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The Ru(II) complex TpRu(CO)(NCMe)(Me) (Tp ) hydridotris(pyrazolyl)borate) initiates
carbon-hydrogen bond activation at the 2-position of furan and thiophene to produce
methane and TpRu(CO)(NCMe)(aryl) (aryl ) 2-furyl or 2-thienyl). Solid-state structures have
been determined for TpRu(CO)(NCMe)(2-thienyl) and [TpRu(CO)(µ-C,S-thienyl)]2. The
complex TpRu(CO)(NCMe)(2-furyl) serves as a catalyst for the formation of 2-ethylfuran
from ethylene and furan. DFT calculations of the C-H activation of furan by {(Tab)Ru-
(CO)(Me)} (Tab ) tris(azo)borate) indicate that the C-H activation sequence does not proceed
through a Ru(IV) oxidative addition intermediate.

Introduction

Transition metal-mediated C-H activation holds
promise for the preparation of functionalized products
from readily available starting materials. Although
significant attention has been focused on systems
capable of hydrocarbon C-H functionalization,1-7 the
design of catalysts for the selective transformation of
substrates that contain heteroatomic functionality is
also of importance. While multiple studies of metal-
mediated activation of heteroaromatic compounds have
been directed toward hydrodesulfurization (HDS), hy-
drodenitrogenation (HDN), and hydrodeoxygenation
(HDO) processes,8-11 catalytic transformations of C-H
bonds of heteroaromatic substrates would provide po-
tentially useful synthetic sequences due to the preva-
lence of heteroaromatic fragments in compounds of
biological interest.

Although five-membered heteroaromatic compounds
(e.g., pyrroles, furans, and thiophenes) undergo electro-
philic substitutions at the R-position, such reactions are
limited to a relatively narrow range of substrates.12

Stoichiometric transformations of heteroaromatic com-
pounds that are mediated by transition metals include
nucleophilic substitutions of N-bound and pentahapto-
coordinated pyrrolyls of Re or Ru complexes.13,14 In
addition, Harman et al. have incorporated the prolific
π-base pentaammineosmium(II) as well as Re(I) systems
to bind and activate heteroaromatic compounds toward
electrophilic addition.15-18 Catalytic transformations of
C-H bonds of heteroaromatic compounds are relatively
rare. Rh-catalyzed annulations of imidazoles with teth-
ered olefins and furan addition to acetylenes have been
reported.19-21 Ruthenium catalysts have been used to
produce 2-alkyl and 2-alkenyl pyridines as well as for
carbonylation reactions of aza-heterocycles.22-27 Pd(II)
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serves as a catalyst for arylation at all three positions
of pyrrole substrates as well as a catalyst for the
oxidative coupling of 2-methylfuran and acrylates.28,29

Our group has recently reported that TpRu(CO)-
(NCMe)(R) (Tp ) hydridotris(pyrazolyl)borate; R ) Me
or Ph) catalyzes the addition of arene C-H bonds across
CdC bonds of olefins,30 and the closely related complex
TpRu(PPh3)(NCMe)H has been reported to activate
C-H bonds.31 We have extended studies to reactions of
TpRu(CO)(NCMe)(Me) with heteroaromatic substrates
and report herein the initial details of these transfor-
mations.

Results and Discussion

TpRu(CO)(NCMe)(Me) reacts with furan at 90 °C to
yield TpRu(CO)(NCMe)(2-furyl) (1) and methane (eq 1).

The formation of methane has been confirmed by GC-
MS analysis of the headspace of a reaction in a gastight
NMR tube. Although only isolated in 60% yield after
workup, 1H NMR spectroscopy of the crude reaction
mixture reveals that complex 1 is produced in nearly
quantitative yield. The C-H activation of furan is
regioselective, and 1H NMR, 13C NMR, homonuclear
decoupling, and NOE experiments are consistent with
regioselective attack at the 2-position. For example, the
chemical shifts (1H NMR) of complex 1 indicate one
downfield resonance and two upfield resonances due to
the furyl ligand (7.99, 6.62, and 6.23 ppm) that are
consistent with a single R-proton and two â-protons. The
13C NMR spectrum of 1 reveals two resonances at 114.8
and 109.6 ppm that are consistent with unsubstituted
C-H bonds at the â-position, while the R-carbons
resonate at approximately 135 ppm (consistent with an
unsubstituted C-H moiety) and 178.8 ppm.

To confirm the regioselectivity of the C-H activation,
NOE experiments were performed. Observed enhance-
ments of the 2-furyl ligand are depicted in Chart 1. Most
importantly, the resonance at 6.62 ppm (â-position)
shows NOEs with the other two furyl resonances. In the
case of ruthenium substitution at the 3-position, ir-
radiation of the â-proton would be expected to yield a
NOE with a single furyl resonance. Likewise, a 3-furyl
ligand would produce a resonance for an R-proton that

would not be anticipated to exhibit a NOE with either
of the remaining two resonances of the furyl ligand.
Metal-mediated C-H activations at the 2-position of
furan have been reported for Rh and W complexes.32-34

In addition, Komiya et al. have reported C-H oxidative
addition of furan to an Fe(0) complex in which the
regioselectivity was not conclusively determined.35 A
binuclear iridium complex has been reported to activate
furan to give a 5:2 mixture of 2-furyl and 3-furyl
complexes.36 Heating (90 °C) complex 1 with excess
furan for 144 h does not result in observable isomer-
ization to the 3-furyl complex.

We have previously reported that the phenyl complex
TpRu(CO)(Ph)(NCMe) serves as a catalyst for the hy-
droarylation of olefins.30 The combination of furan and
1 mol % of complex 1 (based on furan) in mesitylene at
120 °C under low ethylene pressure (10-40 psi) results
in the catalytic production of 2-ethylfuran (eq 2), and

optimal conditions allow approximately 17 catalytic
turnovers after 24 h (after which time the catalyst
activity decreases). This transformation demonstrates
the feasibility of Ru(II)-mediated olefin hydroarylation
using heteroaromatic substrates. Although quantitative
rate data have not been acquired, higher ethylene
pressures result in an increased production of 2-ethyl-
furan after 24 h of reaction. For example, 9 turnovers
are observed after 24 h of reaction at 10 psi of ethylene,
15 turnovers are observed at 30 psi of ethylene, and 17
turnovers are observed using 40 psi of ethylene.

The reaction of TpRu(CO)(NCMe)(Me) with thiophene
produces TpRu(CO)(NCMe)(2-thienyl) (2) and methane
after approximately 19 h at 90 °C (Scheme 1). Analyzing
the reaction mixture by NMR spectroscopy after 4 h
reveals the presence of reaction intermediates. Although
products of thiophene/NCMe exchange are likely can-
didates for reaction intermediates, we have been unable
to separate and characterize these species. The revers-
ible formation of metallacycles that result from thiophene
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Chart 1. Observed NOEs for the 2-Furyl Ligand of
TpRu(CO)(NCMe)(2-furyl) (1)
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ring-opening is also possible.37 After extended heating,
1H NMR spectroscopy indicates that all TpRu interme-
diates cleanly convert to complex 2. The 1H NMR
spectrum of complex 2 reveals resonances at 7.25, 6.97,
and 6.57 ppm due to the 2-thienyl ligand. Similar to
complex 1, NOE experiments are consistent with a
2-substituted heterocycle (see Supporting Information).
Metal-mediated C-H activation of thiophene has been
reported.38

Similar to the catalytic addition of furan to ethylene,
complex 2 catalyzes the formation of 2-ethylthiophene
from a solution of thiophene and ethylene. For example,
a thiophene solution of 2 (0.1 mol % versus thiophene)
with 40 psi of ethylene pressure at 90 °C produces
2-ethylthiophene (eq 3). A total of 3 catalytic turnovers
are observed after 12 h of reaction. The formation of
additional 2-ethylthiophene is not observed after 12 h
of catalysis.

The addition of HCl to complex 2 ultimately results
in the production of free thiophene and a single TpRu
product whose 1H NMR spectrum is consistent with
TpRu(CO)(NCMe)(Cl) (Scheme 2). TpRu(CO)(NCMe)-
(Cl) has been independently prepared by reaction of
TpRu(CO)(NCMe)(Me) with HCl (Scheme 2; see Sup-
porting Information for full details). Performing the HCl
addition to TpRu(CO)(NCMe)(2-thienyl) (2) at -65 °C
reveals a kinetic product whose 1H NMR spectrum is
consistent with [TpRu(CO)(NCMe)(S-thiophene)][Cl] (3).
Warming the CD2Cl2 solution to room temperature
results in the observation of free thiophene and TpRu-
(CO)(NCMe)(Cl).

Layering of a methylene chloride solution of 2 with
hexane resulted in the growth of crystals, and the
structure of complex 2 has been confirmed by a solid-
state single-crystal X-ray diffraction study (Figure 1).
Data collection parameters are listed in Table 1. Similar
to the solid-state structure of Cp*Rh(PMe3)(Cl)(2-thi-

enyl),39 the 2-thienyl ligand exhibits a 70:30 two-site
disorder with the two orientations of the ring differing(37) Myers, A. W.; Jones, W. D. Organometallics 1996, 13, 2905-
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Scheme 1. Reaction of TpRu(CO)(NCMe)(Me)
with Thiophene Yields

TpRu(CO)(NCMe)(2-thienyl) (2)

Scheme 2. Reaction of
TpRu(CO)(NCMe)(2-thienyl) (2) with HCl (RT )

room temperature)

Table 1. Selected Crystallographic Data and
Collection Parameters for

TpRu(CO)(NCMe)(2-thienyl) (2) and
[TpRu(CO)(µ-C,S-2-thienyl)]2 (4)

2 4

empirical formula C16H16BN7ORuS C14H13BN6ORuS
fw 466.30 425.24
cryst syst monoclinic triclinic
space group P21/n P1h
a, Å 10.5469(9) 8.911(1)
b, Å 12.1519(11) 9.790(1)
c, Å 15.5119(13) 10.200(2)
R, deg 73.405(3)
â, deg 104.698(2) 77.475(3)
γ, deg 78.396(3)
V (Å3) 1923.0(3) 823.1(2)
Z 4 2
Dcalcd, g cm-3 1.611 1.716
R1, wR2 (I > 2σ(I)) 0.0321, 0.0827 0.0436, 0.1021
GOF 1.037 1.015

Figure 1. ORTEP of TpRu(CO)(NCMe)(2-thienyl) (2) (30%
probability). Selected bond distances (Å): Ru-N7 2.029-
(1), Ru-C13 2.072(2), Ru-N1 2.062(1), Ru-N3 2.141(1),
Ru-N5 2.151(1), Ru-C12 1.833(1), N7-C10 1.126(2), S1-
C13 1.660(2). Selected bond angles (deg): Ru-C13-S1
125.33(11), C14-C13-S1 108.35(16), Ru-C12-O1 175.98-
(12).
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by an approximately 180° rotation about the Ru-C(13)
bond. For each of the planar five-membered rings, the
S-C(13) bond distance was refined using a restraint of
1.68 Å, the C(14)-C(15) bond distance using a restraint
of 1.45 Å, and the C(13)-C(14) and C(15)-C(16) bond
distances with restraints of 1.38 Å. The structure
confirms the proposed regioselective C-H activation at
the 2-position of thiophene.

In contrast to recrystallization from methylene chlo-
ride/hexane, the recrystallization of complex 2 from
methylene chloride/cyclohexane (over a period of ap-
proximately two weeks) yields the binuclear complex
[TpRu(CO)(µ-C,S-thienyl)]2 (4) (Scheme 1). Thus, the
coordinatively unsaturated species {TpRu(CO)(2-thi-
enyl)} is likely trapped by the sulfur atom of the
2-thienyl ligand of a second Ru complex. Complex 4 was
only characterized by a single-crystal X-ray diffraction
study (Figure 2). Data collection parameters are listed
in Table 1. The two symmetry equivalent Ru fragments
are approximately octahedral and are bridged by two
µ-C,S-2-thienyl ligands. The geometry of the thienyl
sulfur atom is pyramidal with the bond angles summing
to 316.83(18)°. The Ru-S bond distance of 2.365(1) Å
is similar to other Ru(II) thiophene complexes.40

The reaction of pyridine with TpRu(CO)(NCMe)(Me)
at 90 °C forms the product from nitrile/pyridine ligand
exchange TpRu(CO)(N-py)(Me) (5) (py ) pyridine; eq 4).

The 1H NMR spectrum of 5 reveals three resonances
due to the five hydrogen atoms of pyridine. The ortho
and meta hydrogen atoms are likely equivalent due to
rapid rotation about the Ru-N(pyridine) bond. Access
to a stable coordination mode of pyridine renders
subsequent C-H activation more difficult compared
with the reaction of TpRu(CO)(NCMe)(Me) with furan;
however, at elevated temperature (115 °C) complex 5

undergoes slow reaction, requiring approximately 7 days
to reach completion. The final product mixture is
complex and contains multiple TpRu systems. Column
chromatography allows the isolation of a complex whose
1H NMR and IR spectra are consistent with TpRu(CO)-
(NCMe)(2-pyridyl) (see Supporting Information). The
production of the 2-pyridyl complex in low yield likely
indicates that pyridine C-H activation is not regiose-
lective or that the complex TpRu(CO)(NCMe)(2-pyridyl)
is not stable under the forcing conditions required to
achieve C-H activation of pyridine.

Exchange of Acetonitrile for TpRu(CO)(NCMe)-
(Ar) Complexes. The acetonitrile ligands of TpRu(CO)-
(NCMe)(aryl) (aryl ) 2-thienyl, 2-furyl, or phenyl)
complexes are labile, as evidenced by the exchange of
bound acetonitrile with free NCCD3 (Scheme 3). The
rates of nitrile exchange for the 2-furyl and 2-thienyl
complexes are statistically identical. Nitrile exchange
for TpRu(CO)(NCMe)(Ph) is approximately 1.8 times
more rapid than the 2-furyl/2-thienyl complexes 1 and
2. The labile nature of the nitrile ligand allows ligand
exchange reactions. For example, TpRu(CO)(NCMe)(2-
furyl) (1) reacts with PMe3 to produce TpRu(CO)(PMe3)-
(2-furyl) (6) (eq 5).

Mechanism of C-H Activation. Late transition
metal centers in low oxidation states have been dem-
onstrated to cleave C-H bonds via insertion of the metal
into the C-H bond with a formal +2 increase in metal
oxidation state (i.e., oxidative addition). Of particular
relevance here are C-H activations by d6 metal centers
that are isoelectronic to TpRu(CO)(NCMe)(R). For ex-
ample, Bergman et al. have reported that Cp*(PMe3)-
IrIII(Me)(OTf) and [Cp*(PMe3)IrIII(Me)(CH2Cl2)][BAr′4],
Ar′ ) 3,5-(CF3)2C6H3, can selectively activate the C-H
bonds of a range of substrates below room tempera-
ture.41,42 In addition, Ir(III) complexes with oxygen-
donor ligands can catalytically add arene C-H bonds
across unsaturated carbon-carbon bonds as well as

(40) Benson, J. W.; Angelici, R. J. Organometallics 1992, 11, 922-
927.

(41) Arndtsen, B. A.; Bergman, R. G. Science 1995, 270, 1970-1972.
(42) Burger, P.; Bergman, R. G. J. Am. Chem. Soc. 1993, 115,

10462-10463.

Figure 2. ORTEP of [TpRu(CO)(µ-C,S-thienyl)]2 (4) (30%
probability). Selected bond distances (Å): Ru-S1 2.365-
(1), Ru-C10 1.824(4), Ru-C14′ 2.043(4), Ru-N1 2.076(3),
Ru-N3 2.139(3), Ru-N5 2.164(3), S1-C14 1.767(4), C10-
O1 1.154(5). Selected bond angles (deg): Ru-S1-C14
110.89(11), C14-S1-C11 94.3(2).

Scheme 3. Nitrile Exchange Is Observed for
TpRu(CO)(NCMe)(Ar) (Ar ) phenyl, 2-furyl, or

2-thienyl) under Pseudo-First-Order Conditions
([Ru] ) 0.072 M)
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initiate alkane C-H activation.43-46 Substantial specu-
lation has been focused on the mechanism of the C-H
bond breaking step for the Ir(III) systems.47-51 An
oxidative addition mechanism is consistent with known
pathways for late transition metal complexes but would
involve an atypically high Ir(V) oxidation state. An
alternative pathway is σ-bond metathesis;52-56 however,
to our knowledge, σ-bond metathesis mechanisms for
C-H activation have not been definitively demonstrated
for late transition metal systems. Hartwig et al. have
demonstrated that Ru(II) activation of B-H bonds likely
occurs through a σ-bond metathesis mechanism.57

To help discern the likely mechanism of C-H activa-
tion by the fragment {TpRu(CO)(Me)}, B3LYP/SBK(d)
calculations were employed. As a model of the full (tris-
pyrazolyl)borate (Tp) ligand, the tris(azo)borate (Tab)
ligand, [HB(-NdNH)3]-, was used. In previous re-
search, Tab was shown to faithfully reproduce the
structure and energetics of the full Tp models for C-H
activation potential energy surfaces.58 Calculations were
performed with furan as the representative reactant.

Experimental kinetic studies suggest that C-H ac-
tivation of benzene by TpRu(CO)(NCMe)(Me) proceeds
through initial acetonitrile/benzene ligand exchange,30

and we considered an analogous initial step for the C-H
activation of furan. Two coordination modes were con-
sidered for the interaction of ruthenium and furan: σ
(η1-coordination through oxygen) and π (η2-coordination
through CdC bond; Scheme 4). Both coordination modes
were constructed and evaluated. The π-coordination
mode is preferred relative to the corresponding σ-isomer
by 3.8 kcal/mol. The calculated free energies for π-
versus σ-coordination are consistent with experimental
observations since η2-coordinated furan complexes have
been isolated, while, to our knowledge, examples of
isolable η1-O-bound furan systems are unknown.15,17,59,60

Hence, in the discussion below, (Tab)Ru(Me)(C4H4O)-
(CO) refers exclusively to the more stable π-coordinated
isomer.

Studies of the overall process of furan C-H activation
and methane release were broken down into three
steps: (1) furan coordination, (2) C-H activation of
furan, and (3) coordination of the acetonitrile model Nt
CH to complete the reaction. The resulting energetic
parameters are depicted in Scheme 5 (optimized geom-
etries for the reaction intermediates are illustrated in
the Supporting Information). The displacement of Nt
CH by C4H4O is calculated to be endergonic by 14.4 kcal/
mol. Given a calculated free energy of binding of Nt
CH to {(Tab)Ru(Me)(CO)} of 14.9 kcal/mol, this corre-
sponds to a binding free energy of furan to (Tab)Ru-
(Me)(CO) of -0.5 kcal/mol. Weak binding is expected
for dihapto-ligation of a π-heteroatomic system to a
closed-shell, d6 ML5 fragment. The C-H activation step
is exergonic by 13.4 kcal/mol with a calculated free
energy of activation of 17.4 kcal/mol. The overall reac-
tion sequence Ru(Me)(CO)(NCH) + C4H4O f Ru(2-
C4H3O)(CO)(NCH) + CH4 is exergonic by 10.3 kcal/mol.
Assuming that the change in entropy for the overall
C-H activation is negligible, the C-H bond dissociation
energies of methane (104 kcal/mol) and furan (118 kcal/
mol) indicate that the Ru-2-furyl bond is stronger than
the Ru-CH3 bond by approximately 24 kcal/mol.61

To explore the C-H activation step, a variety of
calculations were performed using furan as a model
substrate (Scheme 6). Several pathways were investi-
gated including oxidative addition of a furan C-H bond
to the Ru of {(Tab)Ru(CO)Me} (A), oxidative addition
of a methane C-H bond to the Ru of {(Tab)Ru(CO)(2-
furyl)} (B), and nonoxidative addition at the 2-position
C-H bond of furan to the Ru-CH3 bond of {(Tab)Ru-
(CO)(Me)} (C). Multiple starting geometries were in-
vestigated for each of the proposed transition states. In
all cases, the transition states collapsed to C (i.e., the
nonoxidative addition transition state). The identity of
the transition state was confirmed by calculation of the
intrinsic reaction coordinate along the imaginary fre-
quency, the primary motion of which corresponded to
transfer of the transannular hydrogen from the methyl
to the furyl carbon.

The calculated transition-state geometry for C-H
activation of furan and pertinent metric data are
depicted in Figure 3. The near equivalent C-H dis-
tances between the methyl and furyl ligands and the
hydrogen atom undergoing transfer are indicative of a
transition state that is roughly intermediate between
reactants and products and hence neither early nor late.
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One interesting factor regarding the transition-state
geometry is the close metal-transannular hydrogen
distance (1.75 Å). Closely related results have been
reported from calculations to probe the mechanism of
C-H activation for TpM(PH3)(Me) (M ) Fe or Ru)
complexes in which the authors suggested that the
reaction pathways are intermediate between oxidative
addition and σ-bond metathesis processes.62 Computa-
tional studies of methane activation by Pt(H2O)Cl2
indicate a similar four-center transition state with a
Pt-H bond distance of 1.99 Å.63 Calculations on the
transition state of benzene C-H activation by (acac)2Ir-
(CH2CH2Ph) and TpRu(CO)(CH2CH2Ph) reveal an Ir-H
bond distance of 1.58 Å and a Ru-H bond distance of
1.61 Å, respectively, and Goddard et al. have differenti-
ated this transition state (in which there is a metal-
hydrogen interaction) from a σ-bond metathesis transi-
tion state using the label oxidative hydrogen migra-
tion.64,65

As previously discussed for early transition metal
systems,55,66,67 for C-H activation that proceeds without
an oxidative addition intermediate, a distinction can be
made between σ-bond metathesis and electrophilic
aromatic substitution. The calculated transition state
for furan C-H activation by {(Tab)Ru(CO)(CH3)} re-
veals that the hydrogen atom undergoing transfer to the
methyl ligand is out of the aromatic plane (Figure 4).
The calculated Ru-Cfuryl-H bond angle in the transition
state is 53.3°, and the out-of-plane position is consistent
with a change in hybridization from sp2 to sp3 at the
center of C-H activation. The disruption of planarity

(62) Lam, W. H.; Jia, G.; Lin, Z.; Lau, C. P.; Eisenstein, O. Chem.
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Scheme 5. B3LYP/SBK-31G(d) Calculated Free Energies (kcal/mol) for the C-H Activation of Furana

a Gibbs free energy of activation; [Ru] ) (Tab)Ru.

Scheme 6. Various Pathways for Furan C-H
Activation that Were Studied by DFT Calculations

Figure 3. Calculated transition-state geometry for furan
C-H activation by {(Tab)Ru(CO)(CH3)}. Bond lengths for
C-H activation active site: Ru-Cfuryl ) 2.17 Å; Cfuryl-Ht
) 1.44 Å; Ht-Cmethyl ) 1.54 Å; Ru-Cmethyl ) 2.32 Å; Ru-
Ht ) 1.75 Å.
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and hence aromaticity could reflect a pathway for C-H
activation that is related to electrophilic substitution
in which the electrophilic Ru(II) center attacks the furan
π-system. Alternatively, the out-of-plane hydrogen could
reflect progress along the reaction coordinate and incipi-
ent Ru-C bond formation.

Given the similar C-H bond dissociation energies at
the 2- and 3-position of five-membered heteroaromatic
compounds,61 the regioselective cleavage of the 2-posi-
tion C-H bonds of thiophene and furan implicates the
potential importance of the electrophilic nature of the
Ru(II) center. It is known that electrophilic additions
to five-membered heteroaromatic compounds occur se-
lectively at the 2-position due to favorable resonance
stabilization,12 and we propose that an electrophilic
attack of Ru on the aromatic substrate likely precedes
and/or initiates C-H activation, a supposition supported
by the calculated positive charge on the furan fragment
in (Tab)Ru(Me)(η2-C4H4O)(CO). Electrophilic addition of
Ru(II) would substantially increase the acidity of ring
C-H bonds, and subsequent C-H activation through
a nonoxidative addition pathway could be viewed as an
intramolecular heterolytic process for which the methyl
ligand acts as a base to remove a proton from furan or
thiophene (Scheme 7). The Ru-H interaction in the
calculated transition state likely imparts more hydridic
(or, perhaps equally accurate, less acidic) character to
the transannular hydrogen; however, the bonding orbit-
als involving the transannular hydrogen are predomi-
nantly Ru in character. The proposed model of the
Ru(II)-mediated C-H activation is closely related to
that suggested for C-H activation by tungsten and iron
boryl complexes.68 Selnau and Merola have previously
noted that the acidity of C-H bonds may play a role in
metal-mediated oxidative addition transformations, al-

though the relative acidity of C-H bonds of “free”
heteroaromatic substrates may not be as important as
that of substrates that result from electrophilic addi-
tion.32 The regioselectivity of furan and thiophene C-H
activation by TpRu(CO)(NCMe)(Me) is not conclusive
for a nonoxidative addition pathway since identical
regioselectivities have been reported for systems that
initiate well-defined oxidative addition;32,33 however, not
all oxidation addition transformations are regioselective,
as illustrated by a binuclear iridium system that
initiates oxidative addition of furan to produce a 5:2
ratio of 2-furyl and 3-furyl products.36 Even though the
regioselectivity for oxidative addition of hydrocarbons
is often guided by bond dissociation energies,6,69,70 the
observation of a final oxidative addition product for
heteroaromatic substrates neither precludes the inter-
mediacy of an electrophilic addition product that pre-
cedes C-H activation nor rules out the importance of
the electrophilic character of the metal center in the
overall C-H activation. Thus, even in the absence of a
“true” electrophilic addition of Ru(II), the electrophilic
nature of the metal center could still serve to guide the
regioselectivity.

Summary and Conclusions

The presence of the Tp ligand may predispose the Ru-
(II) systems {TpRu(CO)(R)} against oxidative addition
intermediates given the well-documented predilection
against seven-coordinate complexes for complexes that
possess Tp or related ligands.58 Experimental and
computational studies of aromatic C-H activation by
the {TpRu(CO)(Me)} fragment are consistent with a
nonoxidative addition pathway in which the electro-
philic character of Ru(II) may dictate regioselectivity.
The potential synthetic advantage of this pathway is
the ability to utilize charge localization on aromatic
substrates to direct the regioselectivity of C-H activa-
tion as demonstrated by the catalytic synthesis of
2-ethylfuran from furan and ethylene.

Experimental Section

General Methods. Unless otherwise noted, all synthetic
procedures were performed under a dinitrogen atmosphere
using either standard Schlenk line or glovebox techniques.
Glovebox atmosphere was maintained at O2 (g) < 15 ppm for
all reactions. Mesitylene was vacuum distilled prior to use.
Furan was distilled prior to use. Acetonitrile was distilled over
CaH2. Hexanes, methylene chloride, and tetrahydrofuran were
purchased as OptiDry solvents (<50 ppm H2O) and passed
through columns of activated alumina (under nitrogen pres-
sure) prior to use. Decane and 2-ethylfuran were used as
received from commercial sources. Ethylene was purchased
from National Welders Supply Co. and used as received. CD3-
CN, acetone-d6, CD2Cl2, benzene-d6, and CDCl3 were degassed
with three freeze-pump-thaw cycles and stored under a
dinitrogen atmosphere over 4 Å molecular sieves. 1H and 13C
NMR spectra were recorded on a Varian Mercury 300 or 400
MHz spectrometer. NOE experiments were conducted on a
Varian Mercury 400 MHz spectrometer using 64 scans with a
1 s mixing time. Gas chromatography was carried out on a
Hewlett-Packard 5890 GC equipped with a J&W SE-30 or

(68) Webster, C. E.; Fan, Y.; Hall, M. B.; Kunz, D.; Hartwig, J. F.
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(70) Flood, T. C.; Janak, K. E.; Iimura, M.; Zhen, H. J. Am. Chem.
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Figure 4. View of calculated transition state for C-H
activation of furan that illustrates the “out-of-plane” posi-
tion of hydrogen atom undergoing transfer.

Scheme 7. Intramolecular Proton Transfer Is
Consistent with the Regioselectivity of C-H

Activation
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HP5-MS capillary column, split inlet, and FID detector.
Chromatographs were produced using an HP3396 Series II
integrator or PE Totalchrome software package. IR spectra
were acquired by a Mattson Genesis II FT-IR as thin films on
KBr plates or as solutions in KBr solvent cells. TpRu(CO)-
(NCMe)(Me) and TpRu(CO)(NCMe)(Ph) were prepared accord-
ing to the published procedures.30

Calculations. Quantum calculations were carried out using
the Gaussian 98 package.71 The B3LYP hybrid functional was
employed for all calculations.72 Heavy atoms were described
with the Stevens relativistic effective core potentials (ECPs)
and valence basis sets (VBSs).73,74 The valence basis sets of
main group elements were augmented with a d polarization
function. This ECP/VBS combination, termed SBK(d), has been
validated for the calculation of a wide variety of transition
metal properties in previous studies.58,75,76 All stationary points
were fully optimized without symmetry constraint. Several
conformations of the different ligands were investigated by
torsion about the appropriate metal-ligand bonds; the lowest
energy conformers found were used in the analyses given in
this paper. The energy Hessian was calculated at all stationary
points to characterize them as minima (no imaginary frequen-
cies) or transition states (one and only one imaginary fre-
quency). The quoted energies include zero-point, enthalpy, and
entropic corrections determined from unscaled vibrational
frequencies calculated at the B3LYP/SBK(d) level of theory.
All energetic determinations were done at 298.15 K and 1 atm.

TpRu(CO)(NCMe)(2-furyl) (1). TpRu(NCMe)(CO)(CH3)
(0.227 g, 0.570 mmol) was added to a thick-walled glass
pressure vessel containing approximately 25 mL of furan. The
vessel was sealed, and the reaction mixture was heated in a
90 °C oil bath for 36 h. After cooling the solution to room
temperature, all volatiles were removed in vacuo. The resulting
pale pink-colored solid was taken up in THF (∼2 mL) and
precipitated with hexanes (∼25 mL). The resulting amorphous
solid was collected via filtration and washed with hexanes (2
× 10 mL). The isolated product was dried under reduced
pressure to yield a pale pink-colored solid (0.155 g, 60%). IR
(KBr): νCO 1949 cm-1, νCN 2286 cm-1, νBH 2484 cm-1. 1H NMR
(C6D6, δ): 7.99 (1H, dd, JHH ) 1.5 and 0.6 Hz, R-furyl CH),
7.89, 7.60, 7.43, 7.40, 7.29 (6H, 1:2:1:1:1 integration, each a d,
Tp CH 3- or 5-position), 6.62 (1H, dd, JHH ) 2.7 and 1.5 Hz,
â-unbound of furyl CH), 6.23 (1H, dd, JHH ) 2.7 and 0.6 Hz,
â-bound of furyl CH), 5.96, 5.67 (3H, 2:1 integration, each a t,
Tp CH 4-position), 0.37 (3H, s, NCCH3). 13C{1H} NMR (CDCl3,
δ): 203.9 (CO), 178.8 (ipso-furyl), 145.2, 144.3, 142.4, 142.2
(Tp 3- and 5-position), 135.3, 134.7, 134.5 (R-unbound of furyl
and Tp 3- and 5-position), 122.1 (Ru-NCCH3), 114.8, 109.6 (â-
position of furyl), 105.5, 105.2 (Tp 4-position, coincidental
overlap of two resonances), 4.3 (Ru-NCCH3). Anal. Calcd for
C16H16BN7O2Ru: C, 42.68; H, 3.58; N, 21.78. Found: C, 42.71;

H, 3.50; N, 21.57. To determine the composition of the crude
reaction product, an aliquot of the homogeneous solution was
taken prior to workup. The solvent was removed under reduced
pressure, and the resulting film was dissolved in C6D6. The
entire solid was dissolved to give a homogeneous solution.
Complex 1 was the only observable species using 1H NMR
spectroscopy. The NOE data were acquired using a Varian
Mercury 400 MHz instrument in C6D6 with a mixing time of
1 s and delay time of 25 s.

TpRu(CO)(NCMe)(2-thienyl) (2). A thick-walled glass
reaction vessel was charged with TpRu(CO)(NCMe)(Me) (0.243
g, 0.609 mmol) and thiophene (∼5 mL). The reaction vessel
was heated to 90 °C for 19 h. The reaction solution was then
cooled to room temperature, and the volatiles were removed
under reduced pressure. The residuals were taken up in
methylene chloride, and upon addition of hexanes, a precipi-
tate formed. The resulting beige solid was collected via vacuum
filtration and dried under reduced pressure to yield 0.242 g
(88%) of product. IR (KBr): νCO 1946 cm-1, νCN 2284 cm-1, νBH

2484 cm-1. 1H NMR (CD3CN, δ): 7.86 (1H, d, Tp CH, 3- or
5-position), 7.81 (2H, m, Tp CH, 3- or 5-position), 7.79 (1H,
dd, Tp CH 3- or 5-position), 7.47 (1H, d, Tp CH, 3- or
5-position), 7.25 (1H, dd, J ) 5, 1 Hz, thienyl 2-position CH),
6.97 (1H, dd, J ) 5, 3 Hz, thienyl 3-position unbound CH),
6.57 (1H, dd, J ) 3, 1 Hz, thienyl 2-position bound CH), 6.31,
6.25, 6.18 (each 1H, each a t, Tp CH 4-position), 2.33 (3H, s,
NCCH3). 13C{1H} NMR (CD3CN, δ): 204.0 (CO), 158.9 (ipso
thienyl), 145.7, 142.8, 142.6, 135.6, 135.1, 134.7, 132.5, 127.2,
125.9 (Tp 3- and 5-position or thienyl), 122.5 (Ru-NCCH3),
105.7, 105.3 (Tp 4-position with overlap of two resonances),
4.4 (Ru-NCCH3). Anal. Calcd for C16H16BN7O1RuS: C, 41.21;
H, 3.46; N, 21.03. Found: C, 40.77; H, 3.52; N, 20.32.

Reaction of TpRu(CO)(NCMe)(2-thienyl) (2) with
HCl: Observation of [TpRu(CO)(NCMe)(S-thiophene)]-
[Cl] (3). Under an atmosphere of dinitrogen, a screw-cap NMR
tube was charged with TpRu(NCMe)(CO)(2-thienyl) (2) (0.020
g) and CD2Cl2 (0.6 mL). The solution was cooled to -65 °C,
and 1 equiv of HCl (44 µL, 1 M in Et2O) was added. Upon
addition of HCl, a color change from pink to yellow was noted.
A 1H NMR spectrum was acquired of the reaction solution at
-65 °C. As detailed below, the spectrum was consistent with
the formation of [TpRu(NCMe)(CO)(S-thiophene)][Cl]. Upon
warming to room temperature, 1H NMR spectroscopy revealed
the formation of TpRu(NCMe)(CO)(Cl) and free thiophene. The
addition of thiophene to the reaction sample confirmed the
presence of free thiophene.

[TpRu(CO)(NCMe)(S-thiophene)][Cl] (3). 1H NMR (CD2-
Cl2, δ): 7.93, 7.85 (each 1H, br s, Tp CH 3- and 5-position),
7.72 (3H, m, Tp CH 3- and 5-position) 7.61 (2H, br s,
R-thiophene), 7.36 (2H, br s, â-thiophene), 7.05 (1H, br s, Tp
CH, 3- and 5-position), 6.39, 6.27, 6.18 (each 1H, br s, Tp CH,
4-position), 2.09 (3H, s, NCCH3).

TpRu(CO)(Me)(N-pyridine) (5). In a thick-walled glass
pressure vessel, TpRu(CO)(NCMe)(CH3) (0.101 g, 0.256 mmol)
was dissolved in pyridine (5 mL). The mixture was heated to
90 °C for 5 h. The reaction solution was then cooled to room
temperature and purged into a glovebox, and the volatiles were
removed under reduced pressure. The resulting product was
precipitated from methylene chloride upon addition of hexanes,
and the precipitate was collected by vacuum filtration through
a fine-porosity frit. The resulting solid was dried under vacuum
to yield a bright yellow product (0.063 g, 56%). IR (KBr): νCO

1902 cm-1, νBH 2478 cm-1. 1H NMR (C6D6, δ): 8.16 (2H, m,
pyridine ortho CH), 7.70 (1H, dd, Tp CH, 3- or 5-position) 7.57
(1H, dd, Tp CH 3- and 5-position), 7.51 (1H, dd, Tp CH, 3-
and 5-position), 7.43 (1H, dd, Tp CH, 3- and 5-position), 7.12
{2H, s (overlapping doublets), Tp CH, 3- or 5-position}, 6.62
(1H, tt, JHH ) 7.7, 1.8 Hz, pyridine para-CH), 6.12 (2H, m,
pyridine meta-CH), 5.94 (1H, t, Tp CH 4-position), 5.90 (1H,
t, Tp CH 4-position), 5.82 (1H, t, Tp CH, 4-position), 0.89 (3H,
s, NCCH3). 13C{1H} NMR (C6D6, δ): 209.0 (CO), 155.7, 144.7,
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Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
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Pittsburgh, PA, 1998.

(72) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
(73) Stevens, W. J.; Basch, H.; Krauss, M. J. Chem. Phys. 1984, 81,

6026-6033.
(74) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, P. G. Can. J.

Chem. 1992, 70, 612-613.
(75) Cundari, T. R.; Klinckman, T. R.; Wolczanski, P. T. J. Am.

Chem. Soc. 2002, 124, 1481-1487.
(76) Holland, P. L.; Cundari, T. R.; Perez, L. L.; Eckert, N. A.;

Lachicotte, R. J. J. Am. Chem. Soc. 2002, 124, 14416-14424.

Stoichiometric and Catalytic C-H Activation Organometallics, Vol. 23, No. 23, 2004 5521



142.7, 140.8, 135.6, 135.1, 135.0, 134.6, 124.0 (Tp 3- and
5-position, pyridine and Ru-NCMe) 106.5, 106.3, 106.2 (Tp
4-position), -4.1 (Ru-CH3). Anal. Calcd for C16H18BN7ORu: C,
44.05; H, 4.16; N, 22.47. Found: C, 44.12; H, 4.22, N, 22.16.

TpRu(CO)(PMe3)(2-furyl) (6). A thick-walled pressure
tube was charged with [TpRu(NCMe)(CO)(2-furyl)] (1) (0.228
g, 0.051 mmol) and THF (∼8 mL). To the orange-yellow
solution was added PMe3 (80 µL, 0.08 mmol), and the mixture
was heated at 90 °C for 20 h. The solvent was removed in
vacuo, and the resulting solid was stirred in hexanes. The pale
yellow solid was collected after vacuum filtration and dried
(0.099 g, 38%). IR (KBr): νCO 1943 cm-1. 1H NMR (CDCl3, δ):
7.74 (1H, R-furyl CH, d, 3JHH ) 1.5 Hz), 7.69, 7.65, 7.58, 7.55,
7.42 (6H, 2:1:1:1:1 integration, each a d, Tp CH 3- or 5-posi-
tion), 6.26 (1H, â-furyl CH unbound, dd, 3JHH ) 3.0 and 1.5
Hz), 6.21, 6.06 (3H total, 2:1 integration, overlapping t’s and
t, Tp 4-position), 5.63 (1H, â-furyl CH bound, d, 3JHH ) 3 Hz),
1.30 (9H, PMe3, d, 3JHP ) 9 Hz). 13C{1H} NMR (CDCl3, δ):
205.2 (CO, d, 2JCP ) 19 Hz), 180.1 (1C, ipso-furyl, d, 2JCP ) 16
Hz), 143.7, 143.6, 143.3, 135.4, 135.2, 134.4 (each a s, Tp 3-
and 5-position), 115.2 (R-furyl, s), 110.0 (â-furyl, s), 105.6 (â-
furyl, s), 105.3, 105.2, 105.1 (each a s, Tp 4-position), 17.5
(PMe3, d,2JCP ) 31 Hz). 31P{1H} NMR (CDCl3, δ): 14.3 (PMe3,
s). Anal. Calcd for C17H22BN6O2PRu(C4H8O)0.2 (Note: 1H NMR
spectroscopy of the analysis sample revealed 1/5 equivalents
of THF per equivalent of complex 6): C, 42.79; H, 4.76; N,
16.81. Found: C, 42.34; H, 4.75; N, 16.59.

Catalytic Reactions of Furan with Ethylene Using
TpRu(CO)(NCMe)(2-furyl) (1). The procedures for all cata-
lytic reactions were analogous. A representative example is
given: Under an atmosphere of dinitrogen, TpRu(CO)(NCMe)-
(2-furyl) (1) (0.073 g, 0.162 mmol) was added to a high-pressure
reaction tube containing furan (1.2 mL, 16.2 mmol), decane
(0.31 mL, 1.62 mmol), and mesitylene (5 mL). The reaction
vessel was sealed, removed from the glovebox, and placed
under 20 psi of ethylene pressure. The resulting solution was
submersed in an oil bath (120 °C) equipped with digital
temperature regulation. Product formation was monitored
periodically using analysis with a GC FID (and compared to
an authentic sample 2-ethylfuran purchased from a com-
mercial vendor). Prior to analysis using GC FID, the reaction
mixture was cooled in an ice water bath for 15 min. Aliquots
were removed using a syringe under a light purge of dinitro-
gen. Product quantities were determined using integrated
ratios of the peaks due to 2-ethylfuran and the internal
standard decane. A series of five known standards were
prepared consisting of 3:1, 2:1, 1:1, 1:2, and 1:3 molar ratios
of decane:2-ethyl furan. A plot of the peak area ratios versus
molar ratios gave a regression line. The slope is 2.5 (R2 ) 0.96).

Catalytic Reactions of Thiophene with Ethylene Us-
ing TpRu(CO)(NCMe)(2-thienyl) (2). Under an atmosphere
of dinitrogen, a thick-walled high-pressure reaction tube was
charged with TpRu(CO)(NCMe)(2-thienyl) (2) (0.040 g, 0.087
mmol), thiophene (6.9 mL, 87 mmol), and decane (0.17 mL,
0.87 mmol) as an internal standard. The reaction vessel was
placed under 40 psi of ethylene pressure and submersed in a
hot oil bath (90 °C) equipped with digital temperature regula-
tion. The formation of 2-ethylthiophene was monitored by GC-
FID analysis. Prior to analysis using GC FID, the reaction
mixture was cooled in an ice water bath for 15 min. Aliquots
were removed using a syringe under a light purge of dinitro-
gen. Product yields were determined using integrated areas
of 2-ethylthiophene versus the internal standard decane. A
series of five known standards were prepared consisting of 3:1,
2:1, 1:1, 1:2, and 1:3 molar ratios of decane:2-ethylthiophene.
A plot of the peak area ratios versus molar ratios gave a
regression line. The slope is 1.6 with R2 ) 0.99.

Kinetic Study of Acetonitrile Ligand Exchange for
TpRu(NCMe)(CO)(Ph). TpRu(NCMe)(CO)(Ph) (0.020 g, 0.043
mmol) was placed in a screw-cap NMR tube and taken up in
CD3CN (0.6 mL). A 1H NMR spectrum of the solution was

acquired. The tube was placed into a hot oil bath (70 °C), and
the ligand exchange reaction was monitored versus time. Every
45 min, the solution was removed from the oil bath and cooled
in a solution of ice water, and a 1H NMR spectrum was
acquired. The disappearance of the resonance for bound
acetonitrile was monitored relative to the peak area of Tp
resonances. The decreased intensity of the resonance due to
coordinated acetonitrile and increased intensity of the reso-
nance due to free acetonitrile were the only observed changes
in the NMR spectra.

Kinetic Study of Acetonitrile Ligand Exchange for
TpRu(NCMe)(CO)(2-furyl) (1). TpRu(NCMe)(CO)(2-furyl)
(1) (0.019, 0.043 mmol) was placed in a screw-cap NMR tube
and taken up in CD3CN (0.6 mL). A 1H NMR spectrum was
acquired. The tube was placed into a hot oil bath (70 °C), and
the progress of acetonitrile exchange was monitored versus
time. Every 90 min, the solution was cooled in an ice bath,
and a 1H NMR spectrum was acquired. The disappearance of
the resonance for bound acetonitrile was monitored relative
to the peak area of Tp resonances. The decreased intensity of
the resonance due to coordinated acetonitrile and increased
intensity of the resonance due to free acetonitrile were the only
observed changes in the NMR spectra.

Kinetic Study of Acetonitrile Ligand Exchange for
TpRu(NCMe)(CO)(2-thienyl) (2). TpRu(NCMe)(CO)(2-thi-
enyl) (2) (0.020, 0.042 mmol) was placed in a screw-cap NMR
tube and taken up in acetonitrile-d3 (0.6 mL). The solution
was heated to 70 °C for approximately 28 h. A 1H NMR
spectrum was periodically acquired. Prior to data acquisition,
the reaction solution tube was cooled in an ice bath. The
disappearance of the resonance for bound acetonitrile was
monitored relative to the peak area of Tp resonances. The
decreased intensity of the resonance due to coordinated
acetonitrile and increased intensity of the resonance due to
free acetonitrile were the only observed changes in the NMR
spectra.

Attempted Isomerization of TpRu(NCMe)(CO)(2-fu-
ryl) (1). Representative experiment: In a glovebox under
dinitrogen atmosphere, a reaction tube was prepared with
TpRu(NCMe)(CO)(2-furyl) (1) (0.201 g, 0.045 mmol), furan
(0.10 mL, 1.3 mmol), and 5 mL of THF. This vessel was
removed from the glovebox and placed into a hot oil bath (90-
100 °C) for 144 h. The reaction solution was cooled to room
temperature, and volatiles were removed under reduced
pressure. A 1H NMR spectrum of the resulting solid revealed
the quantitative recovery of TpRu(NCMe)(CO)(2-furyl) (1).

X-ray Diffraction Study of TpRu(CO)(NCMe)(2-thi-
enyl) (2) and [TpRu(CO)(µ-C,S-2-thienyl)]2 (4). The same
general procedures were used to perform the X-ray crystal-
lographic analyses of complexes 2 and 4. A suitable crystal
was covered in perfluoropolyether (PFO-XR75, Lancaster) and
sealed under nitrogen in a glass capillary. The crystal was
optically aligned on the four-circle of a Siemens P4 diffrac-
tometer equipped with a graphite monochromatic crystal, a
Mo KR radiation source (λ ) 0.71073 Å), and a SMART CCD
detector held at 5.084 cm from the crystal. Four sets of 20
frames each were collected using the ω scan method and with
a 10 s exposure time. Integration of these frames followed by
reflection indexing and least-squares refinement produced a
crystal orientation matrix and a lattice. Data collection
consisted of the measurement of a total of 1650 frames in five
different runs covering a hemisphere of data. The program
SMART (version 5.6) was used for diffractometer control,
frame scans, indexing, orientation matrix calculations, least-
squares refinement of cell parameters, and the data collec-
tion.77 All 1650 crystallographic raw data frames were read
by the program SAINT (version 5/6.0) and integrated using

(77) SMART, SAINT, and XPREP programs are part of Bruker AXS
crystallographic software package for single-crystal data collection,
reduction, and preparation.
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3D profiling algorithms. The resulting data were reduced to
produce a total of 12 921 reflections (complex 2) or 5678
reflections (complex 4) and their intensities and estimated
standard deviations. An absorption correction was applied
using the SADABS routine available in SAINT. The data were
corrected for Lorentz and polarization effects as well as any
crystal decay. Data preparation was carried out by using the
program XPREP, which gave 4367 unique reflections (Rint )
3.83%) with indices -12 e h e 13, -15 e k e 15, -19 < l e
20 for complex 2 and gave 3607 unique reflections (Rint )
0.0391) with indices -10 e h e 11, -12 e k e 11, -11 e l e
13 for complex 4. The monoclinic space group was determined
to be P21/n, which is a nonstandard setting of the space group
P21/c (No. 14). The structure was solved by a combination of
direct methods and Fourier methods with the use of SHELX-
TL6.1.78 Idealized positions for the hydrogen atoms were
included as fixed contributions using a riding model with
isotropic temperature factors set at 1.2 (aromatic protons) or
1.5 (methyl protons) times that of the adjacent carbon. The
position of the B-H proton was refined with a fixed isotropic
temperature factor set at 1.2 times that of the boron atom.
The positions of the methyl hydrogen atoms were optimized
by a rigid rotating group refinement with idealized tetrahedral
angles. For complex 2, the 2-thienyl ligand suffered from a
70:30 two-site disorder, with the two orientations of the planar
five-membered ring differing by a nearly 180° rotation around
the Ru-C(13) bond axis. The five non-hydrogen atoms within
each of these ring orientations were refined anisotropically
with the S(1)-C(13) and S(1)-C(16) bonds restrained to 1.68
( 0.04 Å, the C(14)-C(15) bond restrained to 1.45 ( 0.04 Å,
and the C(13)-C(14) and C(15)-(16) bonds restrained to 1.38
( 0.04 Å. For complex 4, the dimeric structure is constrained
by a crystallographic center of inversion. Full-matrix least-
squares refinement, based upon the minimization of ∑wi|Fo

2

- Fc
2|2, with wi

-1 ) [σ2(Fo
2) + (aP)2 + bP], where a ) 0.0436,

b ) 0.3172 for complex 2; a ) 0.0473, b ) 0.0 for complex 4;
P ) (Max(Fo

2, 0) + 2Fc
2)/3, converged to give the final

discrepancy indices. A correction for secondary extinction was
not applied. The maximum and minimum residual electron
density peaks in the final difference Fourier map were 0.462
and -0.403 e/Å3 for complex 2 and 0.680 and -0.479 e/Å3 for
complex 4, respectively. The linear absorption coefficient,
atomic scattering factors, and anomalous dispersion correc-
tions were calculated from values from the International
Tables for X-ray Crystallography.79
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