ir(7'-p-benzoquinone) (16°)."” Since the smallest
reported value is 6.0° in Ni(cod)(duroquinone),* the 3.2° in complex 2f is quite
unusual. Surprisingly, this dihedral angle is even smaller than those of
semiquinone complexes such as Ru( 776-p—MeC6H4SO3—-HzO)( n°-p-0=C¢Me,OH)
(8.7°, 10°)* and Mn(7-p-O=CsH,OH)(CO); (6.7°, 11.3°).**

- The ambiguity of hapticity is often discussed in transition metal p-quinone
complexes.”b’19b Scheme 1 shows possible resonance structures 2f—2f"". The
1'-p-quinone form (2f) basically gives a large contribution because the bond
lengths of Ru—C(2), C(3), C(5), C(6) are ca. 0.2 A shorter than those of Ru—C(1)
and C(4). However, the quite small exo-bending (a0 = 3.2°) of the plane that
includes C(1), C(2), and C(6) compared to the plane of four olefinic carbons
C(2), C(3), C(5), and C(6), as described above, indicates a considerable
contribution by an 77-p-semiquinone coordination mode (2f7). The resonance
structure of the hydroquinone dianion (2f"") also cannot be ruled out, since the
carbonyl carbons of p-quinones were shifted upﬁeld by ~30 ppm in the Bc
NMR spectrum in 2, as reported for p-quinone complexes.”'''?*'® In the

infrared spectra of 2, the v(C=0) bands of the quinone ligands appeared at

Scheme 1. Possible Resonances in 2f
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1550~1610 cm™, which are shifted to a lower wavenumber by 50~100 cm™
compared with those of the corresponding free quinones. This shift is
attributable to z~back donation from ruthenium metal, and also supports some
contribution from the structure 2f"".

Complexes 2 are the first example of zerovalent ruthenium p-quinone
complexes, whereas Wilkinson and co-workers reported a hydroquinone-bridged
divalent ruthenium p-quinone complex by reacting RuH,(PPhj), with
hydroquinone.'® Complexes 2 are generally moisture-sensitive due to the highly
oxophilic ruthenium center caused by the coordinated p-quinones. The reactivity
of 2 toward H,O is dramatically affected by the substituent on the p-quinone
ligand. For example, complex 2a was readily decomposed by H,O in air. On the
other hand, complex 2f, which has two methoxy groups at the 2- and 6-positions,
does not react with excess H,O in dioxane even at a high temperature such as
100 °C.

{Ru(7n’-cot)},(p-biquinone) (3). The reaction of 1 with a 0.5 equiv of
p-biquinone®® in place of p-quinone gave a novel Ru(0) bimetallic complex 3
under very mild conditions, as illustrated in eq 1. 77'-Coordinated monometallic
or bimetallic complexes which are similar to complexes 2 did not form at all in
this reaction. X-ray crystallography of 3 was successfully performed, and the
ORTEP drawing is shown in Figure 3. Symmetrical patterns can be recognized
from the top and side views of 3 (Figure 4). Lists of the selected bond lengths

and angles of 3 are given in Tables 7 and 8, respectively.

Et,0 / CH,Cl, Q

0°Ctort,2h \R "0 /F{u/
1 - U ¥/~ OMe (1)
E \:; \/Lo
E 0]
MeO
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In complex 3, the coordination mode of the p-quinone moiety is different
from that in 2. One of the two olefinic parts and an oxygen atom of a carbonyl
group of each p-quinone moiety coordinate to each ruthenium atom to form
stable chelate rings. Two ruthenium atoms are located on the same side of the
twisted p-biquinone framework. Thus, 3 is a C;-symmetric compound and the
symmetry axis penetrates the center of p-biquinone vertically. The distance
between the two ruthenium atoms is 4.12 A, and no metal-metal bond exists.
The shorter lengths of Ru(1)-C(2) [2.151(8) A] and Ru(1)-C(3) [2.145(7) A]
and the greater length of C(2)-C(3) [1.46(1) A] in 3 compared to those in 2f
reveal that the degree of 7~back donation in 3 is much greater than that in 2f.
The C(1)-O(1) bond length in 3 is 1.278(9) A, which is a little longer than that
in 2f, mainly due to o-donation from O(1) to Ru(2). The dihedral angle between
a p-quinone plane [C(1)-C(6)] and a plane containing Ru(1), C(2), and C(3) is
107.7°. Similarly, the dihedral angle between another p-quinone plane

[C(16)-C(21)] and a plane containing Ru(2), C(17), and C(18) is 108.5°. Thus,

Figure 3. ORTEP drawing of 3.
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Figure 4. Top and side views of 3.



Table 7. Selected Bond Lengths (A) for 3

Ru(1)-0(4) 2.172(6) Ru(1)-C(2) 2.151(8)
Ru(1)-C(3) 2.145(7) Ru(1)-C(8) 2.20(1)
Ru(1)-C(9) 2.12(1) Ru(1)-C(10) 2.236(9)
Ru(1)-C(11) 2.248(9) Ru(1)-C(12) 2.18(1)
Ru(1)-C(13) 2.20(1) Ru(2)-0O(1) 2.150(5)
Ru(2)-C(17) 2.152(7) Ru(2)-C(18) 2.146(8)
Ru(2)-C(23) 2.204(8) Ru(2)-C(24) 2.133(8)
Ru(2)-C(25) 2.260(8) Ru(2)-C(26) 2.238(8)
Ru(2)}-C(27) 2.182(8) Ru(2)-C(28) 2.224(8)
CI(1)-C(31) 1.80(2) Cl2)-C(31) 1.49(2)
O(1)-C(1) 1.278(9) 0(2)-C(4) 1.225(9)
0(3)-C(5) 1.343(9) 0(3)-C(7) 1.43(1)
0(4)-C(16) 1.275(9) 0(5)-C(19) 1.23(1)
0(6)-C(20) 1.34(1) 0(6)-C(22) 1.42(1)
C(1)-C(2) 1.41(1) C(1%-C(6) 1.45(1)
C(2)-C(3) 1.45(1) C(2)-C(17) 1.50(1)
C(3)-C(4) 1.45(1) C(4)-C(5) 1.50(1)
C(5)-C(6) 1.34(1) C(8)-C(9) 1.43(2)
C(8)-C(15) 1.52(2) C(9)-C(10) 1.38(2)
C(10)-C(11) 1.37(2) C(11)-C(12) 1.42(2)
C(12)-C(13) 1.41(2) C(13)-C(14) 1.50(2)
C(14)-C(15) 1.45(2) C(16)-C(17) 1.42(1)
C(16)-C(21) 1.45(1) C(17)-C(18) 1.45(1)
C(18)-C(19) 1.45(1) C(19)-C(20) 1.49(1)
C(20)-C(21) 1.35(1) C(23)-C(24) 1.42(1)
C(23)-C(30) 1.51(1) C(24)-C(25) 1.42(1)
C(25)-C(26) 1.40(1) C(26)-C(27) 1.44(1)
C(27)-C(28) 1.41(1) C(28)-C(29) 1.50(1)
C(29)-C(30) 1.50(1)

ruthenium atoms are not located over the hexagonal face of quinones. These
quinone planes are twisted relative to each other by 119.1°.

In the '"H NMR spectrum of 3, the olefinic protons on C(3) and C(18)
appear at 3.68 ppm, which are considerably shifted to a higher field. A
characteristic downfield signal was observed at 202.2 ppm in >C NMR, which
was assignable to carbonyl carbons C(1) and C(16). The olefinic carbons of the
p-biquinone ligand attached to the ruthenium, C(2), C(17) and C(3), C(18)
appeared at 69.3 and 53.6 ppm, respectively.

A couple of chelations in complex 3 cooperate to strengthen the binding of
the p-biquinone ligand to each ruthenium atom. An attempt to form a
monometallic p-biquione complex by reacting 1 with 1 equiv of p-biquinone

resulted in failure and gave only the bimetallic complex 3. This is because the
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Table 8. Selected Bond Angles (deg) for 3

O(4)—Ru(1)-C(2)
C(2)-Ru(1)-C(3)
C(2)-Ru(1)-C(8)
O(4)-Ru(1)-C(9)
C(3)-Ru(1)-C(9)
O(4)-Ru(1)-C(10)
C(3)-Ru(1)-C(10)
C(9)-Ru(1)-C(10)
C(2)-Ru(1)-C(11)
C(8)-Ru(1)-C(11)
O(4)-Ru(1)-C(12)
C(3)-Ru(1)-C(12)
C(9)-Ru(1)-C(12)
C(2)-Ru(1)-C(13)
C(8)-Ru(1)-C(13)
C(10)-Ru(1)-C(11)
C(11)-Ru(1)-C(12)
C(11)-Ru(1)-C(13)
O(1)-Ru(2)-C(17)
C(17)-Ru(2)-C(18)
C(17)-Ru(2)-C(23)
O(1)-Ru(2)-C(24)
C(18)-Ru(2)-C(24)
O(1)-Ru(2)-C(25)
C(18)-Ru(2)-C(25)
C(24)-Ru(2)-C(25)
C(17)-Ru(2)-C(26)
C(23)-Ru(2)-C(26)
O(1)Ru(2)-C(27)
C(18)-Ru(2)-C(27)
C(24)-Ru(2)-C(27)
C(17)-Ru(2)-C(28)
C(23)-Ru(2)-C(28)
C(25)-Ru(2)-C(26)
C(26)-Ru(2)-C(27)
C(26)-Ru(2)-C(28)
Ru(2)-O(1)-C(1)
Ru(1)-C(2)-C(1)
Ru(1)-C(2)-C(17)
Ru(1}-C(3)-C(4)
Ru(1)-C(8)-C(15)
Ru(1)-C(9)-C(10)
Ru(1)-C(10)-C(11)
Ru(1)}-C(11)-C(12)
Ru(1)-C(12)-C(13)
Ru(1)-C(13)-C(14)
Ru(2)-C(17)-C(16)
Ru(2)-C(18)-C(17)
Ru(2)-C(23)-C(24)
Ru(2)-C(24)-C(23)
Ru(2)-C(25)-C(24)
Ru(2)-C(26)-C(25)
Ru(2)-C(27)-C(26)
O(1)-C(1)-C(2)

78.3(3)
39.6(3)
105.0(3)
138.7(4)
122.4(4)
108.8(4)
157.6(4)
36.9(5)
151.1(4)
84.8(4)
86.8(3)
129.4(4)
96.1(4)
137.3(4)
75.2(5)
35.5(5)
37.5(5)
71.3(5)
78.7(3)
39.5(3)
104.7(3)
137.7(3)
121.6(3)
107.4(3)
156.9(3)
37.6(3)
150.3(3)
85.0(3)
86.1(3)
129.4(3)
97.8(3)
138.1(3)
75.9(3)
36.3(3)
38.03)
71.2(3)
113.3(5)
115.6(6)
105.8(5)
116.1(5)
112.3(7)
76.1(7)
72.7(6)
68.6(6)
72.0(6)
113.6(9)
116.1(5)
70.5(4)
68.2(4)
73.7(5)
66.3(4)
72.7(5)
73.1(5)
120.2(7)

O(4)-Ru(1)-C(3)
O(4)-Ru(1)-C(8)
C(3)-Ru(1)-C(8)
C(2)-Ru(1)-C(9)
C(8)-Ru(1)-C(9)
C(2)-Ru(1)-C(10)
C(8)-Ru(1)-C(10)
O(4)-Ru(1)-C(11)
C(3%-Ru(1)-C(11)
C(9)-Ru(1)-C(11)
C(2)-Ru(1)-C(12)
C(8)-Ru(1)-C(12)
O(4)-Ru(1)-C(13)
C(3)-Ru(1)-C(13)
C(9)-Ru(1)-C(13)
C(10)-Ru(1)-C(12)
C(10)-Ru(1)-C(13)
C(12)-Ru(1)-C(13)
O(1)-Ru(2)-C(18)
0(1)-Ru(2)-C(23)
C(18)-Ru(2)-C(23)
C(17)-Ru(2)-C(24)
C(23)-Ru(2)-C(24)
C(17)-Ru(2)-C(25)
C(23)-Ru(2)-C(25)
O(1)~Ru(2)-C(26)
C(18)-Ru(2)-C(26)
C(24)-Ru(2)-C(26)
C(17)-Ru(2)-C(27)
C(23)-Ru(2)-C(27)
O(1)-Ru(2)-C(28)
C(18)-Ru(2)—-C(28)
C(24)-Ru(2)-C(28)
C(25)-Ru(2)-C(27)
C(25)-Ru(2)-C(28)
C(27)-Ru(2)-C(28)
Ru(1)-0(4)-C(16)
Ru(1)-C(2)-C(3)
Ru(1)-C(3)-C(2)
Ru(1)-C(8)-C(9)
Ru(1)-C(9)-C(8)
Ru(1)-C(10)-C(9)
Ru(1)-C(11)-C(10)
Ru(1)-C(12)-C(11)
Ru(1)-C(13)-C(12)
Ru(2)-C(17)-C(2)
Ru(2)-C(17)-C(18)
Ru(2)-C(18)-C(19)
Ru(2)-C(23)-C(30)
Ru(2)-C(24)-C(25)
Ru(2)-C(25)-C(26)
Ru(2)-C(26)-C(27)
Ru(2)-C(27)-C(28)
O(1)-C(1)-C(6)

84.1(3)
175.7(3)
100.2(4)
101.8(4)
38.5(5)
123.4(4)
67.2(5)
91.0(3)
166.5(4)
68.9(5)
162.0(4)
90.3(4)
104.3(4)
97.7(4)
102.7(4)
71.0(5)
96.7(4)
37.6(5)
84.3(3)
174.6(3)
101.0(3)
100.1(3)
38.1(3)
121.7(3)
67.3(3)
90.1(3)
166.8(3)
70.1(3)
161.8(3)
91.2(3)
104.5(3)
98.7(3)
103.6(3)
72.3(3)
97.6(3)
37.3(3)
113.6(5)
70.0(4)
70.4(4)
67.8(6)
73.7(6)
67.0(6)
71.8(6)
73.9(6)
70.4(6)
105.6(5)
70.0(4)
117.8(5)
112.0(6)
76.0(5)
71.0(5)
68.9(5)
72.9(5)
119.7(7)
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Table 8. Selected Bond Angles (deg) for 3 (continued)

0(2)-C(4)-C(5) 119.3(7) 0(2)-C(4)-C(3) 124.5(7)
0(3)-C(5)-C(4) 111.8(7) 0(3)-C(5)-C(6) 125.2(7)
0(4)-C(16)-C(17) 119.4(7) 0(4)-C(16)-C(21) 121.0(8)
0(5)-C(19)-C(18) 123.5(9) 0(5)-C(19)-C(20) 120.0(8)
0(6-C(20)-C(19) 110.9(8) 0(6)-C(20)-C(21) 126.5(9)
C(1)-C(2)=C(3) 120.6(7) C(1)-C(2)-C(17) 114.3(7)
C(1)-C(6)-C(5) 120.4(7) C(2)-C(1)-C(6) 120.1(7)
C(2)-C(3)-C(4) 119.5(7) C(2)-C(17)~C(16) 114.7(7)
C(2)-C(17)-C(18) 120.2(7) C(3)-C(2)-C(17) 120.4(7)
C(3)-C(4)=C(5) 116.2(7) C(4)-C(5)-C(6) 123.0(7)
C(5)-0(3)-C(7) 117.2(6) C(8)-C(9)-C(10) 121.6(1)
C(8)-C(15)-C(14) 107.0(9) C(9)-C(8)-C(15) 122.3(9)
C(9)-C(10)-C(11) 127.9(1) C(10)-C(11)-C(12) 133.1(1)
C(11)-C(12)-C(13)  132.0(1) C(12)-C(13)-C(14) 126.6(1)
C(13)-C(14)-C(15)  108.1(9) C(16)-C(17)-C(18) 120.3(7)
C(16)-C(21)-C(20)  120.9(8) C(17)-C(16)-C(21) 119.6(7)
C(17)-C(18)-C(19)  120.0(7) C(18)-C(19)%-C(20) 116.5(7)
C(19-C(20)-C(21)  122.5(8) C(20)-0(6)-C(22) 117.5(8)
C(23)-C(24)-C(25)  121.2(8) C(24)-C(23)-C(30) 121.3(8)
C(24)-C(25)-C(26)  125.7(8) C(25)-C(26)-C(27) 135.0(8)

monometallic p-biquinone complex can easily capture a second ruthenium by an
appropriately located chelation system which was fixed by the first chelation,
and as a result, a more stable bimetallic species 3 is formed. Although several
transition metal p-quinone complexes have been synthesized so far, such a
p-biquinone-coordinated bimetallic complex is unprecedented, to the best of our
knowledge. |

In contrast to the case of complex 1, reactions of Ru( 7'*-cod)(7°-cot) (cod =
1,5-cyclooctadiene), which is a precursor of 1, with p-quinones and p-biquinone
gave only insoluble materials and did not afford 2 or 3 at all, respectively. This
suggests that a 7-acidic dimethyl fumarate ligand in 1 is required to control the
elect;’on density of ruthenium during substitution by p-quinones or p-biquinone.
In the case of Ru(7'-cod)(7 -cot), the relatively electron-rich ruthenium center
may donate the d-electrons and reduce the coordinated p-quinone to a

semiquinone anion or a hydroquinone dianion species.
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Conclusion

Novel zerovalent ruthenium complexes 2 and 3, bearing either p-quinone
or p-biquinone as m-acceptors, were synthesized by simple and selective ligand
exchange of 1. Since complexes 2 and 3 are a potentially electron-rich species
and also have electron-accepting systems, versatile catalytic activities are
expected. Complex 3 has two electron-rich reaction sites located close together
without a metal-metal bond, and this unique structure should provide novel

catalytic reactions.

Experimental Section

Materials and Methods. All manipulations were performed under an
argon atmosphere using standard Schlenk techniques. Ru(7’-cot)(dmfm), (1)
was synthesized as we reported previously.” All solvents were distilled under
argon over appropriate drying reagents (sodium, calcium hydride, sodium-
benzophenone, or calcium chloride). 5,5'-Dimethoxy-2,2"-p-biquinone was
prepared as reported in the literature.*

Physical and Analytical Measurements. NMR spectra were recorded on
JEOL EX-400 (FT, 400 MHz (‘H), 100 MHz ("*C)) and AL-300 (FT, 300 MHz
('H), 75 MHz ("*C)) spectrometers. Chemical shift values (&) for 'H and C are
referenced to internal solvent resonances and reported relative to SiMe;. NMR
data for 2a—g are summarized in Table 2 ("H) and Table 3 (°C). IR spectra were
recorded on a Nicolet Impact 410 FT-IR spectrometer. Melting points were
determined under argon on a Yanagimoto micro melting point apparatus.
HR-MS spectra were recorded on a JEOL SX102A spectrometér with
m-nitrobenzyl alcohol (m-NBA) as a matrix.

Synthesis of Ru(#7’-cot)(p-quinone) (2a—g). All of the p-quinone

complexes 2a—g were synthesized in a similar manner. The following procedure
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for 2a is representative.

Ru(7°-cot)(p-benzoquinone) (2a). A mixture of 100 mg (0.20 mmol) of
Ru(7°-cot)(dmfm), (1), 24 mg (0.22 mmol) of p-benzoquinone, and 5 mL of
Et,0 was stirred at room temperature for 2 h. The resulting pale yellow
precipitate was filtered, rinsed with Et,O (5 mL x 5), and dried under vacuum to
give the title complex (67 mg, 98%), mp 122 °C dec. IR (CHCIl;): 1600, 1573
cm™'. HR-MS (FAB-mNBA): m/z 317.0114 (M + H)", caled for Ci;H;sO,Ru
317.0116.

Ru(7°-cot)(p-toluquinone) (2b). Pale yellow solid, mp 117 °C dec. IR
(CHCl;): 1597, 1568 cm™. HR-MS (FAB-mNBA): m/z 331.0246 (M + H)",
caled for C;sH;70,Ru 331.0272. '

Ru(7’-cot)(2,6-dimethyl-p-benzoquinone) (2¢). Pale yellow solid, mp
144 °C dec. IR (KBr disk): 1583, 1558, 1551 cm™. HR-MS (FAB-mNBA): m/z
345.0457 (M + H)", calcd for C;6H;90,Ru 345.0429.

Ru(7*-cot)(2,5-diphenyl-p-benzoquinone) (2d). Pale yellow solid, mp
233 °C dec. IR (KBr disk): 1606, 1584 cm™. HR-MS (FAB-mNBA): m/z
469.0766 (M + H)", calcd for Cy6H,30,Ru 469.0742.

Ru(7°-cot)(2,5-dichloro-p-benzoquinone) (2¢). Brown solid, mp 221 °C
dec. IR (KBr disk): 1604 cm™'. HR-MS (FAB-mNBA): m/z 384.9356 (M + H)",
caled for Cy,H,3CLO,Ru 384.9336. |

Ru(776-c0t)(2,6-dimethoxy-p-benzOquinone) (2f). Pale yellow solid, mp
172 °C dec. IR (KBr disk): 1579, 1545 cm™. HR-MS (FAB-mNBA): m/z
377.0312 (M + H)", caled for C;H;40;Ru 377.0327.

Ru(7°-cot)(p-naphthoquinone) (2g). Brown solid, mp 300 °C dec. IR
(nujol): 1567 cm™. HR-MS (FAB-mNBA): m/z 367.0291 (M + H)", calcd for
C1sH;70,Ru 367.0272.

Synthesis of {Ru(n6-c0t)}2(5,5'-dimethoxy-2,2'-p-biquinone) (3). To an
Et,0O suspension (5 mL) of 5,5'-dimethoxy-2,2"-p-biquinone (69 mg, 0.25
mmol) was added a CH,Cl, solution (5 mL) of 1 (248 mg, 0.50 mmol) dropwise
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at 0 °C. The reaction mixture immediately turned black and was warmed to
room temperature. After stirring for 1 h, the solvent was removed, and then
CH,Cl, (1.5 mL) and Et,O (18 mL) were added for recrystallization. The
resulting black powder was filtered, washed with Et,0O (3 mL x 2), and dried
under vacuum to give complex 3 (109 mg, 63%), mp 225-227 °C dec. IR
(CHCl3): 1672, 1621 cm™. "H NMR (400 MHz, CDCL;): § 6.66 (dd, J= 8.8 and
5.3 Hz, CH of cot, 2H), 6.17 (t, J= 8.8 Hz, CH of cot, 2H), 5.52 (m, CH of cot,
2H), 5.25 (s, CH at 6 and 6'-positions of biquinone, 2H), 4.74 (t, J = 9.3 Hz, CH
of cot, 2H), 4.33 (t, /= 6.6 Hz, CH of cot, 2H), 3.68 (s, CH at 3 and 3 "-positions
of biquinone, 2H), 3.60 (s, OCH3, 6H), 2.70 (q, J = 7.3 Hz, CH of cot, 2H), 2.17
(m, CHH of cot, 2H), 1.64 (m, CHH of cot, 2H), 1.02 (m, CHH of cot, 2H),
—0.64 (m, CHH of cot, 2H). ’C NMR (100 MHz, CDCl;): § 202.2, 191.4, 161.9,
105.9, 105.0, 101.6, 92.2, 87.0, 86.2, 69.3, 66.0, 56.4, 53.6, 33.2, 25.3. HR-MS
(FAB-mNBA): m/z 690.0134 (M), calcd for C30H300¢Ru, 690.0129.
Crystallographic Study of Complexes 2f and 3. Single crystals of
complexes 2f and 3 obtained by recrystallization from CHCls/pentane (2f) or
CH,Cly/pentane (3) were subjected to X-ray crystallographic analysis. The
crystal data and experimental details for 2f and 3 are summarized in Table 4. All
measurements were made on a Rigaku RAXIS imaging plate area detector with
graphite monochromated Mo Ko radiation (1= 0.71069 A). The structures were
solved by direct methods using SIR92* and expanded using Fourier techniques,
DIRDIF99.”® The non-hydrogen atoms were refined anisotropically, except for
an oxygen atom of a lattice water in 2f, which was refined isotropically.
Hydrogen atoms were refined using the riding model. Neutral atom-scattering
factors were taken from Cromer and Waber®® Anomalous dispersion effects
were included in Fiy.’%; the values for Af” and Af”" were those of Creagh and
McAuley.’! The values for the mass attenuation coefficients were those of
Creagh and Hubbell.”> All calculations were performed using the

33,34

CrystalStructure crystallographic software package. In Figures 1 and 3,
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thermal ellipsoids are shown at the 30% probability level and hydrogen atoms

are omitted for clarity.
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Chapter 5

Synthesis of Novel Zerovalent Ruthenium 7°-Arene Complexes via Direct

Displacement of a 1,3,5-Cyclooctatriene Ligand by Arenes
Abstract

Novel zerovalent arene complexes bearing two dimethyl fumarate ligands,
Ru(7’-arene)(dimethyl fumarate), [arene = benzene (2a), toluene (2b), p-xylene
(2¢), mesitylene (2d), hexamethylbenzene (2e), t-butylbenzene (2f), anisole (2g),
N,N-dimethylaniline (2h), biphenyl (2i), methyl benzoate (2j), or naphthalene
(2k)], were synthesized via the direct ligand-exchange reaction of Ru(776~cot)-
(dimethyl fumarate), [1; cot = 1,3,5-cyclooctatriene] with arenes. The detailed
structures of 2g and 2h were determined by the X-ray crystallography, which
revealed that the coordination geometry can be represented by a highly distorted
trigonal bipyramid, and confirmed that these complexes are zerovalent

complexes.

— 117 —



Introduction

Many ruthenium 7°-arene complexes have been synthesized and
investigated so far, since these complexes are of great interest in catalysis."”
Most of them are divalent complexes, and there are comparatively few examples
of zerovalent arene complexes. There are three well-known methods for the
practical preparation of zerovalent ruthenium 7°-arene complexes. One is the
cyclotrimerization of alkynes on a metal center.” Although this procedure can
use various alkynes, a mixture of regiomers is formed with an asymmetric
alkyne.*” The second method is the reduction of divalent ruthenium arene
complexes.”” Divalent arene complexes are reduced by the appropriate

6-9 10—
1’ 0-12

reagents such as alkali meta sodium naphthalide, sodium

O etc., which

borohydride, > carbonate/alcohol,'®"® Grignard reagent,'® zinc,’
efficiently generates zerovalent ruthenium arene complexes. However, this
method has been established only for a certain divalent ruthenium arene
complex. The third method is the ligand-exchange reaction of zerovalent
ruthenium complexes with arenes. Pertici and co-workers found that
Ru(7*-cod)(r-arene) complexes could be obtained by reacting Ru(7'-cod)-
(n°-cot) (cod = 1,5-cyclooctadiene, cot = 1,3,5-cyclooctatriene) with arenes
under a hydrogen atmosphere.” They also found that the same complexes could
be obtained via the exchange of a naphthalene moiety of Ru(7*-cod)(7°-
naphthalene) with arenes in the presence of acetonitrile.”’ In these reactions, the
additives are essential, and there has been no previous report of a simple and
direct ligand-exchange reaction of zerovalent ruthenium complexes with arenes.

Recently, we reported a novel zerovalent ruthenium complex Ru( n°-cot)-
(dmfm), [1; dmfm = dimethyl fumarate]. Complex 1 shows very high catalytic
activity in a unique dimerization of 2,5-norbornadiene to afford a novel
half-cage compound.’> During our investigation of the reactivity of 1,77 we

found that reactions of 1 with arenes gave novel zerovalent ruthenium arene
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complexes via the direct ligand-exchange of cyclooctatriene with arenes. We
report here the synthesis and structures of these complexes bearing two olefinic

z-acceptor ligands; i.e., dimethyl fumarate.
Results and Discussion
Complex 1 reacted with various aromatic compounds to give a series of

novel zerovalent ruthenium 7°-arene complexes Ru(7’-arene)(dmfm), (2) in

good yields by ligand exchange between the tridentate ligands, 1,3,5-cycloocta-

Table 1. Reactions of 1 with Arenes

3 RV R
H RG
\7 RS R? QR?*
E /Ru\ + R® Rlu R4
E RS R3 110°C, 2 h
\E Y R4 ~ cot E‘§/ E/\§’ E
1 (E = CO,Me) arene E
(excess amount) 2
entry arenes compound yield (%)”

1° benzene 2a 66

2 toluene 2b 64

3 p-xylene 2c 67

4 mesitylene 2d 40

5¢ hexamethylbenzene 2e 31

6 t-butylbenzene - 2f 61

7 anisole 2g 59

8 N,N-dimethylaniline 2h 77

9 biphenyl 2i 61
10 methy!l benzoate 2j 13
11 naphthalene 2k 60

% Isolated yield. ® The reaction was carried out in an autoclave.
¢ Hexamethylbenzene (5 equiv) and diglyme (as a solvent) were
used.
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Table 2. 'H NMR Data of 2a—k (&, ppm)°
dimethyl fumarate aromatic ligand
=CH Me aromatic protons others
2a° 4.27 (d, 9.9, 2H), 3.72 (s, 6H), 5.72 (s, 6H)
2.02(d, 9.9, 2H) 3.60 (s, 6H)
2b 4.07(d, 9.8, 2H), 3.72 (s, 6H),  6.16 (m, 1H), 5.40-5.37 (m, 3H), 2.41 (s, 3H)
2.04 (d, 9.8, 2H) 3.60(s,6H) 5.17(d,5.9, 1H)
2¢® 3.85(d, 9.7, 2H), 3.71 (s, 6H), 5.24(d,5.9,2H), 5.14 (d, 5.9, 2H) 2.42 (s, 6H)
2.03 (d, 9.7, 2H) 3.60 (s, 6H)
2d 3.71(d,9.8,2H), 3.70 (s, 6H), 5.24 (s, 3H) 2.17 (s, 9H)
2.04 (d, 9.8, 2H) 3.58 (s, 6H)
2e 2.98(d, 9.8, 2H), 3.66 (s, 6H), 2.00 (s, 18H)
2.07 (d, 9.8, 2H) 3.56 (s, 6H) ’
2f 4.34(d, 9.8, 2H), 3.71 (s, 6H), 6.58 (vt, 5.7, 1H), 5.39 (d, 6.4, 1H), 1.45 (s, 9H)
1.99(d, 9.8, 2H) 3.59(s,6H) 5.27(d, 6.4, 1H), 5.21 (vt, 6.2, 1H),
5.16 (vt, 6.0, 1H)
2g 3.98(d,9.7,2H), 3.97 (s,6H), 6.10(t,5.8, 1H), 5.65 (t, 5.8, 1H), 3.97 (s, 3H)
2.08 (d, 9.7, 2H) 3.75(s,6H)  5.34(dd, 6.4, 2.0, 1H), 5.06 (dd, 6.4,
v 2.0, 1H), 4.94 (t, 5.8, 1H)
2h 3.96 (d, 9.8, 2H), 3.70 (s, 6H), 5.99(t,5.8, 1H), 5.74 (ddd, 6.6, 5.4,  3.18 (s, 6H)
2.03(d, 9.8, 2H) 3.58(s,6H) 1.2,1H),5.07 (dd, 6.6, 2.2, 1H), '
4.71 (dd, 6.6, 2.2, 1H), 4.62 (ddd,
6.6,5.4,1.2, 1H)
2i 4.21(d,10.3,2H), 3.71(s,6H), 7.63-7.61 (m,2H), 7.45-7.40 (m,
2.06(d,103,2H) 3.20(s,6H) 3H), 6.45(d, 6.9, 1H), 6.23 (t,6.2,
1H), 6.00 (t, 6.6, 1H), 5.32 (d, 6.9,
1H), 4.94 (t, 5.9, 1H)
2j 4.30(d, 9.8, 2H), 3.72 (s, 6H), 6.75(t, 5.7, 1H), 6.08 (d, 5.9, 1H), 4.06 (s, 3H)
2.04 (d, 9.8, 2H) 3.63(s,6H) 5.73(d, 6.3, 1H), 5.51 (t, 5.9, 1H),
5.28 (t, 6.1, 1H)
2k 4.46(d, 9.9, 2H), 3.56 (s, 6H),  7.81(br, 2H), 7.61 (br, 1H), 7.60 (br,

1.84 (d, 9.9, 2H)

3.55 (s, 6H)

1H), 6.77 (1, 5.9, 1H), 5.74 (d, 5.9,
1H), 5.68 (t, 5.9, 1H), 5.54 (d, 6.3,
1H)

? Measured in CDCl; at room temperature and 400 MHz. Legend: s = singlet, d = doublet, t =
triplet, vt = virtual triplet, m = multiplet, br = broad. Values in parentheses are the coupling
constants, J (Hz). 5300 MHz.
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Table 3. °C NMR Data of 2a—k (5, ppm)”

dimethyl fumarate

aromatic ligand

C=0 =CH Me aromatic carbons others
2a° 177.1,173.1 476,414 513,512 96.4
2b 176.7,173.1 48.1,42.5 51.4,51.2 112.7,97.1,97.0,95.9,95.8,944 19.0
2¢® 177.0,173.4 483,438 51.2,51.0 111.0,97.8,95.5 18.7
2d 176.3,173.8 473,413 51.2,51.0 109.5,96.6 18.1
2¢ 1753,1744 474,414 51.1,509 106.0 15.2
2f 177.5,173.3 47.0,40.0 51.3,51.2 126.8,103.4,100.3,92.5,92.2, 35.3,
88.8 30.6
2g 176.9,173.4 486,435 514,512 142.1,94.9,94.8,92.7,85.6,779 56.5
2h 177.6,1743 46.5,39.7 51.1,51.0 136.3,94.5,92.2,92.1,78.8,69.6 39.5
2 175.2,172.7 488,423 51.2,50.8 133.2,129.2,128.7,128.5, 128.4,
127.9, 112.2, 97.5, 96.4, 95.0,
95.0,92.7
2j 176.5,172.3 50.2,44.1 51.7,51.5 104.1,103.3,94.9,94.5, 92.3, 164.6,
91.4 53.3
2k 176.7,172.7 48.7,44.2 51.1,50.9 131.8,130.8, 128.7, 127.5, 105.7,

104.7, 98.5, 97.2, 91.5, 90.7
“ Measured in CDCl; at room temperature and 100 MHz. 575 MHz.

triene and arene (Table 1). Arenes were used as solvents in all the reactions
except in the case of complex 2e. Benzene (entry 1), alkyl-substituted arenes
(entries 2-6), and arenes with electron-donating or electron-withdrawing group
such as anisole (entry 7), N,N-dimethylaniline (entry 8), or biphenyl (entry 9)
were efficient. In the case of biphenyl, only a mononuclear ruthenium
n°-biphenyl complex was obtained and no binuclear complex was formed. The
reaction with methyl benzoate gave the desirable complex 2j in low yield (entry
10). The use of naphthalene also gave a naphthalene complex in n’-fashion
(entry 11).

The structures of 2a-k were deduced based on 'H and C NMR
spectroscopic analyses (Tables 2 and 3). The signals for the aromatic protons of

the coordinated arenes in 2a—k appear at 4.6-6.8 ppm in the 'H NMR spectra,
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which are shifted to a higher magnetic field by around 1-2 ppm compared to
those of free arenes. These values are similar to those of reported zerovalent
Ru(7°-arene) complexes.”' One of the signals for the olefinic protons of
dimethyl fumarates in 2a—k constantly appears at around 2.0 ppm as a doublet,
and another doublet signal is observed at 3.0-4.5 ppm. This chemical shift value
strongly depends on the substituents on the coordinated aromatic ring. In
particular, as far as 2a—e are concerned, the olefinic proton signal shifts to a
higher field, i.e., 0 4.27 (2a), 4.07 (2b), 3.85 (2¢), 3.71 (2d), and 2.98 (2e),
respectively, as the number of the methyl substituents on the aromatic ring
increases. This higher shift may be attributable to shielding by the methyl
groups. | ,
As for the >C NMR signals for aromatic éarbons in 2b and 2f-j (mono-
substituted arene complexes), six non-equivalent peaks appear within the range
of 70-142 ppm. This suggests that no symmetrical plane exists in these
complexes and thus the two dimethyl fumarate ligands coordinate to the
ruthenium center on the same enantiofaces, as in 1.>> The two signals for the
olefinic carbons of dimethyl fumarates in 2a—k are shifted to a higher field
(40—44 ppm and 47-50 ppm) and both of the chemical shift values are almost
constant, in contrast to the signals of the olefinic protons in the 'H NMR spectra
described above. |

The structures of 2g and 2h were confirmed by X-ray crystallography and
the ORTEP drawings of 2g and 2h are shown in Figures 1 and 2. The crystal
data and experimental details for 2g and 2h are summarized in Table 4. Lists of
the selected bond angles and bond lengths of 2g and 2h are gives in Tables 5-8,
respectively. The coordination geometry of these complexes can be represented
by a highly distorted trigonal bipyramid. In complex 2g, one of the dimethyl
fumarate ligands [C(1)-C(2)] and an aromatic olefin moiety [C(17)-C(18)]
occupy the axial positions, while the other dimethyl fumarate [C(7)-C(8)] and
two residual aromatic olefin moieties [C(13)-C(14), C(15)—-C(16)] are located at
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Figure 1. ORTEP drawing of 2g.

Figure 2. ORTEP drawing of 2h.
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Table 4. Summary of Crystal Data, Collection Data, and Refinement of

2g and 2h
2g 2h
formula C 19H2409Ru C20H27N03Ru
fw 497.46 510.51
- crystal color yellow yellow

crystal system monoclinic monoclinic
space group P2, P2,

a(A) 7.7075(8) 7.6613(4)
a(A) 16.088(1) 15.9060(5)
c(A) 8.1884(6) 8.6199(5)

[ (deg) 96.341(6) 96.612(2)
V(A% 1009.1(2) 1043.44(9)
VA 2 2

Deaica (g/cm’) 1.637 1.625

T (°C) —180 —180

£ (Mo Ka) (cm™) 8.26 7.99

20 max (deg) 54.6 54.9

no. of measd rflns 8451 9976

no. of obsd rflns 2125 2441
residuals: R; Ry 0.029; 0.033 0.023; 0.037
GOF 1.39 3.64
Table 5. Selected Bond Lengths (A) for 2g

Ru—C(1) 2.153(5) Ru-C(2) 2.164(5)
Ru-C(7) 2.157(5) Ru-C(8) 2.128(6)
Ru-C(13) 2.322(6) Ru-C(14) 2.214(7)
Ru-C(15) 2.275(7) Ru-C(16) 2.293(7)
Ru-C(17) 2.221(5) Ru-C(18) 2.297(6)
O(1)-C(3) 1.183(9) 0(2)-C(3) 1.348(8)
0(2)-C(4) 1.437(9) O(3)>-C(5) 1.186(8)
O(4)-C(5) 1.350(7) 0O4)-C(6) 1.42(1)
O(5)-C(9) 1.211(7) O(6)-C(9) 1.344(8)
O(6)-C(10) 1.431(8) O(7)-C(11) 1.196(8)
O(8)-C(11) 1.340(8) O(8)-C(12) 1.44(1)
O(9)-C(13) 1.336(9) O(9)-C(19) 1.46(2)
C(1H)-C(2) 1.419(8) C(1)-C(3) 1.492(9)
C(2)-C(5) 1.482(9) C(7)-C(8) 1.409(8)
C(7y-C(9) 1.478(8) C(8)-C(11) 1.485(9)
C(13)-C(18) 1.41(1) C(13)-C(14) 1.43(1)
C(14)-C(15) 1.38(1) C(15)-C(16) 1.41(1)
C(16)-C(17) 1.38(2) C(17)-C(18) 1.42(1)
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Table 6. Selected Bond Angles (deg) for 2g

C(1)-Ru-C(2) 38.4(2) C(1)>-Ru-C(7) 90.2(2)
C(1)>-Ru-C(8) 90.7(2) C(1)-Ru—-C(13) 117.8(3)
C(1)-Ru-C(14) 96.8(3) C(1)-Ru-C(15) 102.3(3)
C(1)>-Ru-C(16) 129.5(3) C(1)>-Ru-C(17) 165.0(5)
C(1)-Ru-C(18) 151.4(2) C(2)-Ru-C(7) 113.3(2)
C(2)-Ru-C(8) 91.1(3) C(2)-Ru-C(13) 88.3(2)
C(2)-Ru—C(14) 86.7(3) C(2)-Ru-C(15) 113.003)
C(2)-Ru-C(16) 149.0(3) C(2)-Ru-C(17) 151.2(2)
C(2)-Ru—C(18) 115.02) C(7)-Ru-C(8) 38.4(2)
C(7)-Ru-C(13) 151.2(3) C(7-Ru-C(14) 154.1(3)
C(7)-Ru—C(15) 118.3(3) C(7)-Ru-C(16) 91.6(3)
C(7)-Ru-C(17) 90.6(3) C(7)-Ru~C(18) 115.6(2)
C(8)-Ru-C(13) 128.1(3) C(8)-Ru-C(14) 164.7(3)
C(8)-Ru—-C(15) 154.1(3) C(8)-Ru-C(16) 119.6(3)
C(8)-Ru-C(17) 99.1(4) C(8)-Ru-C(18) 101.9(3)
C(13)-Ru—C(14) 36.7(3) C(13)-Ru-C(15) 64.8(3)
C(13)-Ru-C(16) 76.0(3) C(13)-Ru-C(17) 64.2(3)
C(13)-Ru-C(18) 35.6(3) C(14)-Ru-C(15) 35.8(3)
C(14)-Ru-C(16) 64.8(3) C(14)-Ru-C(17) 76.4(4)
C(14)-Ru—C(18) 65.7(3) C(15)-Ru-C(16) 36.1(3)
C(15)-Ru-C(17) 64.4(5) C(15)-Ru~C(18) 77.1(3)
C(16)-Ru-C(17) 35.6(5) C(16)-Ru-C(18) 65.3(3)
C(17)-Ru-C(18) 36.6(3) C(2)-C(1)-C(3) 121.0(6)
C(1)~C(2)-C(5) 120.7(6) C(7)-C(8)-C(11) 120.6(6)
C(8)-C(7)-C(9) 120.9(6) C(14)-C(13)-C(18)  118.5(7)
0(9)-C(13)-C(14) 117.0(9) 0(9)-C(13)-C(18) 124.5(9)

C(13)-0(9)-C(19) 118.8(9)

Table 7. Selected Bond Lengths (A) for 2h

Ru-C(1) 2.149(5) Ru-C(2) 2.171(5)
Ru-C(7) 2.166(5) Ru-C(8) 2.137(5)
Ru-C(13) 2.389(5) Ru-C(14) 2.232(5)
Ru-C(15) 2.287(6) Ru-C(16) 2.289(6)
Ru-C(17) 2.220(4) Ru-C(18) 2.292(5)
N(1)-C(13) 1.358(7) N(1)-C(19) 1.479(9)
N(1)-C(20) 1.462(8) 0(1)-C(3) 1.221(8)
0(2)-C(3) 1.346(7) 0(2)-C(4) 1.454(8)
0(3)-C(5) 1.207(7) 0(4)-C(5) 1.353(7)
0(4)-C(6) 1.452(8) 0(5)-C(9) 1.222(7)
0(6)-C(9) 1.355(7) 0(6)-C(10) 1.448(7)
0(7)-C(11) 1.208(7) 0(8)-C(11) 1.359(7)
0(8)-C(12) 1.438(8) C(1)-C(2) 1.422(7)
C(1}-C(3) 1.477(8) C(2)-C(5) 1.477(8)
C(7)-C(8) 1.420(8) C(7>-C(9) 1.484(7)
C(8)-C(11) 1.482(8) C(13)-C(14) 1.451(8)
C(13)-C(18) 1.418(8) C(14)-C(15) 1.421(7)
C(15)-C(16) 1.402(8) C(16)-C(17) 1.41(1)

C(17)-C(18) 1.430(8)
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Table 8. Selected Bond Angles (deg) for 2h

C(1)>-Ru-C(2) 38.4(2) C(1)-Ru-C(7) 89.9(2)
C(1)-Ru-C(8) 89.4(2) C(1)-Ru-C(13) 119.5(2)
C(1)-Ru-C(14) 97.7(2) C(1)-Ru-C(15) 102.5(2)
C(1)>-Ru-C(16) 128.6(2) C(1)-Ru-C(17) 165.0(3)
C(1)-Ru-C(18) 152.5(2) C(2)-Ru-C(7) 113.5(2)
C(2)-Ru-C(8) 90.5(2) C(2)-Ru—-C(13) 89.1(2)
C(2)-Ru-C(14) 85.8(2) C(2)-Ru—C(15) 112.2(2)
C(2)-Ru—C(16) 147.902) C(2)-Ru-C(17) 152.2(2)
C(2)-Ru—C(18) 115.6(2) C(7)-Ru—C(8) 38.5(2)
C(7)-Ru-C(13) 149.7(2) C(7)-Ru-C(14) 155.6(2)
C(7)-Ru-C(15) 119.02) C(7)-Ru—C(16) 91.9(2)
C(7)-Ru-C(17) 89.4(2) C(7)-Ru—C(18) 114.5(2)
C(8)-Ru—-C(13) 127.4(2) C(8)-Ru-C(14) 163.3(2)
C(8)-Ru—C(15) 155.4(2) C(8)-Ru-C(16) 121.2(2)
C(8)-Ru-C(17) 99.3(3) C(8)-Ru—C(18) 101.9(2)
C(13)-Ru-C(14) 36.4(2) C(13)-Ru~C(15) 64.8(2)
C(13)-Ru-C(16) 75.8(2) C(13)-Ru—C(17) 64.2(2)
C(13)-Ru—-C(18) 35.2(2) C(14)-Ru-C(15) 36.6(2)
C(14)-Ru~C(16) 65.2(2) C(14)-Ru-C(17) 77.3(2)
C(14)-Ru—C(18) 65.5(2) C(15)-Ru-C(16) 35.7(2)
C(15)-Ru-C(17) 65.0(3) C(15)-Ru~C(18) 77.3(2)
C(16)-Ru—C(17) 36.5(3) C(16)-Ru—C(18) 65.9(2)
C(17)-Ru-C(18) 36.9(2) C(2)-C(1)-C(3) 120.7(5)
C(1)-C(2)-C(5) 122.5(5) C(7)-C(8)-C(11) 117.8(5)
C(8)-C(7)-C(9) 122.7(5) C(14)-C(13)-C(18) 117.2(5)
N(1)-C(13)-C(14) 121.6(5) N(1)-C(13)-C(18) 121.1(6)
C(13)-N(1)-C(19) 119.4(5) C(13)-N(1)-C(20) 120.6(6)

C(19)-N(1)-C(20) 117.9(5)

the three equatorial positions. As mentioned above, two dimethyl fumarates
coordinate to ruthenium C,-symmetrically to avoid the steric hindrance. The
bond lengths between ruthenium and the four olefinic carbons of dimethyl
fumarates in 2g [Ru-C(1), C(2), C(7), and C(8)] are in the range of
2.128(6)-2.164(5) A, and are thus slightly shorter than those of the
corresponding bonds in 1 [2.155(5)-2.204(5) A]’* The C-C double-bond
lengths of the dimethyl fumarates in 2g [1.409(8) and 1.419(8) A] are almost as
long as those in 1 [1.408(8) and 1.431(7) A].*2

Although the displacement mechanism has not yet been clarified, two
pathways can be considered (Scheme 1). Path A shows a straightforward

exchange mechanism between cyclooctatriene and arene without dissociation of
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Scheme 1. Possible Displacement Mechanisms
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dimethyl fumarate. On the other hand, in Path B, the release of a dimethyl
fumarate ligand is followed by displacement of the cot ligand with arene and
re-coordination of dimethyl fumarate to give 2. While the intermediates 3-7
have not yet been detected, monodentate amine- and phosphine-ligated
analogues of 5, i.e., Ru(n’-cot)(dmfm)(NR;)**® and Ru(7°-cot)(dmfm)(PR;),**
have been obtained by reacting 1 with corresponding ligands. The analogues of
6, Ru(7"-cot)(dmfm)(N"N)** (NN = 2,2-bipyridyl or 1,10-phenanthroline)
and Ru(7*-cot)(dmfm)(dppm)* [dppm = bis(diphenylphosphino)methane] have
also been synthesized in a similar manner. Thus, one of the two diméthyl
fumarate ligands in 1 was found to be labile. In addition, the re-coordination of
dimethyl fumarate has been demonstrated. The reaction of 1 with excess
pyridine (py) first gave Ru(7°-cot)(dmfm)(py) at room temperature, which was
then converted into Ru(dmfm),(py); at 115 °C.*° The reaction of 1 with
tridentate nitrogen ligands (N N N) gave a mixture of stereoisomers of
Ru(dmfm),(N"N"N) via the ligand exchange from cot to a tridentate nitrogen

ligand. The stereoisomers are different from each other at the coordinated
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enantiofaces of one of the dimethyl fumarate ligands, which means that the cot
ligand is not directly substituted by a tridentate nitrogen ligand.>** Considering

these facts, while we can not rule out Path A, Path B is more likely.
Conclusion

A novel additive-free displacement of cyclooctatriene by arenes on
zerovalent ruthenium was achieved. X-ray crystallography of Ru(7’-anisole)-
(dmfm), and Ru(7’-N,N-dimethylaniline)(dmfim), revealed that the coordination
geometry of both complex can be represented by a highly distorted trigonal
bipyramid, and confirmed that each of these complexes is a zerovalent complex
following the 18-electron rule. Further studies on the stoichiometric and

catalytic reactivity of these complexes are expected.

Experimental Section

Materials and Methods. All manipulations were performed under an
argon atmosphere using standard Schlenk techniques. Ru(cot)(dmfm), (1) was
synthesized as we reported previously.”> All solvents were distilled under argon
over appropriate drying reagents (sodium, calcium hydride, sodium-
benzophenone or calcium chloride).

Physical and Analytical Measurements. NMR spectra were recorded on
JEOL EX-400 (FT, 400 MHz (‘H), 100 MHz ("*C)) and AL-300 (FT, 300 MHz
("H), 75 MHz (**C)) spectrometers. Chemical shift values () for 'H and BC are
referenced to internal solvent resonances and reported relative to SiMe;. NMR
data for 2a—k are summarized in Table 1 ("H) and Table 2 (°C). IR spectra were
recorded on a Nicolet Impact 410 FT-IR spectrometer. Melting points were
determined under argon on a Yanagimoto micro melting point apparatus.

HR-MS spectra were recorded on JEOL SX102A spectrometers with
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m-nitrobenzyl alcohol (m-NBA) as a matrix. Elemental analyses were performed
at the Microanalytical Center of Kyoto University.
Synthesis of Ru(7’-benzene)(dmfm), (2a). A mixture of Ru(cot)(dmfm),
[1; 0.30 g, 0.61 mmol] and 5.0 mL of benzene was placed in a 50 mL stainless
steel autoclave equipped with a glass liner and a magnetic stirring bar. The
mixture was stirred at 110 °C for 2 h, and then chromatographed on alumina.
Elution with CHCl; gave a yellow solution, from which the solvent was
evaporated and the residue was recrystallized from Et,O to give 2a as
pale-yellow microcrystals (0.19 g, 66%).
Complex 2a: mp 185-187 °C dec. IR (KBr disk): 1738 cm™. HR-MS
(FAB-mNBA): m/z 469.0420 (M + H)", caled for CyoH,;05Ru 469.0436.
Synthesis of Ru(7’-toluene)(dmfm), (2b). A suspension of Ru(cot)-
(dmfm), [1; 0.50 g, 1.0 mmol] in 5.0 mL of toluene was stirred at 110 °C for 2 h,
and then chromatographed on alumina. Elution with CHCl; gave a yellow
solution, from which the solvent was evaporated and the residue was
recrystallized from Et,0 to give 2b as pale-yellow microcrystals (0.31 g, 64%).
Complex 2b: mp 156-159 °C dec. IR (KBr disk): 1689 cm™. HR-MS
(FAB-mNBA): m/z 483.0630 (M + H)", caled for C;H,503Ru 483.0593.
Synthesis of Ru(7°’-p-xylene)(dmfm), (2¢). A suspension of Ru(cot)-
(dmfm), [1; 0.50 g, 1.0 mmol] in 5.0 mL of p-xylene was stirred at 110 °C for 2
h, and then chromatographed on alumina. Elution with CHCI; gave a yellow
solution, from which the solvent was evaporated and the residue was
recrystallized from Et,O to give 2¢ as pale-yellow microcrystals (0.35 g,y 66%).
Complex 2¢: mp 152-153 °C dec. IR (KBr disk): 1691, 1710 cm™. HR-MS
(FAB-mNBA): m/z 497.0735 (M + H)", caled for CgH,705Ru 497.0749.
Synthesis of Ru(7’—mesitylene)(dmfm), (2d). A suspension of Ru(cot)-
(dmfm), [1; 0.50 g,1.0 mmol] in 5.0 mL of mesitylene was stirred at 110 °C for
2 h, and then chromatographed on alumina. Elution with CHCl; gave a yellow

solution, from which the solvent was evaporated and the residue was
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recrystallized from Et,O to give 2d as pale-yellow microcrystals (0.38 g, 74%).

Complex 2d: mp 114-116 °C dec. IR (KBr disk): 1709 cm™. Anal. Caled
for C,1Hy305Ru: C, 49.50; H 5.54. Found: C, 49.30; H, 5.54.

Synthesis of Ru(7’-hexamethylbenzene)(dmfm), (2¢). A mixture of
Ru(cot)(dmfm), [1; 0.39 g, 0.78 mmol], hexamethylbenzene (0.20 g, 0.94
mmol) and 5.0 mL of diglyme was stirred at 110 °C for 2 h, and then
chromatographed on alumina. Elution with CHCI; gave a yellow solution, from
which the solvent was evaporated and the residue was recrystallized from Et,O
to give 2e as brown microcrystals (0.13 g, 30%).

Complex 2e: mp 231-233 °C dec. IR (KBr disk): 1686 cm™. HR-MS
(FAB-mNBA): m/z 553.1371 (M + H)", calcd for C,4H3505Ru 553.1375.

Synthesis of Ru(7’-z-butylbenzene)(dmfm), (2f). A suspension of
Ru(cot)(dmfm), [1; 0.25 g,0.50 mmol] in 5.0 mL of #-butylbenzene was stirred
at 110 °C for 2 h, and then chromatographed on alumina. Elution with CHCl;
gave a yellow solution, from which the solvent was evaporated and the residue
was recrystallized from Et,O to give 2f as pale-yellow microcrystals (0.16 g,
61%).

Complex 2f: mp 125-126 °C dec. IR (KBr disk): 1693 cm™. HR-MS
(FAB-mNBA): m/z 525.1053 (M + H)", caled for CH,;05Ru 525.1062.

Synthesis of Ru(776-anisole)(dmfm)2 (2g). A suspension of Ru(cot)-
(dmfm), [1; 0.35 g,0.71 mmol] in 6.0 mL of anisole was stirred at 110 °C for 2 h,
and then chromatographed on alumina. Elution with CHCIl; gave a yellow
solution, from which the solvent was evaporated and the residue was
recrystallized from Et,O to give 2g as pa_le-yéllow microcrystals (0.20 g, 59%).

Complex 2g: mp 204-206 °C dec. IR (KBr disk): 1691 cm™. HR-MS
(FAB-mNBA): m/z 499.0564 (M + H)", calcd for C;gH,509Ru 499.0542.

Synthesis of Ru(7°-N,N-dimethylaniline)(dmfm), (2h). A suspension of
Ru(cot)(dmfm), [1; 0.35 g, 0.71 mmol] in 5.0 mL of N,N-dimethylaniline was

stirred at 110 °C for 2 h, and then chromatographed on alumina. Elution with
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CHCl; gave a yellow solution, from which the solvent was evaporated and the
residue was recrystallized from Et,O to give 2h as pale-yellow microcrystals
(0.27 g, 77%).

Complex 2h: mp 166-168 °C dec. IR (KBr disk): 1690 cm™. HR-MS
(FAB-mNBA): m/z 512.0850 (M + H)", caled for CooH,sNOgRu 512.0858.

Synthesis of Ru(7’-biphenyl)(dmfm), (2i). A mixture of Ru(cot)(dmfm),
[1; 0.50 g, 1.0 mmol] and biphenyl (2.0 g) was stirred at 110 °C for 2 h, and then
chromatographed on alumina. Elution with CHCI; gave a yellow solution, from
which the solvent was evaporated and the residue was recrystallized from Et,O
to give 2i as pale-yellow microcrystals (0.33 g, 61%).

Complex 2i: mp 162-163 °C dec. IR (KBr disk): 1703 cm™. HR-MS
(FAB-mNBA): m/z 545.0772 M + H)", caled for C,4H,705Ru 545.0749.

Synthesis of Ru(7°-methyl benzoate)(dmfm), (2j). A suspension of
Ru(cot)(dmfm), [1; 0.25 g, 0.50 mmol] in 4.0 mL of methyl benzoate was
stirred at 110 °C for 2 h, and then chromatographed on alumina. Elution with
CHCI; gave a yellow solution, from which the solvent was evaporated and the
residue was recrystallized from Et,O to give 2j as pale-yellow microcrystals
(0.030 g, 13%). |

Complex 2j: mp 203-205 °C dec. IR (KBr disk): 1708 cm™. HR-MS
(FAB-mNBA): m/z 527.0508 (M + H)+, caled for C,0H,50,0Ru 527.0491.

Synthesis  of Ru(7*-naphthalene)(dmfm), (2k). A mixture of
Ru(cot)(dmfm), [1; 0.30 g, 0.61 mmol] and naphthalene (2.0 g) was stirred at
110 °C for 2 h, and then chromatographed on alumina. Elution with CHCl; gave
a yellow solution, from which the solvent was evaporated and the residue was
recrystallized from EtzO/pentane to give 2k as brown microcrystals (0.19 g,
60%).

Complex 2k: mp 183-185 °C dec. IR (KBr disk): 1691, 1702 cm™.
HR-MS (FAB-mNBA): m/z 519.0604 (M + H)", caled for CyH,sOsRu
519.0593.
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Crystallographic Study of Complexes 2g and 2h. Single crystals of
complexes 2g and 2h obtained by recrystallization from CHCls/pentane were
subjected to X-ray crystallographic analyses. The crystal data and experimental
details for 2g and 2h are summarized in Table 4. All measurements were made
on a Rigaku RAXIS imaging plate area detector with graphite monochromated
Mo Ka radiation (4 = 0.71069 A). The structures were solved by direct methods
using SIR92%’ and expanded using Fourier techniques (DIRDIF99).*® The
non-hydrogen atoms were refined anisotropically and hydrogen atoms were
refined isotropically. Neutral atom scattering factors were taken from Cromer
and Waber.”> Anomalous dispersion effects were included in F,.."": the values
for Af" and Af"" were those of Creagh and McAuley.*' The values for the mass

1.42

attenuation coefficients were those of Creagh and Hubbell.” All calculations

B4 crystallographic  software

were performed using the CrystalStructure
package. In Figures 1 and 2, thermal ellipsoids are shown at the 30% and 50%

probability level, respectively, and all hydrogen atoms are omitted for clarity.
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General Conclusion

The synthesis of novel zerovalent ruthenium complexes derived from
Ru(n’-cot)(dmfm), [1; cot = 1,3,5-cyclooctatriene, dmfm = dimethyl fumarate]
and their detailed reactivity were described in this thesis, which consists of five
chapters.

Chapter 1 dealt the reactions of 1 with mono- or bidentate phosphorus
ligands. Novel ruthenium(0) phosphine complexes, Ru( n°-cot)(dmfm)(L) [L =
triphenylphosphine, diphenylmethylphosphine, dimethylphenylphosphine, and
triethylphosphine], were prepared in high yields by the reaction of 1 with
monodentate tertiary phosphine ligands. The NMR spectra of these complexes
show fluxionality in solution, and the X-ray crystallography elucidated thaf the
difference of coordination mode of the cot ligand depends on a sort of
coordinated phosphine ligand. These results indicated that the fluxionality is
based on the rotation of the cot ligand. On the other hand, the reaction of 1 with
a bidentate phosphine ligand, dppe [dppe = 1,2-bis(diphenylphosphino)ethane],
gave two kinds of novel complexes, Ru(dmfm)(dppe), and Ru(alkenyl)(alkyl)-
(dppe), according to the amount of dppe. Ru(dmfm)(dppe), is formed via the
dissociation of cot and one of the dmfm ligands followed by the coordination of
two moles of dppe. Ru(alkenyl)(alkyl)(dppe) is generated by the activation of
the sp® carbon-hydrogen bond of dimethyl fumarate, and then the insertion of
the other dimethyl fumarate into the formed ruthenium-hydrogen bond. The
treatment of Ru(alkenyl)(alkyl)(dppe) with 1 atm of carbon monoxide afforded
Ru(alkenyl)(alkyl)(dppe)(CO) by the dissociation of the carbonyl oxygen of the
[-methoxycarbonylalkyl ligand. Further, the reaction of Ru(alkenyl)(alkyl)-
(dppe) with 60 atm of carbon monoxide gave dimers of dimethyl fumarate and
Ru(CO)s(dppe) via reductive elimination. A series of the reactions are
considered as a model stepwise reaction of catalytic dimerization of olefinic

compounds, which includes the Ru(alkenyl)(alkyl) species.
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In Chapter 2, the synthesis and reactivity of a zerovalent ruthenium aqua
complex were discussed in detail. The reaction of 1 with dppe in the presence of
excess water afforded Ru(dmfm),(dppe)(H,O), which is a quite rare example of
a stable and isolable ruthenium(0) aqua complex. There have been no reports
about an isolable zerovalent ruthenium aqua complex. The X-ray
crystallography of this complex indicated that coordination of a water molecule
to the ruthenium center is stabilized by two hydrogen bonds with the carbonyl
~oxygen atoms of the dmfm ligands. In the case of the reaction of 1 with dppm
[dppm = bis(diphenylphosphino)methane], the product was not an aqua complex
such as Ru(dmfm)z(dppm)(HzO) even in the presence of excess water, but a
novel zerovalent complex, Ru(7'-cot)(dmfm)(dppe), was obtained via the
dissociation of one of dmfm and one of cot’s olefinic bond followed by the
coordination of dppm. This complex is considered as a model complex of the
intermediate in the formation reaction of Ru(dmfm),(dppe)(H,O). The reactivity
of Ru(dmfm),(dppe)(H,O) toward carbon monoxide was examined, and it
reacted with 1 atm of carbon monoxide to give Ru(CO),(dmfm)(dppe) via the
dissociation of HO and one of the dmfm ligands followed by the coordination
of two carbon monoxide molecules. The NMR spectra fully elucidated the
dynamic behavior of this complex in solution, Which is based on the ligand
rearrangement between cis and trans isomers.

Chapter 3 presented the synthesis and structure of novel zerovalent
ruthenium complexes with three pyridine ligands or tridentate pyridyl ligands.
Complex 1 reacted with an excess amount of pyridine to give a novel
ruthenium(0) complex, Ru(dmfm),(pyridine);. Tridentate pyridyl ligands
(N-N"-N) such as 2,2":6",2" -terpyridine (terpy), 2,6-bis(imino)pyridyl ligands,
and 2,6-bis[(4S)-(—)-isopropyl-2-oxazolin-2-yl]pyridine (i-Pr-Pybox), reacted
with 1 to give a novel ruthenium(0) complex, Ru(dmfm),(N-N"-N). The NMR
spectra revealed that the products are mixtures of two isomers, respectively; one

of which is different from the other by the coordinating enantioface of one of the
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dmfm ligands. The X-ray crystallography elucidated that the structures of these
complexes can be rationalized as a distorted trigonal bipyramid, in which the
outer coordinative moieties of N-N’-N occupy axial sites, and the central pyridyl
moiety of N-N"-N and two dmfm ligands locate equatorial positions. These
complexes are the first example of an isolable zerovalent ruthenium compiex
with three moles of a nitrogen ligand and tridentate nitrogen ligands. Since they
are a new kind of zerovalent complex with both strong z-acceptor and o-donor
ligands, a novel characteristic reactivity is expected.

Chapter 4 depicted the synthesis of novel p-quinone coordinated
ruthenium(0) complexes, Ru(r’-cot)(p-quinone), which was formed via the
reaction of 1 with p-quinones. The structure of Ru(n’-cot)(2,6-dimethoxy-p-
quinone) was determined by X-ray crystallography to be represented by a highly
distorted trigonal bipyramid, in which the p-quinone ligand coordinatéd with
two olefinic bonds. In the ’C NMR spectrum, however, the carbonyl carbons of
p-quinones were shifted upfield by ~30 ppm, as reported for other p-quinone
complexes. The infrared spectra show that the v(C=0) bands of the quinone
ligands appeared at 1550~1610 cm™, which are shifted to a lower wavenumber
by 50~100 cm™' compared with those of the corresponding free quinones. This
shift is attributable to z~back donation from ruthenium, aﬁd also supports some
contribution from the resonance structure of semiquinone and hydroquinone
complexes. The reaction of 1 with p-biquinone gave a novel bimetallic
zerovalent complex {Ru(7°-cot)}o(p-biquinone). The structure of the
p-biquinone complex was determined by X-ray crystallography, in which
p-biquinone coordinates to two isolated Ru(cot) moieties with a unique mode
and the two Ru(cot) groups are located at endo positions.

Chapter 5 displayed the synthesis of novel zerovalent arene complexes
bearing two dimethyl fumarate ligands, Ru( n°-arene)(dmfm), [arene = benzene,
toluene, p-xylene, mesitylene, hexamethylbenzene, t-butylbenzene, anisole,

N,N-dimethylaniline, biphenyl, methyl benzoate, naphthalene] by the direct
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ligand-exchange reaction of 1 with arenes. This synthetic method does not need
any additives which are essential to the conventinal synthesis of zerovalent
ruthenium arene complexes. The X-ray crystallography of Ru(7’-anisole)-
(dmfm), and Ru(7°-N,N-dimethylaniline)(dmfm), revealed that the coordination
geometry of both complexes is represented by a highly distorted trigonal
bipyramid, and confirmed that these complexes are zerovalent complexes
following the 18-electron rule.

As described above, a various kind of zerovalent ruthenium complexes
were synthesized from Ru(7’-cot)(dmfm), (1). The common feature of the
obtained zerovalent complexes is the coordination of strong z-acceptor ligands
such as dimethyl fumarate or p-quinones, which makes the active zerovalent
complex stable and isolable. The 7acidity of the coordinated ligands is one of
the factors determining the reactivity of the complex so that it is very important
to control the racidity of the ligands. In this sense, the newly prepared
complexes in this thesis, for instance, Ru(dmfm),(N-N"-N) that has both of
strong o-donor and 7-acceptor ligands, are expected to have distinctive features
in both stoichiometric and catalytic reactivity. The author strongly believes that

these new complexes lead us to a new frontier of organometallic chemistry.
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