
ZUSCHRIFTEN

Angew. Chem. 2001, 113, Nr. 23 ¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0044-8249/01/11323-4601 $ 17.50+.50/0 4601

Remarkable Rate Enhancement of Ligand
Substitution Promoted by Geometrical
Arrangement of Tridentate ™Spectator∫
Ligands**
My Hang V. Huynh,* Jennifer Smyth, Modi Wetzler,
Brendan Mort, Paul K. Gong, Laura M. Witham,
Donald L. Jameson, David K. Geiger, Joanne
M. Lasker, Mina Charepoo, Michelle Gornikiewicz,
Jose M. Cintron, Gretchen Imahori, Roberto R.
Sanchez, Amy C. Marschilok, Lynn M. Krajkowski,
David G. Churchill, Melvyn Rowen Churchill, and
Kenneth J. Takeuchi*

Dedicated to Dr. Thomas J. Meyer
on the occasion of his 60th birthday

The reactivity exhibited by transition metal complexes
depends on the oxidation state of the metal center[1] and on
stereoelectronic (steric and electronic) effects of the ligands.[2]

Since the initial development of poly(pyrazol-1-yl)alkanes[3]

and poly(pyrazol-1-yl)borates[4] by Trofimenko, these so-
called ™scorpionate∫ ligands have been used in coordination,
organometallic, and bioinorganic chemistry.[5±6] Utilizing
these scorpionate ligands and different geometrical arrange-
ments of tridentate ™spectator∫ ligands, we observe a dramatic
1.9� 107 rate increase for ligand substitution at a supposedly
inert ruthenium(��) center. To explain these unexpected
results, ligand substitution kinetics for complexes having
different ligand geometries are compared. Scheme 1 depicts
two systems, one in which the active site lies in the plane of the
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metal center and the bidentate ligand (the in-plane ligand
effect (IPLE)), the other in which the active site does not lie in
the same plane as the metal and the bidentate ligand (out-of-
plane ligand effect (OPLE)).
The tridentate (L3) meridional 2,2�:6�,2��-terpyridine (trpy)

ligand and the facial tridentate tris(pyrid-2-yl)methoxyme-
thane (tpmm) ligand[7] are used in the IPLE and OPLE
systems, respectively (Scheme 2).
Bidentate ligands (L2), shown in Scheme 3, were used for

the study of ligand effects. They were judiciously chosen to
include rigid ligands (phenanthroline� phen and 2,9-
dimethylphenanthroline�Me2phen), a non-rigid ligand
(di(1,3-oxazoline)� diox),[8a±c] a non-aromatic flexible ligand
(2,2-di(1,3-oxazolinyl)propane� dop),[8d] and an aromatic
flexible ligand ((2,2-dipyrazol-1-yl)propane� dpp).[9]

Reactions occur between [Ru(Cl)3(L3)]
(L3� tpmm� 1 and L3� trpy� 2) and L2 in
a refluxing solvent mixture of 70:30
(v/v) EtOH:H2O containing two equivalents
of NEt3 and LiCl under N2 to give the
ruthenium(��) chloro products ([RuII-Cl]�),
[RuII(Cl)(L2)(L3)]� . These [RuII-Cl]� prod-
ucts are further converted into the corre-
sponding ruthenium(��) aqua [RuII-H2O]2�

and ruthenium(��) acetonitrile [RuII-
NCCH3]2� complexes. They are isolated either as the tetra-
fluoroborate (BF4

�) or the perchlorate (ClO4
�)[10] salts and

fully characterized by cyclic voltammetry, elemental analysis,
and 1H NMR and UV/Vis spectroscopy.[11a±b] Several [RuII-
Cl]� and [RuII-H2O]2� complexes were additionally charac-
terized by X-ray crystallography.[12]

As shown by UV/Vis monitoring at 25.0� 0.1 �C in aqueous
solution (pH 2.00 and �� 0.1� in NaNO3/HNO3) under
pseudo first-order conditions, the ligand substitution reaction
according to Equation (1) is first order in both CH3CN and
[RuII-H2O]2�.

[RuII(H2O)(L2)(L3)]2��CH3CN �� [RuII(NCCH3)(L2)(L3)]2��H2O (1)

Plots of kobs versus [CH3CN] for [RuII(H2O)-
(dpp)(tpmm)]2� and [RuII(H2O)(dpp)(trpy)]2�

and for [RuII(H2O)(dpp)(tpmm)]2� and
[RuII(H2O)(dop)(tpmm)]2� were linear with
zero-intercepts consistent with well behaved
second-order kinetics.[11c±d] The electronic spec-
tra of all ligand substitution reactions show
isosbestic behavior,[11e] and all rate constants are
measured as a function of [CH3CN].[11f] The rate
constants of ligand substitution (the averages of
at least three or more independent experiments)

for all [RuII-H2O]2� complexes in this study are listed in
Table 1.
Our previous investigation of [RuII-H2O]2� octahedral

complexes revealed that the mechanism of ligand substitution
was dissociative interchange (Id),[13] which was in agreement
with that of other ruthenium(��) complexes studied by the
groups of Taube,[14] Creutz,[15] and Walsh.[16] In this Id
mechanism, an aqua ± ruthenium(��) bond weakens because
of stereoelectronic interaction resulting in an increase in the
rate constant of aqua ± ligand substitution. The activation
parameters (�H� and �S�) obtained from the temperature
dependence of kls for [RuII(H2O)(dpp)(tpmm)]2� (12B2�) and
[RuII(H2O)(dpp)(trpy)]2� (7B2�) over the temperature range

Scheme 1. A) In-plane ligand effect (IPLE) and B) out-of-Plane ligand effect (OPLE).

Scheme 2. Possible arrangements of bidentate and tridentate Ligands: A) IPLE, B) OPLE:
cis/cis interaction, and C) OPLE: backbone interaction.

Table 1. Rate constants for the ligand substitution kinetics of [RuII(H2O)(L3)(L2)]2� ions.[a]

Entry [RuII(H2O)(L2)(L3)]2� IPLE system OPLE system
L3� trpy L3� tpmm
kls [M�1 s�1] kls [M�1 s�1]

1 [RuII(H2O)(phen)(L3)]2� (6.2� 0.1)� 10�5 (3B2�) (3.9� 0.1)� 10�5 (8B2�)
2 [RuII(H2O)(Me2phen)(L3)]2� (4.1� 0.1)� 10�2 (4B2�) (2.9� 0.1)� 10�5 (9B2�)
3 [RuII(H2O)(diox)(L3)]2� (1.4� 0.1)� 10�4 (5B2�) (2.9� 0.1)� 10�5 (10B2�)
4 [RuII(H2O)(dop)(L3)]2� (4.6� 0.1)� 10�5 (6B2�) (1.0� 0.1)� 10�2 (11B2�)
5 [RuII(H2O)(dpp)(L3)]2� (5.9� 0.1)� 10�6 (7B2�) (1.1� 0.1)� 102 (12B2�)

[a] In NaNO3/HNO3 solution (pH 2.00 and �� 0.1�) under pseudo first-order kinetics at 25.0� 0.1 �C.

Scheme 3. Bidentate ligands used in the study.
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5 ± 65 �C indicated that the ligand substitution was enthalpi-
cally and entropically favored, consistent with a dissociative
interchange mechanism. �H� for 12B2� is 5.9� 0.1 kcalmol�1

smaller than that for 7B2�, and �S� of 12B2� is 10.1�
0.1 calK�1mol�1 more positive than that for 7B2�. These
results are consistent with our recent report on activation
parameters for the complex 12B2� in a pH� 6.86 solution.[17]

From entries 1 and 2 in Table 1, kls for 4B2� is enhanced by a
factor of 660 relative to that for 3B2� in the IPLE system when
the protons are replaced by the methyl groups in the rigid
bidentate phenanthroline ligand.[18] In the OPLE system,
there is a rate decrease of 0.7 when kls for 8B2� is compared to
that for 9B2�.
As shown in Scheme 4A, the bulkier methyl group on C(2)

of the Me2phen ligand in 4B2� points directly at the H2O
ligand, and this geometry facilitates substitution. In contrast

Scheme 4. Arrangements of 2,9-Me2phen at the ruthenium center by:
A) the tpy ligand and B) the tpmm ligand.

as shown in Scheme 4B, the bulky substituent on C(2) of the
Me2phen ligand in 9B2� points to the two pyridyl rings of the
tpmm ligand rather than to the H2O ligand. As a result, the
synthesis of the [RuII(Cl)(Me2phen)(tpmm)]� precursor is
more difficult than that of the [RuII(Cl)(Me2phen)(trpy)]�

analogue, but there is not any dramatic change in kls because
of the lack of directional interaction with the H2O ligand.
Based on entries 3 and 4, the propane backbone makes the

dop ligand quite different from the diox ligand. In the OPLE
system, the inclusion of the propane backbone accelerates kls
for 11B2� by a factor of 345 relative to that for 10B2� ;
however in the IPLE system, the presence of the propane
backbone favors kls for 5B2� by a factor of 3.04. In the OPLE
system, as shown in Scheme 5A, the methyl group on the
flexible carbon bridgehead exerts a greater effect on the H2O
ligand, whereas in the IPLE as shown in Scheme 5B, the
proton on C(5) of the five-heteroatom oxazolinyl ring of the
diox ligand is too far from the active site to cause any effect on
the H2O ligand.
In contrast to the rigid phen and Me2phen ligands, the non-

aromatic flexible dop ligand exerts a reverse effect in the
IPLE and OPLE systems, that is, with dop and trpy the
reaction is slower than that with dop and tpmm.
To further investigate the effect exerted by the flexible

backbone framework, the two non-aromatic oxazolinyl rings
were replaced by the two aromatic pyrazolyl rings. According
to the data from entries 4 and 5, the change from non-
aromatic oxazolinyl rings to aromatic pyrazolyl rings results in
a rate enhancement of 1.1� 104 (from 1.0� 10�2��1 s�1 for
11B2� to 1.1� 102��1 s�1 for 12B2�) in the OPLE system and a

Scheme 5. A) Arrangement of the dop ligand at the ruthenium center by
the tpmm ligand and B) arrangement of the diox ligand at the ruthenium
center by the tpy ligand.

tenfold decrease of rate constant (from 4.6� 10�5��1 s�1 for
6B2� to 5.9� 10�6��1 s�1 for 7B2�) in the IPLE system. It is
clear that the combination of the flexible propane backbone
and the aromaticity of the pyrazolyl rings is the key to the
dramatic rate enhancement.
Entries 2 and 5 indicate that replacement of the tpmm

ligand in 9B2� by the trpy ligand in 4B2� gives rise to a rate
enhancement of 1.4� 103 in the IPLE system, but the change
from the trpy ligand in 7B2� to the tpmm ligand in 12B2�

promotes a remarkable rate enhancement of 1.9� 107 in the
OPLE system! Notably, the rate constant of (1.1� 0.1)�
102��1 s�1 at pH 2.00 is significantly larger than those of
typical ruthenium(��) ± aqua complexes by four to eight orders
of magnitude.[19] To our knowledge, it is the largest rate
constant reported for ligand substitution reactions at a
ruthenium(��) center and consistant with our report of a rate
constant for 12B2� of 66 ��1 s�1.[17]

Although the dop and dpp ligands have two five-membered
rings containing two heteroatoms and the propane backbone
(as shown in Scheme 3), the aromaticity of the pyrazolyl rings
allows the dpp ligand to form the deeper ™boat conformation∫
upon coordination to the metal center, and this conformation
allows the methyl group on the carbon bridgehead (C2) to
approach closer to the H2O ligand.[11g] As a consequence, the
dpp ligand is a heteroscorpionate ligand, rather than just a
simple flexible bidentate ligand, as illustrated in Sche-
me 6A.[5]

Scheme 6. Heteroscorpionate ligand effect, where R�pyrazole.

Detailed investigation of the effects caused by the back-
bone framework and the substituents are pictorially provided
in the Supporting Information.[11h]

The X-ray crystal structures of [RuII(Cl)(dpp)(tpmm)]BF4

(Figure 1A) and [RuII(Cl)(dpp)(trpy)]ClO4 (Figure 1B) illus-
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Figure 1. A) ORTEP diagram of the [RuII(Cl)(dpp)(tpmm)]� ion (thermal
ellipsoids set at 30% probability). B) ORTEP diagram of the
[RuII(Cl)(dpp)(trpy)]� ion (thermal ellipsoids set at 30% probability) .

trate the bifunctional behavior of the dpp ligand which
depends upon its geometrical arrangement, this inturn
depends upon the coordination of the tridentate ligand. In
the [RuII(Cl)(dpp)(tpmm)]BF4 complex, the Cl1 ¥¥¥ H3a in-
teratomic distance of 2.466 ä is unusually short, which
confirms the heteroscorpionate effect of the dpp ligand in
12B2� in the OPLE system. The structure of the
[RuII(Cl)(dpp)(trpy)]ClO4 complex (Figure 1B) provides evi-
dence for the lack of steric interaction at the chloride ligand.
The distances of 3.055 ä between Cl1 and H8a (the proton on
one of the methyl groups on the carbon bridgehead) and of
2.771 ä between Cl1 and H51 (the proton on C51 of the
pyrazolyl ring) are much longer than the equivalent distances
in the tpmm complex (Figure 1a). As supported by the
structural data from the [RuII(Cl)(dpp)(L3)]� complexes, the
dpp ligand behaves as a heteroscorpionate ligand in the

OPLE system, but like a rigid bidentate ligand in the IPLE
system.
This study gives a systematically comparison of ligand

effects among the three different geometrical arrangements of
bidentate ligands. Our results provide the first documented
example of three important phenomena: 1) an extraordinarily
large rate constant for a ligand substitution at a ruthenium(��)
center ((1.1� 0.1)� 102� s�1), 2) an extremely large rate
enhancement for ligand substitution in octahedral transition
metal complexes (1.9� 107), primarily because of the nature
of bidentate ligands and geometrical arrangements of triden-
tate ™spectator∫ ligands, and 3) a remarkable rate enhance-
ment for ligand substitution at a supposedly inert rutheniu-
m(��) center, primarily a result of steric interaction.
The unusual heteroscorpionate ligand effect holds great

promise for the development of new reagents and catalysts.
As indicated in Scheme 6B and indicated in Figure 1A, the
heteroscorpionate ligand effect can be explored further by
utilizing heteroscorpionate ligands with various curving tails
(pseudoaxial R) and with a bulky substituent at the ortho
position of the two pyridyl rings of the tpmm ligand (the
substituents at C36 and C56 in Figure 1A) that are cis relative
to the active site of the ruthenium ™prey∫.
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Although homogeneous catalysis offers many advantages
over heterogeneous catalysis in terms of catalytic selectivity
and activity, the difficult separation of the catalyst from the
products and the use of environmentally harmful organic
solvents are two major drawbacks.[1, 2] The problem of catalyst
separation has been addressed by several groups, and a
number of new concepts for immobilization of homogeneous
catalysts have been developed.[3] With respect to the use of
more environmentally friendly solvents, the application of
high-density gases such as supercritical carbon dioxide
(scCO2; Tc� 304.2 K and Pc� 73.8 bar) has some clear
advantages.[2, 4] Supercritical solvents are completely miscible
with gaseous reagents, and, therefore, avoid possible diffusion
limitation in gas ± liquid reactions. An important issue for

successful operation of homogeneous catalysis in scCO2 is the
solubility of the catalyst, which can be achieved by attaching
perfluoroalkyl groups to the ligands.[5]

Herein, we present a solution that overcomes these draw-
backs. We employ a continuous reactor for homogeneous
catalysis in scCO2 that allows an integrated catalyst separation
by immobilization of a perfluoroalkylated catalyst on one side
of a microporous silica membrane. The low cohesive energy
density of perfluoroalkyl groups is used to realize the required
solubility of the catalyst in scCO2, and simultaneously the
increased size ensures effective retention of the catalyst in the
membrane reactor. The reactants and products, which are also
dissolved in the scCO2, can diffuse through the membrane.
The principle is demonstrated by using a (1H,1H,2H,2H-

perfluoroalkyl)dimethylsilyl-substituted derivative of Wilkin-
son×s catalyst, 1[6] and a supported microporous silica

membrane with an average pore size of 0.6 nm.[7] The
mechanical strength of ceramic silica membranes allows the
use of relatively harsh reaction conditions. As a model
reaction the hydrogenation of 1-butene was first carried out
in scCO2 in a batch reactor[8] at 200 bar and 353 K. The
catalyst 1 was prepared in situ from [RhCl(cod)]2 (cod�
cis,cis-1,5-cyclooctadiene) and six equivalents of P(p-(Si-
Me2CH2CH2C8F17)C6H4)3. In the batch reactor the turnover
frequency (TOF) at 25% conversion was found to be 9400 h�1.
The high solubility of hydrogen in scCO2, as compared to the
solubility in conventional solvents,[6] is responsible for the 10-
fold higher activity. For the sake of comparison, the solublity
of hydrogen in toluene is 2.7 m� (at 1 bar and 298 K) and in
fluorous solvents, like c-C6F11CF3, it is 6.1 m� (at 1 bar and
298 K).
In the continuous membrane set-up (Figure 1), permeation

and reaction experiments were typically conducted with a
feed pressure of 200 bar and a transmembrane pressure
between 0.5 and 10 bar.[9] Experiments have been performed
with different pressure differences across the membrane to
study the effect of the residence time on the conversion.

Figure 1. Continuous reaction and separation concept. The membrane
reactor is operated in a dead-end configuration.

Up to a feed side pressure of 200 bar high fluxes of carbon
dioxide were obtained through the microporous membrane.
An overview of the characteristics of the membrane reactor is
given in Table 1.
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