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The methoxy-bridged Ru" complex [Cp”Ru(u-OMe)], (Cp” = #°-1-methoxy-2,4-di-tert-butyl-3-
neopentylcyclopentadienyl) was obtained from the Ru™ complex [Cp”RuCl(u-Cl)], by reaction with
K,COj5 in methanol. In the presence of EtOH, the complex was converted into the ethoxy-bridged dimer
[Cp"Ru(u-OEt)],. Due to the steric demand of the Cp” z-ligand, complex [Cp”Ru(u-OMe)], behaves
differently than the parent complex [Cp*Ru(u-OMe)],. Reaction with MesSiCl in the presence of LiCl
gave the electronically unsaturated complex [Cp”Ru(u-Cl)],, whereas a tetrameric structure had been
reported for the analogous Cp* complex. In contrast to the expected addition reaction, a monomeric
complex [Cp”Ru(CO),(CO,Me)] was obtained by ligand insertion of CO in the Ru—OMe bond. Moreover,
an unprecedented transformation of cyclooctadiene into ethylbenzene in the coordination sphere of Ru
was observed. Complex [Cp”Ru(u-OMe)], was found to act as a highly active catalyst for atom transfer
radical cyclization (ATRC) reactions on a diverse range of substrates such as N-substituted dichloro-
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and trichloroacetamides, enamides, ethers, and esters.

Introduction

Ruthenium half-sandwich complexes have found numerous
applications as catalysts for organic transformations' but also
in the field of supramolecular® and medicinal chemistry.®> Apart
from (arene)Ru complexes, compounds based on the Cp*Ru
fragment have received considerable interest in this context. A
particularly useful starting material for the organometallic
chemistry of Cp*Ru complexes turned out to be the methoxy-
bridged dimer [Cp*Ru(u-OMe)],.* This complex, which is
available in two steps from RuCl3(H,0),,° is air-sensitive but
thermally stable under an inert atmosphere. It rapidly undergoes
addition as well as substitution reactions. The versatile reactivity
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of this species has been attributed to the electronically unsatur-
ated Ru centers and due to the lability and basicity of the
methoxy ligands.*

Recently, we have reported the synthesis of the Ru™" complex
[Cp"RuCl(u-Cl)], (Cp” = 1-methoxy-2,4-di-tert-butyl-3-neo-
pentylcyclopentadienyl), which can easily be obtained by
reaction of RuCls(solv), with tert-butyl acetylene.” First inves-
tigations had shown that the dimeric Ru™ complex [Cp"RuCl(u-
CD], can be transformed into mononuclear Ru" complexes.®
In view of the synthetic importance of the methoxy-bridged
dimer [Cp*Ru(u-OMe)],, we attempted to prepare the analogous
Cp” complex [Cp”Ru(u-OMe)], (1). Below we describe the
chemistry of this complex. It was found that the sterically
demanding Cp” ligand leads to unique structures as well as to
a distinct reactivity in stoichiometric and catalytic transformations.
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Results and Discussion

Following a synthetic pathway described for [Cp*Ru(u-
OMe)],,° we were able to obtain complex [Cp”Ru(u-OMe)],
(1) in good yield (70%) by stirring [Cp”RuCl(u-C1)], in MeOH
in the presence of K»COs (Scheme 1). Complex 1 was found
to be very air-sensitive and well-soluble in nonpolar organic
solvents. The '"H NMR spectrum of 1 in CD,Cl, showed the
presence of two diastereoisomers, in a ratio of 1:1, arising due
to the planar chirality of the Cp” ligand.

Orange crystals of complex 1 were obtained from a hexane
solution by slow evaporation. A crystallographic analysis
revealed that the meso diastereomer with opposite configuration
of the two Cp”Ru fragments had crystallized (Figure 1).
Although the overall structure of complex 1 is analogous to
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Figure 1. Graphic representation of the molecular structure of
complex 1 in the crystal. Thermal ellipsoids are at the 50%
probability level. Hydrogen atoms are not shown for clarity.
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Figure 2. Graphic representation of the molecular structure of
complex 2 in the crystal. Thermal ellipsoids are at the 50%
probability level. The hydrogen atoms are not shown for clarity.

that of [Cp*Ru(u-OMe)],, there are notable variations in certain
interatomic distances and bond angles (Table 1). The average
Ru—0 and O—CHj; bond distances are similar to what has been
reported for [Cp*Ru(u-OMe)]»,°* but the spatial separation of
the Ru centers is higher in complex 1 (3.2944(7) A as compared
to 2.961(1) A for the Cp* analogue). The average Ru—O—Ru
bond angle in complex 1 (103.89°) is also significantly higher
than that in [Cp*Ru(u-OMe)], (91.5(1)°). Furthermore, the
Ru,0; core of 1 is only slightly bent along the O +++ O axis (fold
angle = 157.1°), whereas the Cp*Ru dimer is strongly folded
(fold angle = 124.3°). It is presumed that these differences are
a manifestation of the increased steric demand of the Cp” ligand
compared to the Cp* ligand. The overcrowding arising from
the bulky alkyl groups on the Cp” is balanced by means of a
longer Ru+++Ru distance and increased Ru—O—Ru angles.

For complex [Cp*Ru(u-OMe)], it has been reported that the
methoxy ligands can easily be exchanged for ethoxy ligands.
In analogy, the u-OEt complex 2 was obtained in 94% yield
by slow diffusion of ethanol into a solution of complex 1 in
hexane. The structure of 2 was established by single-crystal
X-ray analysis, NMR spectroscopy and elemental analysis. As
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Table 1. Selected Distances (1&) and Angles (deg) for the Complexes
1, [Cp*Ru(u-OMe)],, and 2

1 [Cp*Ru(u-OMe)],” 2
Ru-+*Ru 3.294(1) 2.961(1) 3.370(4)
Ru—0 2.092 2.067(2) 2.066
O—Cheti 1.385 1.389(4) 1.435(10)
Ru—O—Ru 103.89 91.5(1) 109.2(2)
O-Ru—0 73.07 71.8(1) 70.8(2)

Ru—O—Cwme/k 126.05 124.7(2) 125.05

“ Averaged values are given. ” Data from ref 6a.

it was observed for complex 1, the '"H NMR spectrum revealed
the existence of two diastereoisomers in the ratio of 1:1 in
solution.

The structural analysis of 2 showed the presence of a
crystallographic inversion center. The Ru,O, core is thus
perfectly flat. As a consequence, the Ru-++Ru distance in 2 is
larger than that in 1 (3.370(4) A) and the Ru—O—Ru angle is
larger (109.2(2)°). In other respects the structure of complex 2
is similar to 1. Key structural features of 2 are summarized in
Table 1.

Another widely used starting material for the synthesis of
Cp*Ru" half-sandwich complexes is [Cp*Ru(u-C1)]4.° It can
be obtained by reduction of [Cp*RuCl(u-Cl)], with LiHBEt;'°
or with Zn."" Alternatively, it can be synthesized by reaction
of [Cp*Ru(u-OMe)]> with Me3SiCl and LiCL.*™¢ To generate
the analogous Cp” complex, we opted for the latter route.
Addition of Me3SiCl to a THF solution of 1 did not result in
any visible change, even upon heating to 65 °C. When LiCl
was added, however, the equilibrium shifted to the product
[Cp"Ru(u-CD], (3), as indicated by a color change from orange-
yellow to red (Scheme 3). After 12 h, the excess of MesSiCl
and the lithium salts were removed to give complex 3 as a
reddish-brown solid, which was very air-sensitive (yield: 88%).

Single crystals of complex 3 were obtained from a CH,Cl,/
MeOH solution at —35 °C. A crystallographic analysis
revealed that the structure of 3 was again very distinct from
that of its Cp* analogue: whereas a tetramer with a distorted
heterocubane structure was reported for [Cp"‘Ru(u-Cl)]4,12
complex 3 showed a dimeric structure with two bridging
chloride ligands (Figure 3).

As it was observed for the alkoxy-bridged dimers 1 and 2, it
was the meso diastereoisomer that had crystallized. In solution,
however, the presence of two diastereoisomers in the ratio of
1:2 was detected by 'H NMR spectroscopy. The solid state
structure of complex 3 shows a Ru *+*Ru separation of 3.6023(5)
A and hence no intermetallic interaction. The average Ru—Cl
distance in 3, 2.4351 A, is smaller than that in [Cp*Ru(u-Cl)]4
(2.5244 A).'? The average Ru—Cl—Ru and Cl—Ru—Cl bond
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Figure 3. Graphic representation of the molecular structure of
complex 3 in the crystal. The hydrogen atoms are not shown for
clarity. Selected bond lengths (A) and angles (deg): Ru—Ru
3.6023(5), Ru—ClI 2.4351; Ru—Cl—Ru 95.40, C1-Ru—ClI 82.74.
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angles are 95.40° and 82.74°, respectively, and the Ru,Cl, core
is only slightly bent (fold angle = 160.50°).

The fact that complex 3 forms a dinuclear structure instead
of a tetranuclear one is likely a consequence of the sterically
demanding Cp” ligand. It is a further evidence that the Cp”
allows access to electronically unsaturated complexes, which
are not accessible with the classical Cp* ligand.® Overall, the
crystallographic studies described above show that the Cp”
ligand may have a pronounced influence on the structures of
the complexes. Below we demonstrate that the reactivity can
be strongly affected as well.

The reaction of [Cp*Ru(u-OMe)], with acids such as
CFs;SO3H is known to result in the formation of the highly
reactive Cp*Ru™ cation, which displays useful chemical proper-
ties. Due to the high affinity of the Cp*Ru" species for six-
electron donor ligands, the generation of #° 7z-ligands by C—H,
C—0, and C—C activation reactions can be observed. Examples
include the aromatization of six-membered cyclic alkenes,
ketones, and enones.'> When Cp*Ru* was reacted with 1,5-
cyclooctadiene (cod), both Singleton and Chaudret observed the
formation of the #°-1,3,5-cyclooctatriene cation [Cp*Ru-
(CsH0)]" by dehydrogenation of cod.'"* When we examined a
similar reaction with [Cp”Ru(u-OMe)], (1), we obtained a
surprising result: instead of the analogous [CpARu(Cngo)]+,
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Figure 4. Graphic representation of the molecular structure of
complex 4 in the crystal. The hydrogen atoms are not shown for
clarity.

we observed the nearly quantitative formation (isolated yield:
87%) of the 5°-ethylbenzene complex 4 (Scheme 4). The
structure of 4 was evidenced by NMR spectroscopy, elemental
analysis, and single-crystal X-ray analysis (Figure 4).

The first thing to notice is the change of the methoxy-
substituted Cp” ligand into a 7°-1,3-di-tert-butyl-2-neopentyl-
cyclopentadienyl ligand. Furthermore, cod had transformed into
Ru-bound ethylbenzene. Instead of a simple dehydrogenation
reaction, an additional C—C activation reaction had thus taken
place. A mechanism might involve a rearrangement of an
intermediate cyclooctatriene into bicyclo[4.2.0]octa-2,4-diene
and thereafter a C—C bond activation leading to the ethylben-
zene ligand. The existence of a dynamic equilibrium between
1,3,5-cyclooctatriene and bicyclo[4.2.0]octa-2,4-diene (valence
tautomerism) has been reported already in 1952.'5 The driving
force behind the final aromatization would be the favorable
coordination of the 776 m-ligand, ethylbenzene, to the Ru center,
forming an 18 e~ sandwich complex. To the best of our
knowledge such a Ru-induced transformation of cod into
ethylbenzene is unprecedented.

Another transformation in which the methoxy-bridged com-
plex 1 displayed a very distinct reactivity was the reaction with
carbon monoxide. When CO was passed into a hexane solution
of complex 1, the solution slowly turned yellow, and on standing
at low temperature yellow crystals gradually appeared. The
analytical data showed that the monomeric complex 5 had
formed in quantitative yield as a result of the insertion of CO
into the Ru—OMe bond (Scheme 5). In contrast, the reaction
of the Cp* analogue [Cp*Ru(u-OMe)], with 1 atm CO was
reported to give the dimer [Cp*Ru(CO)(u-CO)],, presumably
via the simple addition product [Cp*Ru(CO)(u-OMe)],.°
complex of the latter type had been isolated using [Cp*Ru(u-
OEt)], instead of [Cp*Ru(,u—OMe)]z.G‘1 It should be noted,
however, that the Cp* analogue of 5§ can be prepared by the
attack of methoxide anion on the tricarbonyl complex
[Cp*Ru(CO)3]BF,.'¢

Complex 5 was characterized by IR and NMR spectroscopy
as well as by elemental analysis. The CO stretching frequencies
of 5 (vco = 2017 and 1957 cm™ ') were found to be lower than
that of [Cp*Ru(C0O)»,(COOMe)] (vco = 2022 and 1961 cm ™).
This implies a slightly better electron back-donation from Ru
and thus a higher electron-donating ability of the Cp” ligand
compared to Cp*.

The structure of complex 5 was also confirmed by single-
crystal X-ray crystallography. The structural analysis showed
Ru—C distances for the terminal CO ligands of 1.886(2) and
1.888(3) A, while the acyl Ru—C bond length was 2.083(2) A.
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The C—Ru—C bond angle involving the terminal carbonyls was
found to be 89.69(10)°, and the C—Ru—C angles involving the
acyl CO and a terminal CO are 87.01(9)° and 91.84(10)°,
respectively.

In addition to reactivity studies, we have investigated the
catalytic activity of complex 1. Here, we focused on atom
transfer radical cyclization (ATRC) reactions, which can be
regarded as intramolecular versions of the Kharasch addition."”
ATRC reactions are versatile C—C coupling reactions, which
are increasingly being used in organic synthesis.'®'® Ruthenium
and copper complexes are frequently used as catalysts for this
type of reaction. Of particular interest for the present study was
the fact that the Cp* analogue of complex 1, [Cp*Ru(u-OMe)]s,
is one of the most active Ru-based catalysts described so far.?%'

First we investigated the cyclization of N-allyl-N-tosyldi-
chloroacetamide (6) to give the corresponding y-lactam 7
(Scheme 6). The amide 6 is not a particularly active ATRC
substrate and [Cp*Ru(OMe)], is one of the few complexes that
is able to catalyze this reaction at ambient temperatures.”® To
evaluate the catalytic activity of complex 1, we have investigated
the time course of the reaction catalyzed by 5 mol % (10 mol
% Ru) of either 1 or [Cp*Ru(u-OMe)], by NMR spectroscopy.
One equivalent of pyridine with respect to the dimer was added
because it had been reported that pyridine accelerates the
catalytic rate of [Cp*Ru(u-OMe)],.%°

The time courses of the reactions are depicted in Figure 6.
The cyclization of amide 6 with the catalyst [Cp*Ru(u-OMe)]»
gave a yield of 86% after 150 min. For the new complex 1, a
similar yield was observed after only 20 min, indicating a
substantial increase in catalytic activity. The trans/cis ratio of
the product was in both cases approximately 87:13 as determined
by '"H NMR. The high catalytic activity of 1 allowed performing
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Figure 5. Graphic representation of the molecular structure of
complex 5 in the crystal. The hydrogen atoms are not shown for
clarity. Selected bond lengths (A): Ru—COermina 1.886(2), 1.888(3),
Ru—COOMe 2.083(2).

the reaction at 0 °C: a yield of 90% was achieved after 150
min using 5 mol % of 1. Lowering the catalyst concentration
to 2.5 mol % at room temperature resulted in a slightly lower
yield of 75% after 150 min.

The very promising results obtained for the benchmark
reaction with substrate 6 prompted us to investigate other ATRC
reactions. Cyclizations of N-allyl-N-alkyltrichloroacetamides
have been studied widely in the groups of Itoh and Nagashima,
among others.?” These ATRC reactions can be performed with
5 mol % of RuCl,(PPhs)3 or 30 mol % of CuCl/bipy at elevated
temperatures. Ruthenium complexes with amidinate ligands are
known to catalyze such reactions at room temperature, but high
catalyst loadings (10 — 20 mol % Ru) are required.>'>® We were
able to perform the cyclization of N-allyl-N-phenyltrichloroac-
etamide (8) with 2.5 mol % of complex 1/pyridine (5 mol %
Ru) at RT to give the product 9 in 88% yield after 3 h (Table
2, entry 1). With a higher catalyst loading (5 mol % 1) the
reaction was found to be complete almost instantaneously, giving
a yield of 90% within 10 min.

The ATRC of o-bromo enamides has been studied by Clarke
et al.>* They found that the cyclization of 10 can be carried out
in good yield using CuBr (30 mol%) along with the activating
ligand tris(N,N-2-dimethylamino)ethylamine (30 mol %). It was
suggested that 10 undergoes a 5-endo cyclization to give a
mixture of the y-lactams 11a and 11b through a radical-polar
crossover mechanism with elimination of HBr.*** Using the Ru
catalyst 1, it is possible to perform the reaction at room
temperature with a catalyst concentration of only 0.25 mol %
(Table 2, entry 2).

Transition-metal-catalyzed ATRC reactions of polyoxalkenyl
trichloroesters have been investigated by Verlhac et al.** Cu'
and Fe" complexes (10 mol %) were employed at 80 °C to
promote the cyclization of 2-(allyloxy)ethyl-2,2,2-trichloroace-
tate 12. Reactions catalyzed by FeCly/N'-[2-(dimethylamino)-
ethyl]-N',N? N*-trimethylethane-1,2-diamine gave 13 in 56%
yield, while the Cu catalysts resulted in poor yields. We
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Figure 6. Reaction profiles for the cyclization of 6 catalyzed by
[Cp*Ru(u-OMe)], (@) or by complex 1 (H). Reaction conditions:
RT, CDyCl, (total volume = 1000 uL), [substrate] = 0.15 M,
[pyridine] = 7.5 mM, [Ru] = 15 mM. The yield is based on the
formation of the product as determined from 'H NMR spectroscopy
using the internal standard p-xylene (50 mM).

employed complex 1 at 60 °C with a catalyst concentration of
1.0 mol % and obtained the product in a yield of 65% (Table
2, entry 3).

Studies on ATRC reactions of ethers have been carried out
by Ram and Charles.>® They have reported that the cyclization
of 2,2,2-trichloroethyl ethers can be achieved using CuCl/bipy
(30 mol %) as the catalyst at 80 °C. When complex 1 (2.5 mol
%) was used for the ATRC reaction of [(2,2,2-trichloroethoxy)-
prop-1-enyl]benzene (14), a yield of 60% was obtained at room
temperature after 20 h (Table 2, entry 4).

Ruthenium-catalyzed atom transfer radical reactions of ha-
logenated compounds are believed to proceed via the reversible
formation of a Ru™X complex from a Ru™ complex.'” A redox
pair of this kind is likely to be involved in the ATRC reactions
with complex 1. An interesting question is whether monomeric
or dinuclear complexes are present in the catalytic cycle.?® For
[Cp*Ru(u-OMe)] it had been suggested that the role of the
pyridine is to stabilize catalytically active monomeric complexes,
which are in a dynamic equilibrium with dimeric species.”® A
related situation seems plausible for reactions catalyzed by
complex 1, but further mechanistic studies are needed to clarify
this point.

Conclusion

We have described the synthesis of the methoxy-bridged
dimer [Cp”Ru(u-OMe)], (1), an analogue of the frequently used

(25) Ram, R. N.; Charles, I. Chem. Commun. 1999, 2267-2268.

(26) (a) For atom transfer radical reactions with dinuclear catalyst
precursors see refs 20, 21b, 21c¢ and : Haas, M.; Solari, E.; Nguyen, Q. T.;
Gauthier, S.; Scopelliti, R.; Severin, K. Adv. Synth. Catal. 2006, 348, 439—
442. (b) Quebatte, L.; Solari, E.; Scopelliti, R.; Severin, K. Organometallics
2005, 24, 1404—1406. (c) Quebatte, L.; Scopelliti, R.; Severin, K. Angew.
Chem., Int. Ed. 2004, 43, 1520-1524. (d) de Clercq, B.; Verpoort, F.
Tetrahedron Lett. 2002, 43, 4687-4690.
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Table 2. ATRC Reactions Catalyzed by Complex 1¢

Entry  Substrate Product i1 ¢ T Conv. yiede
[mol%] [al [°C] [%] [%]
Ci
Cl
B e
1 N0 o 25 30RT %4 88
Ph N
8 Ph
9
Br.
b O\ f 0+ 0
2 NS0 N N 0.25 20 RT 8 78
Bn Bn Bn
10 11a (3367) 11b
O <O,
3 oj\cc13 7\\ o 1O 48 60 91 65
ac @
12 13
Ph cl

A

x Ph el
CCl.
J 8 25 20 RT 70 60

8] o)
14 15 (86:14)

“The reactions were performed in ds-toluene (total volume = 1000
uL, [substrate] = 0.15 M) using 1 equiv of pyridine with respect to
catalyst 1. ” One equivalent of NEt; with respect to the substrate was
added to the reaction mixture. “ The conversion is based on the
consumption of the olefin and the yield is based on the formation
of the product as determined by '"H NMR spectroscopy using
1,4-bis(trifluoromethyl)benzene (50 mM) as the internal standard.

starting material [Cp*Ru(u-OMe)],. Complex 1 turned out to
display a distinct chemistry, from both a structural and reactivity
point of view. In the solid state, complex 1 shows only a slightly
bent structure with a Ru -+ Ru distance of 3.2944(7) A, whereas
the RuyO, core of [Cp*Ru(u-OMe)], is strongly folded with a
metal—metal distance of less than 3 A. The reaction with cod
in the presence of HBF, resulted in an unprecedented dehy-
drogenation and rearrangement of cod to give a 7°-ethylbenzene
sandwich complex, and the reaction with CO led to the
formation of the monomeric complex [Cp”Ru(CO),(COOMe)]
instead of a dimeric carbonyl complex as observed for [Cp*Ru(u-
OMe)],. When the methoxy ligands in 1 were replaced by chloro
ligands, the resulting complex 3 displayed a dimeric structure,
whereas a tetramer was observed for the corresponding Cp*
complex. Complex 1 can be used as a catalyst precursor for
ATRC reactions of amides, esters, and ethers. Kinetic studies
with the substrate N-allyl-N-tosyldichloroacetamide have shown
that its activity surpasses that of complex [Cp*Ru(u-OMe)]».

The unique chemistry of complex 1 can be attributed to the
pronounced steric demand of the Cp” ligand. It is expected that
interesting differences in structure and reactivity will also be
observed for other Cp”Ru complexes. Further research along
these lines should be stimulated by the fact that synthetically
useful precursors such as 1 and [Cp”Ru(u-Cl)], (3) are easily
accessible.

Experimental Section

General Comments. All experiments were performed inside a
glovebox under an atmosphere of dinitrogen containing less than
1 ppm of oxygen and water. Thoroughly dried and deoxygenated
solvents were used. RuCl3(H,O), was obtained from Precious
Metals Online. Me;SiCl, LiCl (anhydrous), K,COs, and cod were
purchased from Fluka. All chemicals were used as received, unless
otherwise stated. 'H and '*C spectra were recorded on a Bruker
Advance DPX 400 spectrometer using deuterated solvents. The
deuterated solvents CD,Cl, and C¢DsCD; (from Aldrich) for NMR
experiments were degassed by three freeze—pump—thaw cycles and
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Table 3. Crystallographic Data for Complexes 1, 2, and 3

Dutta et al.

1 2 3
empirical formula C4()H7204R112 C42H7604RU2 C38H66C1202Ru2
mol wt/g mol ™! 819.12 847.17 827.95
cryst size/mm?> 0.84 x 0.63 x 0.49 0.43 x 0.23 x 0.15 0.25 x 0.16 x 0.13
cryst syst orthorhombic triclinic triclinic
space group Pca2, P1 P1
a’A 12.0703(16) 8.866(11) 11.0340(10)
blIA 17.266(3) 10.418(4) 13.1061(13)

c/A 19.3130(15) 12.367(10) 14.4173(12)
a/deg 90 71.30(5) 70.663(9)
pldeg 90 76.30(12) 89.125(7)
yl/deg 90 80.89(7) 84.057(7)
volume/A? 4025.0(8) 1047.0(16) 1956.3(3)

Z 4 1 2

density/g cm™> 1.352 1.344 1.406
temperature/K 100(2) 100(2) 100(2)
absorp coeff/mm " 0.787 0.758 0.938

6 range/deg 3.38 to 25.03 3.54 to 25.03 3.31 to 25.03

index ranges

no. of reflns collected

no. of indep reflns

absorp corrr

max. and min. transmn

no. of data/restraints/params
goodness-of-fit on F>

final R indices [I > 20(])]
R indices (all data)

larg diff peak/hole/e A3

—14 — 14, =20 — 20, —22 — 22
46632

6714 (Riny = 0.0411)
semiempirical

1.0000 and 0.8690

6714/1/417

1.146

R1 = 0.0240, wR2 = 0.0485

R1 = 0.0315, wR2 = 0.531

0.383 and —0.576

—10—10, =12 — 12, —14 — 14
19229

3671 (Rine = 0.0816)
semiempirical

1.0000 and 0.4260

3671/1/217

1.033

R1 = 0.0651, wR2 = 0.1651

R1 = 0.0740, wR2 = 0.1755
1.622 and —0.968

—13—13, =15 —15, =17 — 16
39214

6885 (Rine = 0.0512)
semiempirical

1.0000 and 0.7726

6885/0/397

1.230

R1 = 0.0357, wR2 = 0.0712

R1 =0.0511, wR2 = 0.0764
0.841 and —0.556

then purified by vacuum transfer at room temperature. IR spectra
were recorded on a Perkin-Elmer FT-IR spectrometer. The com-
plexes [CPARUCI(‘M-CI)]27 and [Cp*Ru(‘u—OMe)z]6C as well as the
substrates 7,%%* 8,2 9,23 10,>* and 11 were prepared according
to published procedures. The following numbering scheme was used
for the assignment of the '*C NMR data:

[Cp”Ru(u-OMe)], (1). Excess K,COs (400 mg) was added to
a solution of complex [Cp”RuCl(u-CD)], (500 mg, 556 umol) in
MeOH (25 mL), and the mixture was stirred for 3 h at 55 °C. During
the reaction, the color of the solution changed from brown to
orange-red and an orange-red solid appeared. After cooling to room
temperature, the solution was filtered and the solid was dried under
reduced pressure to remove the MeOH. The product was purified
by extraction with hexane and subsequent removal of the solvent
under reduced pressure (2 times). The resulting orange solid contains
two isomers in the ratio 1:1, which can be distinguished in the "H
NMR. Yield: 320 mg (70%). '"H NMR (CD,Cl,, 25 °C): 6 (ppm)
4.79 (s, 3 H, u-OCHs), 4.71 (s, 3 H, u-OCHs), 3.67 (s, 3 H, OCH3,
Cp™), 3.63 (s, 3 H, OCHj3, Cp™), 3.24 (s, 1 H, CH), 3.22 (s, 1 H,
CH), 2.50 (d, *Jun = 16 Hz, 1 H, CHa), 2.47 (d, *Jun = 16 Hz, 1
H, CH,), 2.38 (d, 2Jun = 16 Hz, 1 H, CH,), 2.37 (d, 2Jun = 16
Hz, 1 H, CH,), 1.58 (s, 9 H, +-Bu), 1.56 (s, 9 H, -Bu), 1.55 (s, 9
H, #Bu), 1.52 (s, 9 H, +-Bu), 0.98 (s, 9 H, Bu), 0.97 (s, 9 H,
+-Bu). *C{'H} NMR (C4DsCDj3, 25 °C): 6 (ppm) 119.52 (C13),
79.34, 78.61, 73.70, 73.44, 69.55, 69.30 (C10, C11, C12), 57.35,
57.21 (C9, u-OCHs), 47.57, 47.39 (C8), 38.90, 38.77 (C7), 34.24,
33.91, 32.19 (C4, C5, C6), 33.44, 33.10, 32.93 (C1, C2, C3). Anal.
Calcd for C4H7,04Ru,: C, 58.65; H, 8.86. Found: C, 58.87; H,
8.84. Single crystals were obtained from a hexane solution by slow
evaporation.

[Cp"Ru(u-OEt)]; (2). A small tube containing a hexane solution
(4 mL) of complex 1 (500 mg, 610 umol) was placed in a Schlenk

tube containing EtOH (25 mL). Slow diffusion was allowed at room
temperature to give red crystals of complex 2. The 'H NMR of 2
showed the presence of two isomers in a ratio of 1:1. Yield: 485
mg (94%). "H NMR (CD,Cl,, 25 °C): 6 (ppm) 4.95 (q, *Juu = 7
Hz, 2 H, u-OCH,CH3), 4.79 (q, *Juz = 7 Hz, 2 H, u-OCH,CH3),
3.61 (s, 3 H, OCH3, CpA), 3.53 (s, 3 H, OCHs, CpA), 3.33 (s, | H,
CH), 3.22 (s, 1 H, CH), 2.40 (d, *Jug = 15 Hz, 1 H, CH,), 2.33 (d,
2Jun = 15 Hz, 1 H, CHy), 1.59 (s, 9 H, #-Bu), 1.58 (s, 9 H, -Bu),
1.52 (s, 9 H, t-Bu), 1.49 (t, *Jun = 7 Hz, 3 H, u-OCH,CHs), 1.45
(t, *Juy = 7 Hz, 3 H, u-OCH,CH;), 0.96 (s, 9H, t-Bu), 0.95 (s,
9H, #-Bu). "*C{'H} NMR (C4DsCDs, 25 °C): § (ppm) 119.25 (C13),
79.86, 79.19, 78.30, 72.02, 70.67, 69.28 (C10, C11, C12), 58.13,
57.93 (C9, u-OCH,CHj3), 48.98, 48.73 (C8), 38.35 (C7), 33.87,
33.80, 33.64, 33.57, 32.18 (C4, C5, C6), 33.41, 33.31, 33.01, 32.95,
32.76 (C1, C2, C3), 22.81, 22.72 (u-OCH,CH3). Anal. Calcd for
C4oH7204Ruy: C, 59.54; H, 9.04. Found: C, 59.41; H, 8.97.

[Cp”Ru(u-Ch)], (3). Excess Me;SiCl (400 uL) was added to a
solution of complex 1 (500 mg, 610 umol) in THF (25 mL).
Subsequent addition of LiCl (100 mg) led to a rapid change in
color from orange-yellow to red. The reaction was continued with
stirring at 55 °C for 12 h followed by filtration to remove the excess
of LiCl. The solvent and the excess Me;SiCl (bp 57 °C) were
removed using a prolonged high vacuum. The residual red solid
was extracted with hexane in order to remove remaining lithium
salts. The analytically pure product was obtained upon removing
the hexane. The 'H NMR of 3 showed the presence of two isomers
in a ratio of 1:2. Yield: 445 mg (88%). 'H NMR (CD,Cl,, 25 °C):
o (ppm) 3.79, 3.77 (s, 1 H, CH), 3.71, 3.68 (s, 3 H, OCHs;, Cp™),
2.84,2.78 (d, *Jun = 16 Hz, 1 H, CH,,), 2.58, 2.56 (d, *Jun = 16
Hz, 1 H, CH,), 1.58, 1.56 (s, 9 H, #-Bu), 1.50, 1.47 (s, 9 H, t-Bu),
1.07, 1.06 (s, 9 H, t-Bu). ">*C{"H} NMR (CD,Cl,, 25 °C): 6 (ppm)
122.40, 121.94 (C13), 81.42, 80.90, 75.70, 75.46, 74.52, 74.08 (C10,
Cl11, C12), 58.67, 58.61 (C9), 48.02, 47.24 (C8), 38.45, 38.28 (C7),
34.26,34.12, 33.41,33.31, 32.28, 32.25 (C4, C5, C6), 33.12, 33.09,
33.07, 33.03, 32.40, 32.35 (Cl, C2, C3). The data of the less
abundant isomer is shown in italics. Anal. Calcd for CjgHgg
CLOsRuy: C, 55.12; H, 8.03. Found: C, 55.07; H, 8.06. Single
crystals were obtained from a solution of the complex in a mixture
of MeOH/CH,Cl, at low temperature (—35 °C).
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Table 4. Crystallographic Data for Complexes 4 and 5
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4 5
empirical formula Cy6H41BF4Ru Cy3H3605Ru
mol wt/g mol ! 541.47 493.59
cryst size/mm?> 0.56 x 0.12 x 0.09 041 x 0.21 x 0.19
cryst syst monoclinic monoclinic
space group C2/c P2i/c
alA 33.840(7) 11.1835(13)
blIA 8.7777(18) 17.663(2)
clA 17.662(4) 12.0386(7)
o/deg 90 90
Pldeg 105.54(3) 93.037(7)
yl/deg 90 90
volume/A? 5054.6(18) 2374.7(4)
Z 8 4
density/g cm ™! 1.423 1.381
temperature/K 100(2) 100(2)
absorp coeff/mm > 0.661 0.689
6 range/deg 3.40 to 25.02 3.35 to 25.02

index ranges

no. of reflns collected

no. of indep reflns

absorp corrr

max. and min. transmn

no. of data/restraints/params
goodness-of-fit on F>

final R indices [I > 20(])]
R indices (all data)

larg diff peak/hole/e >

—40 — 39, =9 — 10, —21 — 21
32819

4439 (Rin = 0.1178)
semiempirical

1.0000 and 0.6482

4439/0/289

1.131

R1 = 0.0557, wR2 = 0.0903

R1 =0.1121, wR2 = 0.1093
0.758 and —0.559

—13—13, =21 —21,-14 — 14
46627

4181 (Rine = 0.0585)
semiempirical

1.0000 and 0.7924

4181/0/262

1.123

R1 = 0.0257, wR2 = 0.0499

R1 = 0.0381, wR2 = 0.0541
0.390 and —0.324

[{CsHy(t-Bu),(CH,-t-Bu) }Ru(PhEt)|BF, (4). Excess HBF,
(OEty) (70 uL, 500 umol) was added to a solution of complex 1
(100 mg, 122 umol) in diethyl ether (10 mL). The color changed
from reddish-yellow to pale yellow. Excess cod (60 uL, 500 ymol)
was then added to the reaction mixture. The solution turned colorless
along with the appearance of a white precipitate. The mixture was
stirred at room temperature for 12 h followed by filtration. The
resulting solid was washed with diethyl ether and dried under high
vacuum. Yield: 115 mg (87%). 'H NMR (CD,Cl,, 25 °C): 6 (ppm)
6.04—6.13 (m, 5 H, Ph), 5.30 (s, 2 H, CH), 2.73 (s, 2 H, CH),
2.52 (q, *Jun = 8 Hz, 2 H, PhCH,CH3), 1.40 (s, 18 H, -Bu), 1.31
(t, *Jun = 8 Hz, 3 H, PhCH,CH3), 1.17 (s, 9 H, -Bu). '*C{'H}
NMR (CD,Cl, 25 °C): 6 (ppm) 115.95, 109.10, 100.06, 95.71 (Ph),
87.60, 85.84, 81.23 (C10, C11, C12), 66.22, 59.25 (C13, C8), 38.66
(C7), 34.90, 34.56, 32.68 (C4, C5, C6), 33.43, 33.30, 33.21 (C1,
C2, C3), 28.77 (PhCH,CHj3), 16.77 (PhCH,CHj3). Anal. Calcd for
CyH41RuBF,: C, 57.67; H, 7.63. Found: C, 57.28; H, 7.78. White
crystals of complex 4 were obtained from a solution of THF and
CH,Cl, by slow evaporation.

[Cp”Ru(COMe)(CO);] (5). Complex 1 (200 mg, 244 umol)
was dissolved in hexane (10 mL). The nitrogen atmosphere in the
Schlenk was replaced by CO at room temperature. A fast reaction
took place and the color of the solution changed from orange to
yellow. Needle-shaped, yellow crystals of complex 5 appeared from
this solution when it was stored at —20 °C. On removing the hexane
from the resulting solution. analytically pure product was obtained.
Yield: 245 mg (99%). IR: v (cm™ ') 2017, 1957 (CO terminal),
1625 (CO acyl). '"H NMR (CD,Cl,, 25 °C): 6 (ppm) 4.83 (s, 1 H,
CH), 3.69 (s, 3 H, OCH3), 3.49 (s, 3 H, COOCH3), 2.92 (d, *Jun
=16 Hz, 1 H, CH,), 2.64 (d, *Juy = 16 Hz, 1 H, CH,), 1.45 (s, 9
H, t-Bu), 1.41 (s, 9 H, -Bu), 1.16 (s, 9 H, +-Bu). *C{'H} NMR
(CD,Cl,, 25 °C): 0 (ppm) 202.36, 201.95 (CO), 193.66 (COOMe),
147.19 (C13), 113.47, 105.32, 98.90 (C10, C11, C12), 65.33 (C9),
58.54 (C8), 51.80 (COOCH3), 37.93 (C7), 34.76, 34.35 (C4, C5,
C6), 33.69, 33.37, 33.27 (C1, C2, C3). Anal. Calcd for C,3H360sRu:
C, 55.97; H, 7.35. Found: C, 55.78; H, 7.14. Single crystals were
obtained from a hexane solution at low temperature (- 20 °C).

General Procedure for ATRC Reactions. Pyridine was added
to the desired amount of stock solution of complex 1 in degassed

CD,Cl, or ds-toluene (pyridine/complex 1 = 1.0). The solution was
the added to a solution of the substrate containing the internal
standard p-xylene or 1,4-bis(trifluoromethyl)benzene (final volume
= 1000 uL, [substrate] = 0.15 M, [internal standard] = 50 mM).
The resulting solutions were stirred at room temperature or at 60
°C. After a given time, a sample (25 uL) was removed from the
reaction mixture, diluted with CDCl3 (350 uL), and analyzed by
"H NMR spectroscopy.

Crystallographic Investigations. The relevant details of the
crystals, data collection, and structure refinement can be found in
Tables 3 and 4. Diffraction data were collected using Mo Ka
radiation on a 4-circle kappa goniometer equipped with a Bruker
APEX II CCD at 100(2) K, and all data were reduced by
EvalCCD.?” Absorption correction was applied to all data sets using
a semiempirical method.”® All structures were refined using the
full-matrix least-squares on F~ with all non-H atoms anisotropically
defined. The hydrogen atoms were placed in calculated positions
using the “riding model” with Uiy, = aUeq (Where a is 1.5 for methyl
hydrogen atoms and 1.2 for others). Structure refinement and
geometrical calculations were carried out on all structures with
SHELXTL.?
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