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Organometallic Chemistry

Selected properties of bi- and trinuclear complexes prepared
by the reactions of Ru3(CO),, with -substituted oxadienes
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The reactions of Ru(CO);, with 4-phenylbut-3-en-2-one (1a), 3-phenyl-1-p-tolyl-
prop-2-en-1-one (1b), and 1,3-diferrocenylprop-2-en-1-one (1c¢) afforded the
Ru,y(CO)4(n-H)(O=C(RH)C(H)=C(R?)) (2) and Ru3(CO)s(0O=C(R")C(H)=C(R?), (3)
complexes. Dissolution of these complexes in CHCl; or CH,Cl, gave rise to the
Ru,(CO)4(u-Cl),(0O=C(R)C(H)=C(R?)) complexes (4). The thermal transforma-
tions of complexes 2 and 3 in the presence of an excess of the ligand
yielded the Ru,0,(C0O)4(n3-OC(R)YC(H)(CH,R2)C(RD)C(H)C(RY)), (5) and
Ru(CO)2(0=C(R1)C(H)=C(R2))2 (6) complexes. Analogous complexes were obtained upon
more prolonged heating of the starting reaction mixtures. The structures of complexes 4a, 5a,
and 6¢ were established by X-ray diffraction analysis and confirmed by spectroscopic data.

Key words: dodecacarbonyltriruthenium, 4-phenylbut-3-en-2-one, 3-phenyl-1-p-tolyl-
prop-2-en-1-one, 1,3-diferrocenylprop-2-en-1-one, oxaruthenacyclopentadienyl rings,
n3-dihydropyran rings, halogen-bridged complexes, X-ray diffraction analysis, IR spectro-
scopy, 'H NMR spectroscopy, !3C NMR spectroscopy.

We have carried out a series of studies on the reac- Ru3(CO)8(O=C(R1)C(H)=C(R2))2 (3) as the major prod-

tivities of a,B-unsaturated ketones in thermal reactions ucts (Scheme 1). In the present study, we describe se-
with ruthenium carbonyls.1=5 The reactions of Rus(CO), lected properties of the complexes prepared earlier, path-
with 4-phenylbut-3-en-2-one (1a), 3-phenyl-1-p-tolyl- ways of their transformations, and a series of final reac-

prop-2-en-1-one (1b), and 1,3-diferrocenylprop-2- tion products.

en-1-one (Ic) afforded bi- and trinuclear complexes

with the n3-coordinated five-membered oxaruthena- Results and Discussion

cycles Ru,(CO)4(u-H)(O=C(RNHC(H)=C(R?)) (2) and

When studying the reaction of Rus(CO);, with unsat-
T Deceased. urated ketone 1c, we have demonstrated? that bi- and tri-

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1610—1619, September, 2002.
1066-5285/02/5109-1754 $27.00 © 2002 Plenum Publishing Corporation



Properties of Ru complexes

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 9, September, 2002 1755

Scheme 1

Ru;(CO),,

oc,

a: R'=Me, R2=Ph
b: R' = p-MeCgH,, R? = Ph
c:R'=R2=Fc

nuclear complexes 2¢ and 3¢ were completely transformed
into the Ru,(CO)4(u-Cl),(0O=C(Fc)C(H)=C(Fc)), com-
plex (4¢) upon storage in a solution in CHCl; for 2 days.
The formation of the complex with the noncoordinated
oxaruthenacycle was of particular interest because its use
opens up the possibility of the synthesis of heterometallic
compounds in which the oxaruthenacycle can serve as a
ligand with respect to other transition metal atoms. Since
such studies are conveniently performed with less steri-
cally overcrowded molecules, we continued investiga-
tions of the reactions with the use of ketone 1a.

The binuclear chloride-bridged Ru,(CO)4(u-
Cl),(0=C(CH;)C(H)=C(C¢H5s)), complex (4a) was pre-

pared upon storage of a solution of 2a in CHCl; at room
temperature. The course of the reaction was monitored
by IR spectroscopy, the spectra being recorded at certain
intervals in the region of stretching vibrations of the
M—CO groups, and the gradual transformation of 2a
into 4a was observed. After completion of the reaction
(after two weeks), complex 4a was isolated by column
chromatography on silica gel. These reactions of the com-
plexes with ketone l1a proceeded more slowly as com-
pared to those with 1¢ due, apparently, to the fact that
the n-coordination olefinic bond between the oxaruthena-
cycle and the second Ru atom in complexes 2 is strength-
ened on going from the ferrocenyl substituent to an aryl

Fig. 1. Molecular structure of complex 4a.
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group.2 Probably, it is this bond cleavage that is the
limiting step of the reaction 2 — 4.

It should be noted that we have previously detected
the formation of complex 4a (according to IR spectro-
scopy) by chromatography of a reaction solution con-
taining complexes 2a and 3a on silica gel (with CH,Cl,

Table 1. IR, 'H NMR, and !3C NMR spectroscopic data for
compounds la,c, 4a, 5a,b, and 6a,c

Com- IR spectrum NMR spectra (8, J/Hz)

pound (heptane),

as the eluent).3 The formation of complex 4a on the
adsorbent surface proceeded much more rapidly than in
solution.

The structure of complex 4a was established by IR
and NMR spectroscopy (Table 1) and confirmed by
single-crystal X-ray diffraction analysis (Fig. 1; selected
bond lengths and bond angles are given in Table 2). In
the crystal, centrosymmetrical molecule 4a occupies a
special position (an inversion center is located at the
midpoint between the Ru atoms) and consists of two
oxaruthenacycles linked through two unsymmetrical chlo-
ride bridges to form the planar four-membered ring
Ru,Cl,. In addition, each Ru atom is coordinated by
two carbonyl ligands. One of these ligands is in the frans
position with respect to the O atom of the metallacycle
and the second ligand is in the trans position with re-
spect to the Cl atom. The oxaruthenacycles in molecule
4a are planar (the maximum deviation from the mean
plane is 0.01 A) and form dihedral angles of 85.6° with
the plane of the central Ru,Cl, ring. The structural char-
acteristics of complex 4a are close to those of ferrocenyl-
substituted analog 4¢,% which indicates that the substitu-
ents in the chain of the starting oxadiene has only an

v(CO)/cm™! 'H tc
1a¢ — 2.22 (s, 3 H, Me); 26.20; 126.03;
6.59, 7.39 (both d, 127.19; 127.82;
1 H each, CH=CH, 129.28; 133.40;
J=16.3); 7.20—7.60 141.90; 196.53
(m, 5 H, Ph)
1c? — 4.16, 4.19 (both s, —
5 H each, Cp); 4.45, 4.54
(both t, 2 H each, Cp,
J=1.8); 4.58 (t, 2 H);
4.86 (t,2 H, Cp, J=1.8);
6.73, 7.69 (both d, 1 H each,
CH=CH, J=15.4)
4a? 2048 s, Dimeric form: Dimeric
1978 s 2.49 (s, 3 H, Me); form: 26.58;
6.62 (s, 1 H, CH=C); 125.31; 128.19;
7.11—7.30 (m, 5 H, Ph)  129.22; 133.90;
147.62; 189.62;
197.04; 214.11;
227.55
Monomeric form: Monomeric
2.46 (s, 3 H, Me); form: 26.76;
6.60 (s, 1 H, CH=C); 125.50; 128.22;
7.11—7.30 (m, 5 H, Ph)  129.29; 134.25;
147.37; 189.86;
197.50; 214.25;
227.52
5ab 2004 s, 1.31 (s, 3 H, Me); 2.26  —
1953 s (s, 3 H, Me); 5.17
(s, 1 H); 6.80—7.33
(m, 5 H)
5b 2016 s, — —
1953 s
6a? 2018 s, 2.17 (s, 3 H, Me); —
1954 s 6.46 (s, 1 H, CH=C);
7.00—7.80 (m, 5 H, Ph)
6c® 2008, 4.05 (s, 5 H, Cp); 29.76; 30.13;
1938 s 4.10, 4.12 (both m, 32.27; 64.46;
1 H each, Cp); 4.61 (m, 70.16; 70.73;
2 H, Cp); 4.66 (s, 5 H, 70.89; 71.12;
Cp); 4.76, 5.00, 5.05, 72.02; 72.98;
5.37 (all m, 1 H each, 78.07; 78.29;
Cp); 7.65(s, 1 H, 93.39; 203.11;

CH=C)

207.50; 235.28

Table 2. Principal bond lengths (d) and bond angles (®) in

complex 4a
Bond d/A Angle o/deg
Ru(l)—CI(1)  2.4331(5) C(1)—Ru(1)—CI(1) 178.85(5)
Ru(1)—CI(1A)* 2.5064(5) C(2)—Ru(1)—ClI(1) 91.02(6)
Ru(1)—C(1) 1.859(2) C(5)—Ru(1)—ClI(1) 89.78(5)
Ru(1)—C(2) 1.863(2) O(3)—Ru(1)—CI(1) 86.26(4)
Ru(1)—C(5) 2.032(2) C(1)—Ru(1)—CI(1A)* 94.21(6)
Ru(1)—0(3) 2.123(1) C(2)—Ru(1)—CI(1A)* 93.74(6)
o(1)—C(1) 1.142(2) C(5)—Ru(1)—CI(1A)* 167.97(5)
0(2)—C(2) 1.141(3) O(3)—Ru(1)—CI(1A)* 89.17(4)
0(3)—C(3) 1.257(2) Cl(1)—Ru(1)—CI(1A)* 85.56(2)
C(3)—C@4) 1.434(3) C(1)—Ru(1)—C(2) 90.13(8)
C(3)—C(6) 1.496(3) C(1)—Ru(1)—C(5) 90.23(7)
C(4)—C(5) 1.364(2) C(2)—Ru(1)—C(5) 97.43(7)
C(5)—C() 1.474(2) C(1)—Ru(1)—0(3) 92.61(6)
C(2)—Ru(1)—0(3) 175.85(6)
C(5)—Ru(1)—0(3) 79.45(6)

Ru(1)—CI(1)—Ru(1A)* 94.44(2)

O(1)—C(1)—Ru(l)  178.9(2)
0(2)—C(2)—Ru(l)  179.2(2)
C(3)—0@3)—Ru(l)  112.1(1)
0(3)—C(3)—C(4) 119.4(2)
0(3)—C(3)—C(6) 119.7(2)
C(4)—C(3)—C(6) 120.9(2)
C(5)—C(4)—C(3) 116.2(2)
C(4)—C(5)—C(7) 119.5(2)
C(4)—C(5)—Ru(l)  112.8(1)
C(7)—C(5)—Ru(l)  127.7(1)

4 The NMR spectra were recorded in CDCl;.
5 The NMR spectra were recorded in C¢Dy.

* The atom is generated from the basis atom by the symmetry
transformation —x + 2, —y, —z + 1.
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insignificant effect both on the overall structure of the
resulting complexes and the geometry of the oxaruthena-
cycles.

It should be noted that complexes 4 can exist in
solution as several isomers depending on the orienta-
tions of the oxaruthenacycles with respect to the central
Ru,Cl, fragment.2 However, X-ray diffraction study of
complexes 4a and 4c demonstrated that crystallization
afforded the centrosymmetrical isomers.

The IR and NMR spectra of complex 4a are in com-
plete agreement with the results of X-ray diffraction analy-
sis. The IR spectrum has two intense bands in the stretch-
ing vibration region of CO ligands. This indicates that
each Ru atom is coordinated by two CO ligands in
cis positions with respect to each other. In the IR spec-
trum of complex 4a, the stretching frequencies of the
metal-carbonyl groups are shifted to high frequency by
~10 cm™! relative to the corresponding frequencies of
complex 4c¢ due, apparently, to the weaker electron-
donating effect of the Me substituent as compared to
that of Fc.

The 'H and '3C NMR spectra of complex 4a each
have two sets of signals because not only the initial mol-
ecule but also its monomeric form are present in solu-
tion. The latter is derived via dissociation of the bridging
Ru—Cl bond and coordination by the solvent molecule
(for example, CHCIs). The less intense signals at higher
field were assigned to the monomeric species whose for-
mation has been observed previously? for complex 4c.
The degree of dissociation, which was determined from
the integral intensities of singlets in the 'H NMR spec-
trum measured in CHClI; at 20 °C, was at most 40%.

It is reasonable to assume that the formation of the
monomeric species proceeds through the cleavage of the
longer Ru—Cl bonds, which are in the frans positions
with respect to the Cg atoms of the starting ligand
(Ru(1)—CI(1) bond; see Fig. 1 and Table 1). Coordina-
tion by the solvent molecule leads to an insignificant
upfield shift of the '3C signal for the C, atom of the
monomeric molecule (from 8¢ 227.55 to 8¢ 225.51). The
remaining signals of the monomeric molecule assigned
to the carbonyl groups are shifted downfield relative to
the signals of the dimer. The assignment of the signals
was made based on comparison of the 13C NMR spectra
of complexes 2a ! and 4a. The coordination environ-
ment about the Ru atoms, which are involved in the
oxaruthenacycles in complexes 2a and 4a, are octahe-
dra. The carbonyl group of the oxaruthenacycle and one
of the metal-carbonyl groups occupy the axial (trans)
positions and the remaining ligands are in the equatorial
planes. It can be assumed that the difference in the equa-
torial ligand environment about the Ru atoms in com-
plexes 2a and 4a has, apparently, only a slight effect on
the chemical shifts of the ligands located in the axial
positions. Since the signals at - 214.11 (214.25) and

189.62 (189.86) in the spectrum of complex 4a are close
to those observed in the spectrum of complex 2a (at
8¢ 215.89 and 189.39), they can be assigned respectively
to the carbonyl group of the oxaruthenacycle and the
metal-carbonyl group located in the trans position with
respect to the former group (hereinafter, the signal of the
dimeric complex is given for complex 4, and the signal
of its monomeric form is given in parentheses).

In the 13C NMR spectrum of complex 4a, the signal
for Cg observed at 8¢ 227.55 (227.51) is shifted downfield
by >80 ppm as compared to that of the noncoordinated
ligand (3 141.9).! This is attributable to the partially
carbene character of the Ru—Cgy bond due to efficient
back donation from the n* orbital of the Cy atom to the d
orbital of the Ru atom. In this case, the oxaruthena-
cyclopentadiene fragment can be represented as a reso-
nance hybrid of two forms, A and B, with the contribu-
tion of the ruthenafuran system B (Scheme 2).

Scheme 2
(e} (e}
A B

Similar low-field signals for the Cj atoms
were  observed in  the spectra  of  the
Ru(CO),(MeC=C(H)C(H)=NPr), complex (at 5 218.3
and 223.1)® containing two five-membered azaruthena-
cycles in the coordination sphere about the metal
atom as well as in the spectra of the related
Ru(C0O);ClI(MeC=C(H)C(H)=NPrl) complex (at
3¢ 211.2).7

The investigation of the thermal reactions of com-
plexes 2 and 3 with an excess of the ligand demonstrated
that the resulting complexes are analogous to those ob-
tained upon more prolonged heating of the starting reac-
tion mixture. It is known that the thermal reactions of
ruthenium carbonyls with organic molecules performed
under severe conditions (refluxing in heptane) lead to
further transformations of the initially formed poly-
nuclear products accompanied by the cleavage of the
metal—metal bonds to form mono- or binuclear com-
plexes devoid of the metal—metal bond%3 or, more rarely,
result in condensation of the clusters to give higher-
nuclearity species.18

Among the final products of the thermal reactions of
Ru;(CO),, with ketones la—e¢, we have previously!:
isolated and characterized the only complex 5b contain-
ing the n3-coordinated dihydropyran ring as the ligand.
The structure of the complex was established by X-ray
diffraction analysis of a single crystal, which was chosen
from the precipitate obtained in the reaction of Ru;(CO),,
with 1b.5 The composition of the precipitate was con-
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firmed by elemental analysis (see the Experimental
section).

In the present study, we report the synthesis and
structure of complex 5a prepared by the reaction of
Ru;3(CO), with 1a in boiling heptane. The course of the
reaction was monitored by IR spectroscopy, the spectra
being recorded in the region of stretching vibrations of
the metal-carbonyl groups at regular intervals. The reac-
tion mixture was heated for 4.5 h, cooled, and filtered.
The precipitate recrystallized from heptane contained
crystals of complex 5a. The structure of the latter was
established by spectroscopy and confirmed by X-ray dif-
fraction analysis. According to the IR spectra, the solu-
tion contained also complex 5a. However, we failed to
find conditions for its chromatographic separation. Com-
plex 5a was also prepared by thermolysis of 2a or 3a in
the presence of the ligand. The formation of 5a was
established by IR spectroscopy.

In the crystal of complex 5a (Fig. 2, the principal
geometric parameters are given in Table 3), there are
two independent centrosymmetrical molecules. Each

C(22)

C(7)

o
H(6A)
C(3) C(6)

C(5)
4

C(4)
/ C(9)

H@A)S Ca0)
C(IM c(11) a
C(12)

C(13)

P C)

Fig. 2. Molecular structure of complex 5a.

.

|

Lourny O

molecule occupies a special position (an inversion cen-
ter is located at the midpoint between two Ru atoms)
and consists of two identical fragments linked by the
bridging O atoms to form the four-membered Ru,0,
ring. Each O atom is a three-electron donor and forms
one short o-bond (Ru(1)—0(4), 2.069 A; hereinafter,
the average bond lengths for two independent mol-
ecules are given) and one longer coordination bond
(Ru(1)—0(4A), 2.215 A) with the Ru atoms. The latter,
in turn, are coordinated by the allylic fragments of the
dihydropyran ligands. Due to the presence of two carbo-
nyl ligands at each of two Ru atoms, both metal atoms
have an 18-electron configuration. Complex 5a is char-
acterized by the essentially nonsymmetrical n3-co-
ordination of the dihydropyran rings to the Ru at-
oms (Ru(1)—C(3), 2.869 A; Ru(1)—C(4), 2.309 A;
Ru(1)—C(5), 2.096 A). Such a nonequivalence of the
Ru—C, bonds and a substantial difference in the bond
lengths in the allylic fragment (see Table 2) suggest an
alternative description of coordination to the Ru atom
characterized by the presence of the Ru(1)—C(5) s-bond

Ru(1A)

I,

Ru(l) ¢c(1) (;(1)

S

@)
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Table 3. Principal bond lengths (d) and bond angles (o) in two independent molecules of complex 5a

(A and B)
Parameter A B Parameter A B
Bond d/A Angle o/deg
Ru(1)—0(4) 2.074(4) 2.064(4) C(1)—Ru(1)—C(2) 88.6(3) 89.3(3)
Ru(1)—0(4A)* 2.218(4) 2.212(4) C(1)—Ru(1)—0(4) 94.2(3) 93.7(3)
Ru(1)—C(1) 1.819(7) 1.781(9) C(2)—Ru(1)—0(4) 176.9(2) 176.6(3)
Ru(1)—C(2) 1.855(8) 1.840(7) C(1)—Ru(1)—0(4A)* 103.5(2) 103.8(2)
Ru(1)—C(3) 2.890(7) 2.848(7) C(2)—Ru(1)—0(4A)* 103.3(2) 103.0(2)
Ru(1)—C(4) 2.301(7) 2.317(7) O(4)—Ru(1)—04A)*  77.5(2) 77.8(2)
Ru(1)—C(5) 2.078(7) 2.114(6) C(3)—0(3)—C(7) 116.9(5) 115.9(5)
0(3)—C(3) 1.338(8) 1.351(8) C(7)—0(4)—Ru(1) 111.4(4) 111.1(4)
0(3)—C(7) 1.486(8) 1.484(7) C(7)—04)—Ru(1A)* 127.7(4) 128.5(4)
0(4)—C(7) 1.390(7) 1.406(7) Ru(1)—O0(4)—Ru(1A)* 102.5(2) 102.2(2)
C(3)—C4) 1.375(9) 1.366(9) O(1)—C(1)—Ru(1) 174.9(5) 174.1(6)
C(3)—C(8) 1.505(9) 1.509(9) 0(2)—C(2)—Ru(1) 178.9(6) 178.5(7)
C(4)—C(5) 1.454(9) 1.449(9) 0(3)—C(3)—C4) 124.0(6) 122.9(6)
C(5)—C) 1.521(9) 1.512(9) 0(3)—C(3)—C(8) 113.9(6) 111.6(6)
C(5)—C(6) 1.527(9) 1.531(9) C(4)—C(3)—C(8) 122.0(7) 124.9(6)
C(6)—C(7) 1.556(9) 1.521(9) C(3)—C(4)—C(5) 120.5(6) 122.3(6)
C(6)—C(15) 1.537(9) 1.537(10) C(4)—C(5)—C9) 116.7(6) 119.4(6)
C(7)—C(22) 1.473(9) 1.497(8) C(4)—C(5)—C(6) 113.6(5) 112.3(6)
C(15)—C(16) 1.510(10) 1.524(10) C(9)—C(5)—C(6) 113.6(6) 115.9(5)
C(5)—C(6)—C(7) 107.1(5) 108.5(5)
C(5)—C(6)—C(15) 113.7(6) 111.9(6)
C(15)—C(6)—C(7) 113.7(5) 114.1(6)
0(4)—C(7)—0(3) 106.2(5) 106.1(5)
0(4)—C(7)—C(22) 113.6(5) 112.3(5)
C(22)—C(7)—0(3) 104.1(5) 103.8(5)
0(4)—C(7)—C(6) 107.5(5) 106.7(5)
0(3)—C(7)—C(6) 108.3(5) 110.2(5)
C(22)—C(7)—C(6) 116.5(6) 117.2(5)
C(16)—C(15)—C(6) 115.8(6) 115.7(6)

* The atom is generated from the basis atom by the symmetry transformation —x + 2, —y + 1, —z + 1 or
—x, —y + 2, —z + 2 for two independent molecules, respectively.

and the substantially weakened n2-coordination with the
olefinic C(3)=C(4) bond. It should be noted that
complex S5b is also characterized by the asymmetrical
n3-coordination of the dihydropyran ligand to the Ru
atom. However, the nonequivalence of the Ru—Cy,y,
bond lengths in the latter complex is less pronounced
(the corresponding values are 2.531(4), 2.229(4), and

2.158(4) A) in the case of the stronger n-bond. Weaken-
ing of the n-coordination in complex 5a is, apparently,
caused by the stronger electron-donating properties of
the Me substituent in this complex as compared to those
of the para-tolyl substituent in complex 5b.

A radically different situation is observed in tetra-
nuclear complex 7, which we have obtained previously!»>
as one of the minor products in the reaction of Ru3(CO),
with 1a and which contains simultaneously the five-mem-
bered oxaruthenacycles and the dihydropyran ligand. This
complex is characterized by the symmetrical n3-coordi-
nation of the dihydropyran ligand to the Ru atom
(Ru—C,y;, 2.18(1), 2.11(1), and 2.17(1) A), which is
attributable to the equivalent ligand environment about
the Ru atom involved in coordination. By contrast, com-
plexes 5 contain the C(1)O(1) carbonyl group and the
coordinated O(4A) atom possessing substantially differ-
ent electron-donating properties in the pseudo-frans po-
sitions with respect to the allylic fragment. Apparently, it
is the C(1)O(1) group that influences the position of the
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signal for the allylic proton in the 'H NMR spectrum of
complex 5a (see Table 1). The spectrum of complex 5a
has this signal at 8y 5.16, whereas this signal in the
spectrum of complex 7 is shifted upfield and is observed
at 8y 3.82.15

Upon heating, the reaction of Ru;(CO),, with ke-
tone la afforded new complex 6a, which was isolated
from the solution by chromatography on silica gel. Com-
plex 6a was also prepared by thermolysis of 2a or 3a in
the presence of the ligand, which was proved by IR spec-
troscopy. Analogously, thermolysis of complex 3¢ gave
rise to the Ru(CO),(0O=C(Fc)C(H)=C(Fc)), complex
(6¢) (see Scheme 1).

The structure of complex 6¢ was established by X-ray
diffraction analysis and is shown in Fig. 3. The principal
geometric parameters are given in Table 4. In the crystal,
complex 6¢ occupies a special position on a twofold axis.
The Ru atom is chelated by two oxadiene ligands to form

C(13)5)

two oxaruthenacycles and is coordinated by two carbo-
nyl ligands located in cis positions. The distorted ligand
environment about the Ru atom is characterized by the
transoid arrangement of the s-bound C atoms of the
metallacycles, whereas the carbonyl ligands are in the
trans positions with respect to the O atoms of the
metallacycles. It should be noted that the frans effect is
observed in all complexes prepared by us. The metal-
carbonyl CO group is always located in the trans position
with respect to the O atom of the oxaruthenacycle, which
donates the lone pair to the Ru atom.1:2 The oxaruthena-
cycles in complex 6¢ are slightly nonplanar (the folding
angle along the O(2)...C(4) line is 5.1°), all bond lengths
in these fragments being virtually equal to those ob-
served in chloride complexes 4a and 4c. We will point
out only a slight elongation of the endocyclic Ru—C
c-bonds in complex 6¢ (Ru(1)—C(4), 2.117(6) A) as
compared to the analogous bonds in complexes 4a and 4¢

() C(12)
C(14) Acan
C(10) Q’Fe(l)
7
) (7
C(9)
e
H( ‘ C(5) ©
C(3)
C(19) 2 &
cad <15> c Do
m C(4)
C(” C(16) ‘1§§3‘ Ru(T)
BN
C(2 C(24) . OCA) M cGa)
, ’ O(1A) C(2A) O
Cc2) %) C(20)
c@1)
o)
/ r
Y A
D, 70 Fe(1A)
b
%)
»

Fig. 3. Molecular structure of complex 6c¢.
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Table 4. Principal bond lengths (d) and bond angles () in complex 6¢

Bond d/A Angle o/deg Angle o/deg
Ru(1)—C(1) 1.869(6) C()—Ru(1)—C(1A)*  93.5(4)  O(1)—C(1)—Ru(l)  176.7(5)
Ru(1)—0(2) 2.100(4) C(1)—Ru(1)—0QA)* 175.02)  C()—OQ)—Ru(l)  114.1(4)
Ru(1)—C(4) 2.117(6) C(1)—Ru(1)—0(2) 91.4(2) 0(2)—C(2)—C(3) 119.2(5)
Fe(1)—C¢, 2.018(5)—2.067(6) O(2)—Ru(1)—0(RA)*  83.6(2) 0(2)—C(2)—C(5) 118.3(5)
Fe(2)—C¢, 2.038(7)—2.063(5) C(1)—Ru(1)—C(4A)* 101.8(2) C(3)—C(2)—C(5) 122.4(5)
o(1)—C(1) 1.130(7) 0(2)—Ru(1)—C(4A)*  87.16(18) C(4)—C(3)—C(2) 116.9(5)
0(2)—C(2) 1.260(7) C(1)—Ru(1)—C(4) 91.3(2)  C(3)—C(#)—C(15)  118.5(5)
C(2)—C(3) 1.437(8) 0Q)—Ru(l)—C4)  78.62(19) C(3)—C(4)—Ru(l)  110.8(4)
C(2)—C(5) 1.462(8) C(4)—Ru(1)—C(4A)* 160.9(3) C(15)—C(4)—Ru(l) 130.7(4)
C(3)—C®#4) 1.364(8)

C(4)—C(15) 1.454(8)

* The atom is generated from the basis atom by the symmetry transformation —x + 1, y, —z + 0.5.

(2.032 and 2.031 A, respectively), which is, apparently,
caused by the mutual trans effect of the different ligands
in complexes 6 and 4. The structure of complex 6¢ is
characterized by a substantial deviation of the ferrocenyl
substituent at the C(2) atom from the standard geom-
etry. Thus, the C(5)—C(2) bond forms an angles of 7.5°
with the plane of the cyclopentadienyl C(5)—C(9) ligand
and the C(2) atom deviates from the plane by 0.182 A
toward the Fe(l) atom. The Fe(1)...C(2) distance is
2.992 A. Conceivably, this change in the geometry of the
ferrocenyl substituent is indicative of the presence of a
positive charge on the C(2) atom, which is confirmed by
the data® on the structure of the starting ferrocenyl
carbocationic complex [CsMesFeCsMe,CH,]* in which
the angle between the Cc,—C, bond and the plane of
the Cp ring is 23.6° and the Fe—C,, distance is 2.57(1) A.
It should be noted that the second ferrocenyl substituent
at the C(4) atom in complex 6¢ has a standard structure
and the C(4) atom deviates from the plane of the corre-
sponding Cp ring by only 0.030 A. The above-described
difference in the structure of two ferrocenyl substituents
in the oxadiene chain, though less pronounced, is ob-
served in chloride complex 4c.

The data from IR and NMR spectroscopy are in com-
plete agreement with the results of X-ray diffraction analy-
sis (see Table 1). The IR spectrum of complex 6¢ has two
bands with equal intensities in the region of stretching
vibrations of metal-carbonyl groups, which is indicative
of the presence of two CO ligands in cis positions with
respect to each other. In the IR spectra of complex 6c¢,
the absorption bands are observed in the lower-frequency
region as compared to the corresponding bands in the IR
spectra of complexes 4a and 4c¢, which is, apparently,
associated with the presence of the strong acceptors,
viz., Cl atoms, in the latter complexes.

The equivalence of the oxaruthenacycles is confirmed
by the NMR spectra. The 'H and !3C NMR spectra each
have one set of signals of the 1-oxa-2-ruthenacyclo-
pentadienyl ligand. This is the difference between com-

plex 6¢ and Ru(CO),(MeC=C(H)C(H)=NPr),.6 The
NMR spectra of the latter complex have double sets of
signals resulting from the nonequivalence of the aza-
ruthenacycles. The authors of the cited study believed
that these data correspond to a complex (X-ray diffrac-
tion data are lacking) in which the N atom of the
azaruthenacycle is located in the frans position with re-
spect to one metal-carbonyl CO group and the C atom
is in the trans position relative to another metal-carbo-
nyl group.

The nonequivalence of two ferrocenyl substituents in
complex 6¢ revealed from the X-ray diffraction data is
also manifested in the 'H NMR spectrum, viz., in the
difference in singlets of the protons of the unsubstituted
Cp rings (the spectra were recorded in CDCls; the sin-
glets were observed at 8y 4.07 and 4.49; ASy = 0.42). It
should be noted that the signals of the Cp rings in the
spectrum of free ligand 1c are observed at 8y 4.16 and
4.19 (Adyz = 0.03). By contrast, the spectrum of complex
4c has a double set of singlets of the unsubstituted Cp
rings,? the singlets at 3y 4.36 and 4.38 (ASy = 0.02)
belonging to the dimeric molecule and the singlets at
dy 4.14 and 4.28 (Ady = 0.14) being assigned to the
monomeric molecule. The singlet of the proton at the
C, atom in the spectrum of complex 6¢ is observed at
8y 7.32 and is shifted downfield as compared to the
signal at 8y 7.03 (6.99) in the spectrum of molecule 4c.

The '3C NMR spectrum of complex 6¢ has three
signals in the low-field region. The signal at the lowest
field (8¢ 235.28) can be assigned to the Cﬁ atom, which
is attributable to the contribution of the metallacumulene
system (see above).

Therefore, we prepared new mononuclear complex
6¢ by the thermal reaction of Ru3(CO);, with 1c and
demonstrated that it contains two five-membered oxa-
ruthenacycles in the coordination sphere about the metal
atom. Mononuclear complexes containing one oxa-
ruthenacycle have been described previously, for ex-
ample, CpRu(PPh;)[MeOC(0)C=C(H)(MeO)C=0]10
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and HRu(PPh;);[C(H)=C(Me)C(O)OR].! It should
be noted that complexes containing two oxa-
ruthenacycles  are few in  number. The
[Ru(CO),(PhC(O)CH=CC(O)Ph)],(PhC(O)CHCHC(O)Ph)
complex, which we have prepared by the thermal reac-
tion of Ru3(CO), with dibenzoylethylene,!? is the clos-
est analog of complex 6c.

When studying the thermal reactions of Rus(CO),
with a,B-unsaturated ketones, we found that the result-
ing complexes contain the five-membered chelate oxa-
ruthenacycles generated via the oxidative addition of the
Ru atom at the Cg—H bond and coordination at the
lone pair of the O atom of the keto group. Further, acting
as ligands, the oxaruthenacycles can form n3-complexes
through the C=C bond and the Ru atom. The rate of
complex formation, all other conditions being equal (tem-
perature, reagent ratio), depends on the nature of the
substituents in the starting ketone.

The simplest binuclear complexes 2 containing the
n3-coordinated oxaruthenacycle are the primary and
major reaction products (for example, after refluxing of
the reaction mixture for 2 h, the yield of 2a was 50%1).
Further heating of the reaction mixture afforded trinuclear
complexes 3 with two n3-coordinated oxaruthenacycles,
which were also obtained as the major reaction products.
For example, complex 3¢ was obtained in 45% yield
when heating of the reaction mixture containing com-
plex 1c was terminated as soon as the content of 3c
reached the maximum (according to the IR spectro-
scopic data).? To elucidate the pathways of formation of
complexes 3, we refluxed complex 2a in heptane in the
presence of the ligand. The formation of complex 3a was
confirmed by IR spectroscopy.? It is not inconceivable
that complex 3 is generated not only from complex 2 but
also directly from Rus(CO);, and the ligand (see the
Experimental section). Upon the formation of the
oxaruthenacycle, the ligand molecule loses hydride hy-
drogen, while an excess of the ligand acts as a hydrogen
acceptor and is reduced to the corresponding saturated
ketones. These ketones were isolated from the reaction
mixture and their structures were confirmed by IR and
NMR spectroscopy.!:2

Upon further heating, complexes 2 and 3 were trans-
formed into complexes 5 and 6, respectively. Both com-
plexes were derived from the oxaruthenacycles by the
insertion of the second molecule of the starting ketone.
Their formation is attributable to the fact that the
oxaruthenacycle has two electron-deficient atoms, viz.,
the Ru atom and the C atom of the keto group, which
are attacked by the nucleophilic group of the ligand, viz.,
the O atom of the keto group. In the former case
(Scheme 3), the addition occurs at the Ru atom followed
by chelation of this Ru atom by the ligand and the for-
mation of the second oxaruthenacycle giving rise to com-
plex 6 (1,4-addition of o,B-unsaturated ketone).

Scheme 3
H R!
\ —C— = —R2 ——s
ﬁo +  RI-C—CH=CH-R?
R2
H _— /O\ R!
— _ [Ry]
RO )7
R2
6

In the Iatter case (Scheme 4), the addition occurs at
the C atom of the carbonyl group of the oxaruthenacycle
to form the n3-dihydropyran rings yielding complexes 5.

Scheme 4

R'—C—CH=CH—R?
OH

— » RI—[

O\
[RU]

)
)

R2

To summarize, we described several major products,
viz., complexes 2, 3, 5, and 6, obtained in the thermal
reactions of Ru;3(CO);, with o,B-unsaturated ketones
la—c. In addition, these reactions afforded polynuclear
complexes as minor products. The difference in the ligand
behavior of oxadienes is manifested in the structures of
the latter products.]

Experimental

The 'H NMR spectra were recorded on a Bruker AMX-400
spectrometer (400.13 MHz) in solutions in CDCl; and C¢Dg¢
with the use of the residual signals of CHCl; (8y 7.25) and
C¢HDs (8 7.25) as the internal standards. The 3C NMR
spectra were measured on a Bruker AMX-400 spectrometer
(100.61 MHz) with CHCl; (8¢ 76.91) and C¢Dg¢ (8¢ 127.96) as
the internal standards. The IR spectra were recorded on a
Specord IR-75 spectrophotometer.

Bis(dicarbonyl-p-chloro-5-methyl-3-phenyl-1-oxa-2-
ruthenacyclopentadiene) (4a). A solution of complex 2a (164 mg,
0.32 mmol) in CHCI; was kept at ~20 °C for 14 days, the IR
spectra of the solution being changed and the gradual transfor-
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mation 2a — 4a being observed (see Table 1). Complex 4a was
isolated by column chromatography on silica gel (light petro-
leum—CH,Cl,, 2 : 1). Recrystallization from heptane afforded
yellow crystals of complex 4a in a yield of 92 mg (42.6%).

Di{.-[4,5,6-13-3-benzyl-4-phenyl-2,6-di(p-tolyl)-3,4-di-
hydropyran-2-yl]oxo}bis(dicarbonylruthenium) (5b). A mixture
of Ru3(CO);, (260 mg, 0.4 mmol) and ketone 1b (444 mg,
2 mmol) in heptane (150 mL) was refluxed for 7 h. After cool-
ing to ~20 °C, the reaction mixture was filtered. The precipi-
tate that formed was washed with boiling hexane (3x10 mL).
Complex 5b was isolated in a yield of 94 mg (21%). Found (%):
C, 65.3; H, 4.4. Ru,CygHs(Og. Calculated (%): C, 67.0; H, 4.6.

Di[u-(4,5,6-n3-3-benzyl-2,6-dimethyl-4-phenyl-3,4-di-
hydropyran-2-yl)oxo]bis(dicarbonylruthenium) (5a) and bis(2-me-
thyl-4-phenyl-1-oxabutadien-4-yl)dicarbonylruthenium (6a). A.
A mixture of Ru3(CO);, (320 mg, 0.5 mmol) and ketone la
(292 mg, 2 mmol) in heptane (150 mL) was refluxed for 4.5 h.
After cooling to ~20 °C, the reaction mixture was filtered. The
precipitate that formed was washed with benzene. Recrystalli-
zation from heptane afforded yellow crystals of complex 5a in a
yield of 114 mg (25.4%). The heptane solution was chromato-
graphed on a column with silica gel. Insignificant amounts of
complexes 2a and 3a were isolated by elution with a light pe-
troleum—CH,CI, mixture (2 : 1). Elution with CH,Cl, afforded
complex 6a in a yield of 15 mg and complex 4a in an insignifi-
cant amount.

B. The reaction solution analogous to that described above
was cooled with dry ice. The crystals that precipitated were
washed with hexane and complex 5a was isolated in a yield of
45 mg. The remaining solution was cooled with dry ice and a
crystalline precipitate containing a mixture of complexes 5a
and 6a (~1:1, according to the IR spectroscopic data) was
isolated in a yield of 20 mg.

Bis(2,4-diferrocenyl-1-oxabutadien-4-yl)dicarbonyl-
ruthenium (6¢). 4. A mixture of Ru3(CO);; (64 mg, 0.1 mmol)
and complex 1c (84 mg, 0.2 mmol) in heptane (50 mL) was
refluxed for 2.5 h. After cooling to ~20 °C, the reaction mixture
was filtered. The precipitate that formed was chromatographed
on Silufol plates in CH,Cl,. Cherry complex 6¢ was isolated in
a yield of 32 mg (16%). In addition, an unidentified crimson
complex (IR spectrum (hexane), v(CO)/cm™~!: 2018 s, 1956 s)
and traces of dark-violet complex 4c 2 were obtained. Recrys-
tallization from benzene afforded cherry crystals of complex 6¢
suitable for X-ray diffraction analysis.

B. A solution of complex 3¢ (55 mg) and complex 1¢ (20 mg)
in heptane was kept at ~20 °C for 7 days, the IR spectra of the
solution being changed. Chromatogaphy on Silufol plates
(CH,Cl, as the eluent) afforded complex 6¢ in a yield of
24.16 mg (20%) and the above-described (see method 4) uni-
dentified complex.

Bis(2,3,4-n3-5-methyl-3-phenyl-1-oxa-2-tricarbonyl-
ruthenacyclopenta-3,5-dien-2-yl)dicarbonylruthenium (3a). A
mixture of complex 2a (36 mg, 0.07 mmol) and ketone 1la
(10 mg, 0.07 mmol) in heptane (50 mL) was refluxed for 2 h.
According to the data from IR spectroscopy, an amount of
complex 3a was not increased after heating for 1 h. After cool-
ing to ~20 °C, the reaction mixture was filtered. The precipi-
tate was chromatographed on silica gel using a light petro-
leum—CgH¢ mixture (3 : 1) to obtain complex 3a in a yield of
7 mg (15.4%).

X-ray diffraction study of complexes 4a, 5a, and 6¢c. The
X-ray diffraction data sets were collected on an automated
Bruker SMART 1000 CCD diffractometer (graphite mono-
chromator, A(Mo-Ka) = 0.71073 A, the o scan step was 0.3°,
frames were exposed for 20 s, 7= 110 K). The crystallographic
data and details of the refinement of compounds 4a, 5a, and 6¢

Table 5. Crystallographic data and details of the refinement of compounds 4a, 5a, and 6c

Parameter 4a S5a 6¢c
Molecular formula C24H1806C12RU2 C47'5H4808RU2 C66H5604FC4RU
Molecular weight 675.42 949.00 1237.58
Space group P2,/n Pl C2/c
a/A 8.9855(8) 11.917(2) 23.237(6)
b/A 15.963(2) 12.863(2) 12.822(4)
c/A 9.7088(9) 13.956(3) 18.508(5)
o/deg — 88.076(5) —
B/deg 113.372(2) 83.607(5) 108.639(5)
v/deg — 89.074(5) —
/A3 1278.3(2) 2124.8(7) 5225(3)
Z2 2 4

doye/e cm™ 1755 1.483 1.573
p/cm~! 14.27 7.64 14.18
20,,,,,/deg 60 54 55

Number of independent
reflections (Ryy,)

R, (based on F for
reflections with 7 > 26(/))

wR, (based on F2 for
all reflections)

Number of parameters 190
in the refinement

GOF 1.090

3707 (0.0183)
0.0260 (3365)

0.0738

9174 (0.0786)
0.0659 (4481)
0.1521
550

0.824

6037 (0.0647)
0.0680 (4022)
0.2108
340

1.062
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are given in Table 5. The structures were solved by direct meth-
ods and refined by the full-matrix least-squares method based
on thk, with anisotropic thermal parameters for all nonhydrogen
atoms. Since the transmission coefficients p were small, ab-
sorption was ignored. The crystal structure of 5a contains a
heptane molecule of solvation disordered around an inversion
center. The structure of 6¢ contains two independent benzene
molecules of solvation one of which occupies a general posi-
tion and the second molecule is located in a special position on
a crystallographic twofold axis. The positions of the H atoms in
the structure of 4a were revealed from the difference synthesis
and refined isotropically. The H atoms in the structures of 5a
and 6c were placed in geometrically calculated positions and
refined using the riding model. All calculations were carried
out on a personal computer with the use of conventional pro-
gram packages.13-14

This study was financially supported by the Russian
Foundation for Basic Research (Project Nos. 00-03-32894
and 00-03-32807).
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