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A computational study of the CO dissociation in
cyclopentadienyl ruthenium complexes relevant to the
racemization of alcohols†‡
Beverly Stewart,§ Jonas Nyhlen, Belén Martín-Matute, Jan-E. Bäckvall and
Timofei Privalov*
The formation of an active 16-electron ruthenium sec-alkoxide complex via loss of the CO ligand is an
important step in the mechanism of the racemization of sec-alcohols by (η5-Ph5C5)Ru(CO)2X ruthenium
complexes with X = Cl and OtBu. Here we show with accurate DFT calculations the potential energy
proﬁle of the CO dissociation pathway for a series of relevant (η5-Ph5C5)Ru(CO)2X complexes, where X =
Cl, OtBu, H and COOtBu. We have found that the CO dissociation energy increases in the following order:
OtBu (lowest), Cl, COOtBu and H (highest). Using the distance between ruthenium and CCO, r = Ru–CCO, as
a constraint, and by optimizing all other degrees of freedom for a range of Ru–CO distances, we obtained
relative energies, ΔE(r) and geometries of a suﬃcient number of transient structures with the elongated
Ru–CO bond up to r = 3.4 Å. Our calculations provide a quantitative understanding of the CO ligand dissociation in (η5-Ph5C5)Ru(CO)2Cl and (η5-Ph5C5)Ru(CO)2(OtBu) complexes, which is relevant to the mechanism of their catalytic activity in the racemization of alcohols. We recently reported that exchange of the
CO ligand by isotopically labeled 13CO in the Ru–OtBu complex occurs twenty times faster than that in
the Ru–Cl complex. This corresponds to a diﬀerence of 1.8 kcal mol−1 in the CO dissociation energy (at
room temperature). This is in very good agreement with the calculated diﬀerence between the two
potential energy curves for Ru–OtBu and Ru–Cl complexes, which is about 1.8–2 kcal mol−1 around the
corresponding transition states of the CO dissociation. The calculated diﬀerence in the total energy for
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CO dissociation in (η5-Ph5C5)Ru(CO)2X complexes is related to the stabilization provided by the X group
in the ﬁnal 16-electron complexes, which are formed via product-like transition states. In addition to the
calculated transition states of CO dissociation in Ru–OtBu and Ru–Cl complexes, the calculated transient
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structures with the elongated Ru–CO bond provide insight into how the geometry of the ruthenium
complex with a potent heteroatom donor group (X) gradually changes when one of the COs is
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dissociating.

Introduction
Dynamic kinetic resolution (DKR) by combining an enzyme
with a racemization catalyst is a powerful method for the synthesis of enantiomerically pure compounds in high yields.1,2
We have successfully applied this methodology to a large
variety of sec-alcohols by using a lipase as the resolving catalyst
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and (η5-Ph5C5)Ru(CO)2Cl (1) as the racemization catalyst.3
Complex 1 allows for a fast reaction at room temperature.
Mechanistic investigations of the mode of action of ruthenium
complexes, in particular catalyst 1,4 have recently attracted considerable attention.5
The mechanism of racemization of sec-alcohols by 1 is
quite complex and consists of several key steps (Scheme 1).4,6
Activation by tBuOK produces complex 3 (see ref. 3a and 2b)
with ruthenium-coordinated tert-butoxide via assistance of
coordinated CO (an acyl intermediate 2 in Scheme 1).4b,c Subsequently, an alcohol–alkoxide exchange rapidly generates an
18-electron ruthenium sec-alkoxide complex 4.4b For reasons
already discussed in the literature,6 the reaction proceeds via
an inner-sphere mechanism without involvement of ruthenium hydride (η5-Ph5C5)Ru(CO)2H (6, Scheme 1).3b The actual
racemization step is the β-hydride elimination, 4 → 5 in
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Scheme 1 Mechanistic outline for racemization of sec-alcohols by ruthenium catalyst 1. CO stretching frequencies, νCO, of selected complexes in toluene are
according to in situ IR (for 1, 3 and 4 see ref. 4a; for 7 see ref. 6; complex 6 – present work). Complex 7 was observed to form irreversibly from 3 in the presence of
added carbon monoxide.6

Scheme 1, which requires creation of a free coordination site
on ruthenium in the 18-electron complex 4.4 According to our
recent density functional theory (DFT) calculations, the formation of an active 16-electron complex 4′ via loss of the CO
ligand, 4 → 4′ in Scheme 1, is overall a more favorable pathway
in comparison with an alternative η5 → η3 ring slip route.4b
Direct support of our prediction that CO dissociation is a
key step in the racemization of alcohols by catalyst 14b was provided by a 13CO exchange study of 1 and 3 using 13C NMR
spectroscopy, which showed that fast exchange of carbon monoxide occurs with 3.6 The corresponding exchange of carbon
monoxide with 1 was ≈20 times slower.6 Complex 7 was
observed to form irreversibly from 3 in the presence of added
carbon monoxide (see details in ref. 6) inhibiting the racemization (complex 7 is not active as a racemization catalyst for
sec-alcohols). The 12CO/13CO exchange indicates that dissociation of CO from ruthenium complexes 1 and 3 occurs followed by addition of the isotopically labeled 13CO. An
alternative concerted exchange pathway (vide infra) is unfavored due to the fact that 1 and 3 are 18-electron complexes. It
is also worth mentioning (a) the recently reported coordination
of an olefin to ruthenium during the racemization which
strongly suggests the creation of a vacant site on ruthenium
during racemization,7 and (b) the use of well defined 16-electron N-heterocyclic carbene (NHC) and phosphine-containing
ruthenium(II) complexes by Nolan and co-workers as eﬀective
racemization catalysts of aromatic and aliphatic sec-alcohols.8,9
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Two synergistic components of the metal–CO bonding are
(a) the so-called σ donation of the lone pair of CO and (b) the
so-called π-backbonding, which is an interaction of a filled
metal d-orbital with the unoccupied π* orbital of CO.10,11 A red
shift of the CO stretching frequency of complex 3 (νCO in
Scheme 1 measured by in situ IR) compared to that of complex
1 suggests that the ruthenium–CO bond is stronger in complex
3 than in complex 1, however, the CO exchange experiment
shows that the CO exchange is considerably faster for complex
3 in comparison to complex 1.
The line of our quantum-chemical inquiry is therefore
(a) comparative analysis of the CO dissociation process in (η5Ph5C5)Ru(CO)2X ruthenium complexes; (b) calculations
directly relevant to a measurably faster CO dissociation (faster
13
CO exchange) for complex 3 in comparison with complex 1;
(c) the mechanism of the irreversible formation of complex 7
at a higher CO concentration in the CO-exchange experiments.
All computational details and miscellaneous data are included
in the ESI.‡12

Results and discussion
1. Calculated and measured vibrational frequencies of
18-electron ruthenium complexes
In the (η5-Ph5C5)Ru(CO)2X complexes from Scheme 1, where
X = Cl, OtBu, OC(H)CH3Ph and H, as well as in complexes 2
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Table 1 Experimental and calculated vibrational frequencies (vibr. freq.) for the
selected complexes from Scheme 1 (in cm−1)

Vibr. freq. (cm−1)

Shift of vibr. freq.
compared to free CO
(cm−1)

Complex

Calculated

In situ IR

Calculateda

In situ IRb

1

2117.15
2077.75
2010.28
2094.01
2043.76
2105.51
2059.14
2091.51
2043.88
2100.27
2053.43

2049
2001
1933
2021
1964
2037
1983
2025
1971
2023
1963

−90.07
−129.47
−196.94
−113.21
−163.46
−101.71
−148.08
−115.71
−163.34
−106.95
−153.79

−94
−142
−210
−122
−179
−106
−160
−118
−172
−120
−180

2
3
7
4
6

a
Shift of vibr. freq. with respect to calculated value of free CO
(2207.22 cm−1). b Shift of vibr. freq. with respect to experimental value
of free CO (2143 cm−1).

and 7, the strength of the Ru–CO bond(s) should relate to the
electron donating abilities of the ligands on ruthenium. The
CO stretching frequencies are often regarded as a probe for the
electronic state of the metal and the electron-donating ability
of the metal-coordinating groups.10 The vibrational frequencies from in situ IR measurements and calculations are given
in Table 1. The relationship between the absolute values, as
well as the shifts with respect to free CO, of calculated and
measured vibrational frequencies is close to linear (see Table 1
and Fig. S1‡) for all complexes shown in Scheme 1.
From the comparison of theory with experiment, it appears
that the calculations adequately describe the coordination
environment of the ruthenium center and the donor strength of
various ligands in the aforementioned complexes. We have also
checked that there is no meaningful diﬀerence between the calculated and the X-ray structures of the 18-electron (η5-Ph5C5)Ru
(CO)2X complexes with X = H, Cl and I from ref. 3b, see Fig. S2.‡
With that in mind, we proceeded to calculate CO-dissociation
energies (pathway) using the fully optimized 18-electron complexes 1, 3 and 6, as well as complex 7 as the starting point.
2. The potential energy profile of the CO-dissociation
Because we aim to investigate the electronic structure and geometry of a series of ruthenium complexes as each of these
“evolves” along a plausible CO-dissociation pathway, we can at
first limit ourselves to the potential energy profile of the CO
dissociation in the condensed phase (toluene). To get an idea
about the key diﬀerences in the electronic and structural properties that aﬀect the CO dissociation in complexes 1, 3, 6 and
7, a suitable choice of a reaction coordinate is the distance
between ruthenium and CCO, r = Ru–CCO as shown in Fig. 1.
The diﬀerence between the combined potential energies of the
16-electron ruthenium complex plus free CO and the potential
energy of the corresponding 18-electron complex, ΔEdis =
{E(16e) + E(CO)} − E(18e), using only fully optimized structures

This journal is © The Royal Society of Chemistry 2013

Fig. 1 Calculated potential energy proﬁles for the CO-dissociation from the 18electron complexes 1, 3, 6, and 7. The change of the potential energy versus r,
ΔE(r), is in kcal mol−1. The distance between ruthenium and CCO, r = Ru–CCO, is
in Å. The potential energy dissociation limit, ΔEdis, is shown to the right in the
diagram (in kcal mol−1).

will be referred to simply as the dissociation limit. From the
fully optimized structures of 18-electron complexes 1, 3, 6 and
7, by optimizing all degrees of freedom except the Ru–CCO
bond length (r), which was fixed at a number of values, we
obtained relative energies, ΔE(r), and geometries of a
suﬃcient number of transient structures with the elongated
Ru–CO bond up to r = 3.4 Å. The latter r value corresponds to
an elongation of about 1.5 Å of the Ru–CCO bond compared to
the 18-electron complexes (η5-Ph5C5)Ru(CO)2X (Fig. 1). The calculated transient structures were subjected to the electronicstructure analysis and visualization of the selected molecular
orbitals (MOs).
Naturally, the potential energy change diﬀers from the
Gibbs free energy change upon CO dissociation mainly
because of a fairly large entropy change. However, the resulting
thermochemical corrections to ΔEdis at 298.15 K are fairly
similar for complexes 1, 3, 6 and 7 – being on average
≈−14.65 kcal mol−1 (see also Table S1 in ESI‡). Hence, comparison of the potential energy profiles of CO dissociation,
ΔE(r) in Fig. 1, is valid (vide infra for the discussion of the
Gibbs free energy profiles).
For the ruthenium–hydride complex 6, ΔE(r) monotonously
increases with the increase of r toward the dissociation limit,
complex 6′, which is at 46 kcal mol−1 with respect to the
18-electron complex 6 at the equilibrium (Fig. 1).13 In the
16-electron ruthenium–hydride complex 6′, the relative
arrangement of the ruthenium–hydride and ruthenium–CO
bonds is not much diﬀerent from that in the 18-electron ruthenium–hydride complex (vide infra). At r = 3.2 Å, ΔEdis − ΔE(r)
is about 7 kcal mol−1. Complex 7 shows similar behavior as
that of hydride 6 with a monotonous increase of ΔE(r) all the
way to the dissociation limit at 35.4 kcal mol−1. For the ruthenium–chloride complex 1, the slope of ΔE(r) versus r is noticeably less steep with ΔE(r) approaching the dissociation limit
already for r ≥ 3.2 Å (Fig. 1). At r = 3.2 Å, ΔEdis − ΔE(r) is only
about 2 kcal mol−1 for complex 1. Finally complex 3 shows a
slope of ΔE(r) quite similar to that of complex 1 but with
overall lower energy of CO dissociation (vide infra).
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Fig. 2 (a) An illustration of the structure of the 18-electron complex with
planes which are perpendicular to the Cp-ligand and drawn through the Ru–CO
and Ru–Cl bonds. (b) An illustration of key changes in Ru–Cl bonding with one
of CO dissociating.

Fig. 3
r (Å).

The plots of the angle θ (°) from Fig. 2a versus the Ru⋯CO distance

3. Key structural changes in ruthenium complexes on CO
dissociation
The reason for the large diﬀerence in rate between the ruthenium hydride and ruthenium chloride in CO dissociation is
apparent from the potential energy profile in Fig. 1 and is
reflected by how the geometry at the ruthenium atom changes
on CO dissociation. It is instructive to consider the angle θ
between the two planes drawn through the Ru–CO and Ru–Cl
bonds as shown in Fig. 2a perpendicular to the plane of the
carbon atoms of the Cp ligand. In the ruthenium chloride
complex, θ is 65.7° in the 18-electron complex. As CO is dissociating, the Ru–Cl complex gradually changes from the starting
material-like geometry towards the product-like geometry. The
angle θ remains almost unchanged until the Ru⋯CO distance
is about 2.3 Å (Fig. 3); this is about 0.4 Å of an elongation of
the Ru–CO bond. With a further increase of the Ru⋯CO distance, at r > 2.3 Å, θ gradually decreases toward its value in the
16-electron ruthenium–chloride complex, which is about 10°.
The Ru–OtBu complex shows a similar change of θ as that of
the Ru–Cl complex. The angle θ changes from about 58° in the
18-electron complex to 4.5° in the 16-electron complex. In contrast to the changes in θ for the Ru–Cl and Ru–OtBu complexes, the Ru–H complex mostly retains the starting materiallike geometry; θ remains about 70° in the ruthenium–hydride
complexes all the way through the CO-dissociation process (θ =

930 | Dalton Trans., 2013, 42, 927–934

70.7° and 68.2° in the 18- and 16-electron ruthenium–hydride
complexes, respectively).
As CO dissociates, one of the d orbitals of ruthenium eventually becomes empty, making possible a better donation from a
heteroatom donor through the d–p orbital interaction which
stabilizes the complex as a whole. The required orbital overlap
between the p donor orbital of the heteroatom and the d orbital,
which at some point becomes empty due to the dissociation of
one of the Ru–CO bonds, promotes a rearrangement of the
atoms coordinated to the ruthenium, as schematically shown in
Fig. 2b. This interaction, and the rearrangement at the ruthenium, should proceed well with halogen and alkoxy ligands but
not in the ruthenium hydride complex (see Fig. 3). This explains
the large diﬀerence in the total energy of the dissociation of the
CO ligand in hydride 6 versus chloride 1 and alkoxide 3, which
is 20.5 and 27 kcal mol−1, respectively.
Both Ru–Cl and Ru–OtBu complexes exhibit similar
rearrangement at the ruthenium with the dissociation of CO
(see Fig. 4, as well as θ(r) for the ruthenium–chloride and the
ruthenium–OtBu complexes in Fig. 3). However, the dissociation of CO in Ru–Cl and Ru–OtBu complexes has similarities, but also diﬀerences. As mentioned previously 13CO
incorporation into the ruthenium–OtBu complex was found to
occur twenty times faster than that for the ruthenium chloride
complex. This rate diﬀerence corresponds to an energy diﬀerence of 1.78 kcal mol−1 in the CO-dissociation energy between
these two complexes. According to our calculations shown in
Fig. 1, ΔE(r) is consistently smaller for ruthenium–OtBu in
comparison with that of ruthenium–chloride from r = 2.46 Å
onwards. The diﬀerence between the two potential energy
curves is about 1.8 kcal mol−1 at the point where Ru⋯CO ≈
2.8 Å. This Ru⋯CO distance is close to the Ru⋯CO distance in
the transition state (≈2.7 Å) of the CO dissociation from our
earlier study.4b The diﬀerence in the energy of the dissociation
of the CO ligand for the Ru–Cl versus the Ru–OtBu complexes
is about 6.5 kcal mol−1 (Fig. 1), and is attributed to the better
donor properties of OtBu versus Cl.
The potential energy curves of the partial optimizations
with the Ru⋯C(CO) constraint (Fig. 1) exhibit a consistently
smooth advancing toward the dissociation limit.14 We regard
this as an indication that calculations retain suﬃcient accuracy in the region of large Ru⋯C(CO) elongations and also that
the transition state search in such an area is perhaps meaningful for additional qualitative insight into the CO dissociation.
With that in mind, we have calculated the transition states of
the CO dissociation in Ru–Cl and Ru–OtBu complexes. Energetically and structurally, both transition states are located rather
close to the dissociation limit of the potential energy curves of
CO dissociation. Both transition states have the product like
geometries with the elongated Ru⋯C(CO) in the range 2.8 Å–
2.9 Å (see geometrical details in Fig. S4 in ESI‡).15 In each of
the two transition states, the correct normal vibrational mode,
νo ≈ −151 cm−1 for X = Cl and νo ≈ −168 cm−1 for X = OtBu in
(η5-Ph5C5)Ru(CO)2X ruthenium complexes, corresponds to the
clearly dissociative movement of CO relative to ruthenium. The
transition state energy of the dissociation of the CO ligand for

This journal is © The Royal Society of Chemistry 2013
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the 16-electron complexes there is no considerable change
(elongation) of the CO bond length compared to that in the
corresponding 18-electron complexes (Fig. 4). A contraction of
the Ru–CCp bonds, i.e. overall “tightening” of the Ru–Cp
binding, could be seen in all 16-electron complexes compared
to the corresponding 18-electron complexes. However, at an
early stage of CO dissociation a stabilization of the bonding
between ruthenium and the π-donating X group contributes to
the lowering of the ΔE(r) profile while the shortening of the
Ru–CCp bonds is insignificantly small. This eﬀect makes Ru–X
complexes with a substantially diﬀerent X-group, i.e. 6, 7 and 3
together with 1, show a diﬀerent slope of the ΔE(r) profile
(Fig. 1). At the same time, X = OtBu and Cl have a similar eﬀect
on the initial part of the ΔE(r) profile (Fig. 1).
While exploring the potential energy of the CO-dissociation,
ΔE(r), for the ruthenium–OtBu complex in the region of large
Ru⋯CO distance, we have noticed that ΔE(r) first reaches its
apex, 20.11 kcal mol−1, at r = 2.94 Å, and then decreases with
the increase of r. Inspection of the transient structures along
the potential energy profile of Ru–Cl at r ≈ 3.8 Å, see Fig. 1,
leads us to suspect that non-covalent interactions between the
dissociating CO molecule and C–H groups of OtBu and Ph
groups occur and that a stable but weakly bound complex
could exist. We have indeed found such a complex in which
the CO molecule has a number of close contacts with hydrogen
atoms of the C–H groups of OtBu, see the fully optimized structure in Fig. S6.‡
4. The mechanism of CO incorporation into the Ru–OtBu
complex

Fig. 4 Structural details of the selected 18- and 16-electron complexes with
the view from the top with respect to (η5-Ph5C5)Ru. All distances are in Å.

the Ru–Cl complex is about 3 kcal mol−1 higher than that for
the Ru–OtBu complex.
Favoring the 16-electron product and the free CO, the
entropy change upon CO dissociation is the main contributor
to the thermochemical correction of the potential energy
change. At 298.15 K and based on 18-electron starting and
16-electron product complexes, the thermochemical corrections are −14.59 kcal mol−1 and −14.48 kcal mol−1 for complexes 1 and 3, respectively; the Gibbs free energy changes
upon CO dissociation are plotted in Fig. S5.‡
The possible push–pull eﬀect between the π-donating
X-group, i.e. halogen and alkoxy, and the π* of CO is small; in

This journal is © The Royal Society of Chemistry 2013

In the experimental 13CO exchange studies of Ru–OtBu
complex 3, complex 7 was isolated as a side product, and
based on experimental results it was suggested that complex 7
is responsible for the inhibition of the alcohol racemisation, at
a higher concentration of CO. According to our calculations,
addition of CO to complex 3 to give 7 is highly exothermic:
E(7) − {E(3) + E(CO)} = −34.5 kcal mol−1 (Scheme 2). This calculated high stability of 7 is in agreement with the experimental finding that the reaction 3 → 7 is irreversible. Based on the
calculated energies (Scheme 2), it is sensible that addition of
carbon monoxide shifts the equilibrium towards complex 7
thus inhibiting the formation of the 16-electron complex 3′.
Calculation of the potential energy profile of the CO-dissociation (Fig. 1) reveals that the CO dissociation from
complex 7 requires considerably more energy than the CO dissociation from complex 3. An increase of the Ru–CO distance
beyond a certain point, ca. 2.8 Å, allows the acyl group to readjust so that both carbon and oxygen atoms eventually coordinate to ruthenium. The adjustment of the acyl-ruthenium
coordination does help to stabilize the potential energy of transient structures but less eﬃciently in comparison to the eﬀect
of the readjustment of the donor-heteroatom coordination to
ruthenium in complexes 1 and 3. The optimized structure of
the analog of 7 with the completely dissociated CO, complex
7′, is shown in Fig. 4. Since it has an almost η2-acyl ligand, 7′ is
a pseudo-hexacoordinated ruthenium complex just about

Dalton Trans., 2013, 42, 927–934 | 931
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Mechanistic outline for the CO exchange for complex 3 with the calculated relative energies of stationary intermediates and transition states in square

Nevertheless, such a pathway has been investigated and we
have located a plausible transition state, TS2, in which an
attack of the OtBu group on CO at the ruthenium center
(migratory insertion) combines with the coordination of an
additional CO to the ruthenium center. In TS2 (Fig. 5), the
C–O distance is shorter than that in TS1 indicating that OtBu has
to migrate further towards CO in order to allow for the ruthenium–CO bond formation as pointed out above. The normal
vibrational mode, νo = −72 cm−1, describes both the movement
of CO towards ruthenium and an attack of OtBu on CO at the
ruthenium center.
With respect to 3, ΔE#(TS2) is 16.1 kcal mol−1 while
#
ΔE (TS1) is 9.5 kcal mol−1, the total thermochemical corrections to ΔE#(TS1) and ΔE#(TS2) are −1.4 kcal mol−1 and
11.3 kcal mol−1, respectively. Although already quite high at
the potential energy level, TS2 becomes even higher by taking
into account the entropy change in the process. Thus, the twostep 3 → 7 pathway, 3 → 7′ via TS1 followed by 7′ + CO → 7,16
is favorable both at the potential energy and the Gibbs free
energy levels. The overall change of the Gibbs free energy,
ΔG(3 → 7) = −19.72 kcal mol−1, is less dramatic than ΔE(3 → 7)
primarily due to the change of the entropy in this
transformation.

Conclusions
Fig. 5 The side-view of the intermediates 3 (3’) and 7 (7’), as well as the transition states TS1 and TS2 from Scheme 2. All distances are in Å.

1 kcal mol−1 higher in energy than complex 3. The transition
state, TS1, which “connects” complexes 3 and 7′ has been
located and is shown in Fig. 5. The structure of TS1 and the
normal vibrational mode, νo = −189 cm−1, is consistent with
an attack of the OtBu group on CO at the ruthenium center
(migratory insertion). We have checked that TS1 relaxes
towards complex 7′.
Comparing calculated structures of complexes 3 and 7′, it
appears that ruthenium is the least accessible for an addition
of CO in complex 3 in a direct one-step pathway 3 → 7.

932 | Dalton Trans., 2013, 42, 927–934

The formation of an active 16-electron ruthenium complex via
loss of the CO ligand is an important step in the mechanism
of the racemization of sec-alcohols by ruthenium catalyst 1.
Accurate DFT calculations provide the potential energy profile
of the CO-dissociation pathway for a series of (η5-Ph5C5)Ru(CO)2X complexes, where X = Cl, OtBu, and H and an acyl
group (complex 7). The potential energy change (barrier) for
the CO-dissociation increases in the following order: OtBu(lowest), Cl-, acyl- and H-groups. In order to better understand
the process of the dissociation of CO in Ru–Cl and Ru–OtBu
complexes, a suﬃcient number of transient structures with the
elongated Ru–CO bond were calculated. Relevant transition
states were calculated and found to have product-like

This journal is © The Royal Society of Chemistry 2013
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geometries with Ru⋯C(CO) distances in the range of 2.8 Å–
2.9 Å. The calculated diﬀerence between the energy changes
upon CO dissociation in Ru–OtBu and Ru–Cl complexes is in
the range of 2–3 kcal mol−1. This is in accordance with the
experimental value of 1.8 kcal mol−1 (the rate of 13CO/12CO
exchange for the Ru butoxide was 20 times faster than that for
Ru chloride). According to our calculations, the diﬀerence in
the total energy of the dissociation of the CO ligand in
(η5-Ph5C5)Ru(CO)2X complexes is primarily attributed to the
donor properties of the X-group with regard to the 16-electron
product ruthenium complex.

Paper

3

4

Experimental section
Experimental
Complex 6 was synthesized according to a published procedure
(see ref. 3b). In situ IR measurements of hydride 6 were performed using a ReactIR iC10 (Mettler Toledo). Thus, 6
(ca. 20 mg) was dissolved in toluene (3 mL) in a two-necked
flask. The flask was connected to the SiComp probe of the IR
reactor. The spectrum was recorded and the data were processed with the iC IR software. The IR analysis showed two
bands at 1963 and 2023 cm−1 for the CO groups of 6.

5

Theoretical
Computational details,12 supplementary for vibr. freq. calculations, structural comparison of the 18-electron ruthenium
complexes, supplementary for the calculated potential energy
profiles, molecular orbital analysis and selected XYZ data.
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12 Computational details in short: All calculations of the
potential energy profile of the CO-dissociation in all ruthenium complexes have been carried out with the M06-2X
density functional, see [Y. Zhao, D. G. Truhlar, J. Chem.
Phys., 2006, 125, 194101] and additional references in ESI,‡
using the lacvp*+ basis set (see references in ESI‡) as
implemented in the Jaguar computational package [v. 7.7,
Schrodinger, LLC, New York, NY, 2010]; the molecular
orbital visualization has been performed with Gaussian 03
[M. J. Frisch et al., see full reference in ESI‡] and
GaussView.
13 For clarity, the range of the Ru⋯CO distance from the equilibrium till 2.5 Å is shown magnified in Fig. S3.‡
14 The potential energy calculations with the B3LYP density
functional (Fig. S3B in ESI‡) did not show meaningful
diﬀerences from the results obtained with the M06-2X
density functional using the same basis set; see also
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Fig. S2‡ for the structural comparison of the calculated and
X-ray structures of some relevant 18-electron Ru-complexes.
15 The calculation of the transition states of CO dissociation
is technically challenging mostly because of the behavior
(the profile) of the potential energy change versus the
Ru⋯C(CO) distance – the energy of the complex going up
till full dissociation. The vibrational frequency analysis
fully validated the calculated transition states. However,
considering the shape of the potential energy change
versus the Ru⋯C(CO) distance, we regard these transition
states as a qualitative rather than a quantitative result.
16 For the CO addition step 7′ + CO → 7, the transition state
has been calculated (Fig. S4a‡). The potential energy
barrier is about 4 kcal mol−1 with respect to complex 3 in
Scheme 2. According to the principle of microscopic reversibility, the same transition state describes CO dissociation
from complex 7.
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