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There has been increasing interest in basic coordination
chemistry1a-d and synthetic applications1e-h of organoruthenium
Lewis acids containingη5-cyclopentadienyl orη6-benzene
ligands. In this field of chemistry much greater attention has
been paid to a class of ligands capable of bonding to Ru through
carbon atoms (e.g. alkenes, alkynes, carbenes) than to ligands
coordinating through oxygen or nitrogen atoms. We thought
that a proper combination of organic ligands (e.g.η5-C5H5,
η6-C6H6) and additional inorganic auxiliaries on Ru would
provide us a good opportunity to investigate unique coordination
behaviors of the oxygen or nitrogen donor ligands which are
otherwise not observable. We report here examples of such
behavior, namely unusually slow M-O and O-H cleavage
processes at coordinated water and diastereoselective exchange
of N-H groups of a coordinated amine, which were observable
by virtue of the use of theC2-symmetric bis(oxazoline)
auxiliary.2

The chloride ligand in [RuCl((R)-bpop)(C6H6)]BF4 was
readily removed by AgBF4 in the presence of water to give
[Ru(H2O)((R)-bpop)(C6H6)](BF4)2 (1) (see Scheme 1) in 77%
yield.3 Complex1was characterized by elemental analysis,1H
NMR and IR spectroscopy, and X-ray diffraction (Figure 1).4

In the1H NMR spectrum of1 in CD2Cl2 at room temperature,
there were observed only one set of the oxazoline ring proton
resonances, albeit very broad, and only one resonance for the
center methyls of (R)-bpop. The resonances of the coordinated
water were absent at this temperature. However, peaks of
coordinated and free water independently appeared atδ 4.41
and 2.55 ppm, respectively, at-55 °C. Moreover, as the
temperature was lowered, each peak of (R)-bpop and the methyl
peak split into two resonances and became sharper. These
splitting patterns at the lower temperatures are consistent with
the solid state structure (Figure 1) where there is noC2

symmetry. A similar temperature dependency was also ob-
served in acetone-d6. Importantly, coordination of acetone to
the ruthenium center could not be observed, and coordinated
and free water appeared atδ 6.60 and 3.57 ppm, respectively,
at -50 °C.
The variable-temperature NMR features presented above are

explained by an interconversion betweenA andB (Scheme 2)
which may proceed through either associative (bimolecular) H2O
exchange or a dissociative (unimolecular) mechanism involving

the C2-symmetric 16-electron intermediate [Ru((R)-bpop)-
(C6H6)]2+. Since the rate in CD2Cl2 hardly varied with the
amount of water added (from 0.01 to 0.2 M), the interconversion
presumably proceeds through the dissociative mechanism.
Activation parameters for the interconversion were calculated
on the basis of the exchange rates at different coalescence
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(3) [RuCl((R)-bpop)(C6H6)]BF4 was prepared in 62% yield from the
reaction between (R)-bpop and [RuCl2(C6H6)]2 in the presence of
NaBF4. For detailed preparation procedures for all complexes, see
the Supporting Information.

(4) Crystal data for1: C27H30N2O3B2F8Ru,M ) 705.22, orthorhombic,
space groupP212121 (No. 19),a ) 14.261(4) Å,b ) 21.156(3) Å,c
) 9.688(3) Å,V ) 2922.7(9) Å3, Z ) 4, F(000)) 1424,Dc ) 1.603
g/cm3, µ(Mo KR) ) 6.20 cm-1, 389 variables refined with 2852
reflections withI > 3σ(I) to R ) 0.069,Rw ) 0.055.

Figure 1. ORTEP drawing of1. BF4 was omitted for clarity. Selected
bond lengths (Å): Ru1-N1) 2.101(10), Ru1-N2) 2.133(10), Ru1-
O3) 2.161(8), Ru1-C41) 2.20(2), Ru1-C42) 2.20(1), Ru1-C43
) 2.21(1), Ru1-C44) 2.19(1), Ru1-C45) 2.21(1), Ru1-C46)
2.28(2).
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Scheme 2

5760 Inorg. Chem.1996,35, 5760-5761

S0020-1669(96)00410-7 CCC: $12.00 © 1996 American Chemical Society



temperatures determined by using different pairs of resonances
undergoing coalescence and different magnetic field instru-
ments.5 These are∆Hq ) 47 kJ mol-1,∆Sq ) -29 J K-1 mol-1

in CD2Cl2 and∆Hq ) 105 kJ mol-1, ∆Sq ) 136 J K-1 mol-1

in acetone-d6. The fact that∆Hq in acetone-d6 was larger than
that in CD2Cl2 is surprising if we assume that acetone could
more effectively stabilize the 16-electron intermediate and/or
free H2O than dichloromethane. A more likely explanation
would be that acetone molecules are strongly held in the vicinity
of the coordinated H2O via hydrogen bonding in the ground
state, with the Ru-O bond being strengthened by such solvation
(cf. the nonlabile hydroxide complex described later). In other
words, the rate-determining step would involve desolvation prior
to the Ru-OH2 bond cleavage, in agreement with the fact that
∆Sq in acetone-d6 was much larger than that in CD2Cl2.
Addition of ammonia, methylamine, and butylamine to the

solution of 1 in CD2Cl2 produced amine complexes2-4
(Scheme 1) which were characterized by elemental analysis and
1H NMR spectroscopy. (Methylamine)ruthenium complex3
was also characterized by X-ray diffraction (Figure 2).6 In the
solid state, the methyl group of the coordinated amine is directed
away from two nitrogen atoms of (R)-bpop and slightly tilted
toward the nearby phenyl group of (R)-bpop.
In contrast to the Ru-O bond of1, the Ru-N bonds of2-4

are rigid in solution on the NMR time scale. The two
N-hydrogens are diastereotopic. It is very remarkable that these
two protons not only were observed to be nonequivalent but
also underwent exchange with deuteriums in CD3OD solution
with greatly different rates. Thus, we observed the amine
hydrogens of4 at δ 3.07 and 2.07 ppm in CD3OD, which
underwent deuterium exchange, with the rate constants being
1.0× 10-5 and 1.3× 10-6 s-1 at 25 °C, respectively.7 The

fact that the higher field hydrogen underwent the slower
exchange can be understood in terms of steric effects deduced
from Figure 2. That is, the pro-Rhydrogen (Scheme 3) to which
we assign the peak atδ 2.07 ppm is subject to a ring current
effect from the nearby phenyl group of (R)-bpop and at the same
time the approach of the methanol oxygen to this hydrogen is
retarded.
As can be seen in Figure 2, one phenyl group of (R)-bpop is

located in close proximity to the coordination site, so (R)-bpop
and benzene create a narrow coordination site. In agreement
with this, addition of secondary and tertiary amines such as
diethylamine and triethylamine to the CD2Cl2 solution of1 did
not result in Ru-N bond formation but produced hydroxoru-
thenium complex58 (Scheme 1) which was also obtained from
the reaction of1 and sodium hydroxide. The1H NMR spectra
of 5 in acetone-d6 showed no fluxional aspects up to 55°C.
Addition of less than 1 equiv of a secondary or tertiary amine
to a solution of1 gave a mixture of the aqua and hydroxo
complexes, and interestingly1H NMR resonances of both were
separately detected at room temperature. This indicates the slow
interconversion between1 and 5 on the NMR time scale,
representing another rare example of the slow proton transfer
between the coordinated H2O and OH ligands.9

Application of these complexes and their analogs to molecular
recognition and asymmetric synthesis is now under way.
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(5) The exchange rates,k, were calculated by the following equation,k
) π(ν0(∆δ))/21/2, whereν0 is the instrument frequency and∆δ is the
difference in chemical shifts for the coalescing pair of peaks. See
the Supporting Information.

(6) Crystal data for3: C28H33N3O2B2F8Ru,M ) 718.26, monoclinic, space
groupP21 (No. 4),a ) 9.164(4) Å,b ) 15.660(2) Å,c ) 11.094(3)
Å, â ) 110.76(3)°, V ) 1488.8(8) Å3, Z ) 2, F(000)) 728,Dc )
1.602 g/cm3, µ(Mo KR) ) 6.09 cm-1, 397 variables refined with 1842
reflections withI > 3σ(I) to R ) 0.085,Rw ) 0.100.

(7) Complex4 began to decompose after about 8 days under the following
conditions: [4] ) 0.0132 M, [CD3OD] ) 24.6 M.

(8) Attempts to isolate analytically pure5 failed. 1H NMR (CD2Cl2, 270
MHz): δ 1.11 (s, 3H, CH3), 1.37 (s, 3H, CH3), 4.10 (dd,J ) 4.7, 9.2
Hz, 1H), 4.20 (br, 1H, OH), 4.31 (dd,J ) 4.0, 8.2 Hz, 1H), 4.63 (dd,
J ) 6.2, 9.2 Hz, 1H), 4.95 (dd,J ) 4.7, 6.2 Hz, 1H), 4.95 (dd,J )
8.2, 9.8 Hz, 1H), 5.25 (s, 6H, C6H6), 5.82 (dd,J ) 4.0, 9.8 Hz, 1H),
7.33-7.50 (m, 10H, 2× Ph).
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Figure 2. ORTEP drawing of3. BF4 was omitted for clarity. Selected
bond lengths (Å): Ru1-N1 ) 2.11(2), Ru1-N2 ) 2.07(2), Ru1-N3
) 2.16(2), Ru1-C41) 2.22(3), Ru1-C42) 2.20(4), Ru1-C43)
2.22(3), Ru1-C44 ) 2.21(4), Ru1-C45 ) 2.14(5), Ru1-C46 )
2.12(5).
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