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ABSTRACT: The isomerization of 1-penten-3-ol into 3-pentanone
catalyzed by [RuCp(H2O-κO)(PTA)2](CF3SO3) (1CF3SO3) (PTA
= 1,3,5-triaza-7-phosphaadamantane) was studied and two water-
soluble ruthenium catalyst reaction intermediates were characterized.
The main intermediate, the complex [RuCp(exo-η2-1-penten-3-
ol)(PTA)2](CF3SO3)·2H2O (exo-2CF3SO3·2H2O), was isolated
and characterized by NMR in solution and by single-crystal X-ray
diffraction in the solid state, constituting the first example of a fully
characterized complex containing a coordinated η2-allylic alcohol and
the first crystal structure for a water-soluble metal complex
containing a η2-allyl ligand. NMR and Eyring analysis show the
crucial involvement of water molecules both in the transformation of
allylic alcohol into a ketone as well as in the concomitant
isomerization of the exo-coordinated substrate into the endo-conformer. DFT structure and bonding analyses are used to assess
the relative stabilities of the isomers and how the metal drives the electronic distribution on the substrate.

■ INTRODUCTION

The isomerization of allylic alcohols catalyzed by metal
complexes is an efficient procedure (100% atom economy)
to obtain carbonyl compounds. Although the majority of these
reactions are carried out in organic solvents, they can also
occur in water and under mild conditions.1−4

Catalytic processes in water have considerable advantages in
the chemical industry over competing similar processes based
on organic solvents: Water is abundant, cheap, readily
available, stable, and it has no environmental impact. However,
most of the known reactive catalytic metal complexes are
insoluble in water or decompose when dissolved in it. In
previous work, we have shown how water-soluble ruthenium
complexes can achieve the isomerization of allylic alcohols in
water under mild conditions5−8 and how water influences in a
crucial way some of these reactions.9 For the isomerization of
allylic alcohols, three main mechanisms have been proposed in
the literature (Scheme 1): (a) the metal hydride addition−
elimination mechanism, or alkyl mechanism; (b) the π-allyl
metal hydride or η3-allyl mechanism; and (c) the enone
mechanism that invokes the metal oxygen coordination.10−13

None of these mechanisms explicitly involve the participation
of solvent molecules in the process.
Despite some catalysts being shown to require the presence

of a base, including water, to stabilize specific intermediates

during the catalytic cycle,13−15 we have developed metal
complexes that catalyze this reaction just in water.
In particular, our work has shown that the isomerization of

linear allylic alcohols from propenol to octenol catalyzed by
[RuCp(H2O-κO)(PTA)2](CF3SO3) (1CF3SO3) (PTA =
1,3,5-triaza-7-phosphaadamantane) has distinctive peculiarities
with respect to previously published results: (a) No ligand loss
is observed during the reaction, which suggests that the
mechanism is somewhat different from those previously
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Scheme 1. Proposed Mechanisms for the Catalytic
Isomerization of Allyl Alcoholsa

aMechanisms: (a) alkyl mechanism; (b) η3-allyl mechanism; (c)
enone mechanism.
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proposed (Scheme 1). (b) A large amount of water (far more
than the stoichiometric amount) is required for the reaction to
take place. (c) The minimum amount of water needed to reach
the highest yields differs for each substrate.9

We presented a method for working out how many water
molecules interact with the noncatalytic precursor [RuCp-
(PTA)2-μ-CN-1κC:2κ

2N-RuCp(PTA)2](CF3SO3).
16 Our ap-

proach was based on a combination of neutron scattering
experiments, semiempirical atomistic calculations,17 and ab
initio molecular dynamics (AIMD) simulations. In the case of
this catalytic precursor, we could identify important
interactions between water molecules and NPTA atoms, as
well as with the lipophilic Cp ligand. Due to the large
recording time and high concentrations required by neutron
scattering techniques, we first studied by our procedure the
isomerization of 1-propen-3-ol in water catalyzed by 1CF3SO3
(Scheme 2), which is a very slow reaction. During this reaction,

the only detectable complex in solution was found to be
[RuCp(exo-η2-CH2CH−CH2−OH)(PTA)2]+, which is sta-
ble enough to permit a full characterization in water solution
by means of neutron scattering and NMR. Furthermore,
AIMD simulations reveal the existence of a chain composed of
three hydrogen-bonded water molecules linking the alcohol to
the PTA ligand and stabilizing the complex in its exo-
conformation.18 Despite these interesting findings, the water-
assisted isomerization mechanism of linear allylic alcohols
catalyzed by complex 1CF3SO3 remains, at present, largely
obscure.
To provide some insight into this question, we investigate

the isomerization of allylic alcohols larger than 1-propen-3-ol
catalyzed by 1CF3SO3. Particularly, we concentrate our efforts
to study the isomerization of 1-penten-3-ol into diethyl ketone.
In contrast with the isomerization of 1-propen-3-ol, the
reaction with 1-penten-3-ol occurs at 55 °C in minutes when
the water content is above 50 equiv with respect to the
substrate.9 In this paper we present the study by NMR of this
reaction and the full characterization of the catalytic reaction
intermediate [RuCp(η2-1-penten-3-ol)(PTA)2]

+ (2) by single-
crystal X-ray diffraction as well as by DFT bonding analysis. To
the best of our knowledge, this is the first crystal structure for
an allylic isomerization reaction and the first crystal structure
of a water-soluble metal complex containing a coordinated
allylic alcohol. Furthermore, in our NMR studies we show how
water influences the dynamics of the complex prior to the
catalytic process.

■ RESULTS AND DISCUSSION
Crystal Structure of [RuCp(PTA)2(exo-η

2-CH2
CHOH−CH2−CH3)](CF3SO3)·2H2O (exo-2CF3SO3·2H2O).
A concentrated solution of the product obtained from the
reaction of 1CF3SO3 with 1-penten-3-ol in water/EtOH
(1:10) provided single crystals of exo-2CF3SO3·2H2O suitable
for X-ray crystal structure determination. The crystal structure

of the complex is shown in Figure 1 and selected interatomic
distances and angles are given in the figure caption (for more
details, see the Supporting Information).

In the complex unit, the Ru atom is coordinated with a
distorted pseudo-octahedral geometry by one η5-Cp, two PTA
ligands through the P atom, and one η2-CHCH coordinated
1-penten-3-ol. It is important to stress that complex exo-
2CF3SO3·2H2O is the first crystallized example of a metal
complex containing a coordinated allylic alcohol19 and the first
crystallized reaction intermediate involving allylic alcohols.19

The unit cell contains two exo-η2-CH2CH2 complexes
related by an inversion center, with the CH(OH)CH3 group in
opposite direction relative to the {CpRu(PTA)2}

+ moiety
(Figure 1). The metal displays a distorted pseuo-octahedral
coordination sphere with the angle P−Ru−P (P2−Ru1−P1 =
93.12(3)°) within the range observed in similar ruthenium
complexes.19 Nevertheless, this angle is notably smaller than
those of starting aqua complex 1 (P2−Ru1−P1 = 95.47(2)°)
and chloride complex [RuClCp(PTA)2] (P2−Ru1−P1 =
96.18(7)°). The Ru−P bonds (Ru1−P1 = 2.3038(7) Å;
Ru1−P2 = 2.2929(7) Å) are also in the range found for similar
compounds,19 being larger than those found in 1CF3SO3
(Ru1−P1 = 2.2654(10) Å; Ru1−P2 = 2.2614(8) Å) and
those found in the chloride complex [RuClCp(PTA)2] (Ru1−
P1 = 2.2525(18) Å). The Ru−Cpcent distance (1.886 Å) is
larger than that in 1CF3SO3·2H2O (1.837 Å), but it remains
within the range of bond lengths listed in the literature
(1.836−1.929 Å; mean 1.868 Å).19 Both Ru−C bond lengths
(Ru1−C1 = 2.214(3) Å; Ru1−C2 = 2.239(3) Å) are larger
than the Ru−OH2 bond in starting complex 1 (Ru−O =
2.1784(16) Å) but in the range of those in crystal structures of

Scheme 2. Structure of 1CF3SO3

Figure 1. Top: Crystal structure of exo-2(CF3SO3)·2H2O. Selected
distances and angles: Ru1−P1 = 2.3038(7) Å; Ru1−P2 = 2.2929(7)
Å; Ru1−C1 = 2.214(3) Å; Ru1−C2 = 2.239(3) Å; (C1−C2 =
1.396(4) Å), C2−C3 = 1.509(4) Å; O1−C3 = 1.438(3) Å; Ru−Cpcent
= 1.886 Å; P2−Ru1−P1 = 93.12(3)°. Bottom: hydrogen bond
network around exo-2(CF3SO3)·2H2O. Hydrogen atoms have been
omitted for clarity.
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ruthenium complexes containing η2-CC groups19 as well as
the CC (C1−C2 = 1.396(4) Å). The remaining distances
and angles are all within the ranges found for similar
compounds. Complexes are involved in an extended network
of hydrogen bonds (Figure 1) with distances larger than 2.5 Å,
which are consistent with weak hydrogen bonds,20 the shortest
distance being O1−O1W (2.548(18) Å).
Study of the Reactivity of 1-Penten-3-ol against

1CF3SO3: Synthesis and NMR Characterization of 2.
Reaction of 1CF3SO3 with 20 equiv of 1-penten-3-ol in D2O or
in MeOD/D2O 5:1 at room temperature was studied with
31P{1H} NMR spectroscopy, which shows four doublets
starting to appear after 10 min and persist for at least 20 h
(D2O: −21.6, −24.5, −22.2, and −24.1 ppm; CD3OD/D2O:
−22.44, −25.60, −22.97, and −24.85 ppm). The 1H NMR
spectrum also shows the presence of excess 1-penten-3-ol and
3-pentenone, but the isomerization process is very slow (TOF
= 0.7 h−1). Running the same reaction in dry MeOD leads to
the precipitation of a white powder, whose 31P{1H} and 1H
NMR spectra in solution are similar to those obtained in
MeOD/D2O 5:1, where no precipitate was observed.
This white compound is found to be insoluble in organic

solvents, whereas it readily dissolves in D2O, where it displays a
31P{1H} NMR containing the same number of signals and
chemical shifts as those observed in reactions of 1CF3SO3 with
1-penten-3-ol studied with NMR. After 12 h at room
temperature, partial decomposition of the product is observed,
and a singlet at 24.95 ppm appears which is ascribable to
catalyst complex 1. The 13C{1H} NMR spectrum showed that
the decomposition is also followed by the release of 3-
pentanone. In order to study this transformation, NMR spectra
at lower temperature were measured in MeOD/D2O (5:1), to
avoid the freezing of the sample. In this solvent and at 273 K,
the decomposition of the complex is kept up at least 3 days,
and the 31P{1H} NMR shows the appearance of two AB
systems in a 5.4:1 rate, consistent with a mixture of two
different [RuCp(η2-1-penten-3-ol)(PTA)2]

+ complex isomers
(Scheme 3). These species were further studied using 1H,
1H−1H COSY, and selective 1D-TOCSY NMR.

For both the observed isomers, 1H NMR revealed that there
are some differences in the chemical shifts of the allylic alcohol
ligand, larger differences being observed for the alkene H3,
H1a, and H1b protons (Figure 2; see the Supporting
Information). Unfortunately, the minority species’ α-CH
(3.85 ppm) is responsible for the only signal that does not

overlap with others. Analysis of the ROESY map made it
possible to study the conformation of the major species: Its
H1a (3.01 ppm) and H3 (2.87 ppm) signals are coupled in
space with the Cp protons, which agrees with an exo-
conformation (exo-2) of the coordinated allylic alcohol. This
is similar to what has been observed in [RuCp(exo-η2-CH2
CH−CH2−OH)(PTA)2]+, although in the latter case only the
exo-isomer was identified in solution.18 The NMR character-
ization of exo-2 in MeOD/D2O (5:1) at 273 K shows that in
the 1H and 13C{1H} spectra the singlet of the Cp and the
multiplets of the PTA appear in the regions expected for a
ruthenium piano-stool complex (1H: Cp = 5.37 ppm, PTA =
4.07−4.82 ppm; 13C{1H}: PTA: PCH2N = 54.6 ppm, 55.6
ppm; PTA: NCH2N = 71.5 ppm). Peaks corresponding to the
pentenol ligand are spread between 1.02 and 3.05 ppm in the
1H spectrum and between 9.68 and 78.79 ppm in the 13C{1H}
spectrum. These signals are due to the allylic alcohol group,
similar to what was found for [RuCp(exo-η2-CH2CH−
CH2−OH)(PTA)2]+ (1H: H1a = 3.01 ppm, H1b = 2.00 ppm,
H2 = 2.81 ppm, H3 = 2.87 ppm; 13C{1H}: C1 = 31.2 ppm, C2
= 63.9 ppm, C3 = 78.8 ppm).18 The 31P{1H} NMR spectrum
displays two doublets corresponding with two chemically
different PTA ligands, which appears at −22.4 ppm and −25.6
ppm (2JPP = 42.4 Hz). Unfortunately, in the routine NMR
experiments the key cross peaks corresponding to the minority
species could not be separated.
In order to find experimental support to elucidate the

structure of the minor species, a 3D TOCSY-ROESY of the
solution of the white precipitate in a mixture of MeOD/D2O
(5:1) at 273 K was recorded. In a TOCSY-ROESY experiment,
when a ROE transfer of the magnetization occurs after spin−
lock, a cross peak is generated on a line parallel to the F3
dimension, while TOCSY is observed along F1. It is important
to point out that for each ROE peak the corresponding spin−
lock pattern appears in F1. In Figure 2 the F1/F3 plane
perpendicular to the Cp resonance (5.3 ppm) in F2 is shown.
While ROE due to exo-2 is evident, cross peaks relative to the
minority species can also be singled out from the mixture. The
analysis of these cross peaks indicates that Cp protons are
spatially close to H1b (3.15 ppm) and H2 (3.05 ppm), which
is only possible if in solution the minor species corresponds to
the isomer [RuCp(endo-η2-1-penten-3-ol)(PTA)2]

+ (endo-2).
It is important to stress the fact that when reaction of 1CF3SO3
with 1-propen-3-ol was studied only the formation of complex
[RuCp(exo-η2-1-propen-3-ol)(PTA)2]

+ was observed.18

Comparison of the chemical shifts for both isomers reveals
that the alkene protons Ha and Hb of endo-2 (H1b = 3.15
ppm; H2 = 3.05 ppm; H1a = 1.99 ppm) are inverted with
respect to those of isomer exo-2 (H1a = 3.01 ppm; H1b = 2.00
ppm; H2 = 2.81 ppm) and [RuCp(exo-η2-1-propen-3-ol)-
(PTA)2]

+ (H1a = 2.98 ppm; H1b = 2.01 ppm; H2 = 2.80
ppm). Therefore, flipping the allylic alcohol ligand around the
double bond axis affects the chemical shift of Ha and Hb, but it
does not seem to affect H2 appreciably. Other analogies with
[RuCp(exo-η2-1-propen-3-ol)(PTA)2]

+ can also be found: Its
β-CH2 protons H3 and H3′ appear at 3.05 and 3.92 ppm,
respectively, while for endo-2 they appear at H3 = 3.85 ppm
and for exo-2 at H3 = 2.87 ppm. In endo-2 as well as in exo-2
hydrogen H3 points toward the Cp, which indicates that in
both conformers the alcohol is oriented in the opposite
direction.
Variable-temperature 31P{1H} NMR studies run in the range

of 193−273 K in CD3OD/D2O (5:1) and in the range of 293−

Scheme 3. Synthesis of 2
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353 K in D2O show that the exo- and endo-isomers are in an
equilibrium. Unfortunately, at 193 K the coalescence of the
peaks is incomplete, and from 223 K only broad signals are
observed. Interestingly, if the NMR solution is cooled in liquid
N2 and measured at 273 K immediately after melting, then exo-
2 is the unique species observed.
The study of the exo−endo isomerization of 2 through

Eyring analysis (Figure 3) revealed that the interconversion of
the isomers of 2 requires and is strongly influenced by water.
Entropy differences suggest that both forward and backward
isomerization are multimolecular processes: For kb, they are
negative in both solvent systems and agree with a molecular
disaggregation. In contrast, for kf a negative and heavier
entropic contribution is found in CD3OD/H2O 5:1 (ΔS⧧ =
−2.70 × 10−2 ± 0.1 × 10−2 kcal/K·mol), while in D2O it is
positive and lower in absolute magnitude (ΔS⧧ = 2.7 × 10−3 ±
0.36 × 10−3 kcal/K·mol), that agrees with a disaggregation in
the first case and an aggregation in the latter. This behavior

could arise from disruption and formation of structured water
frameworks around the complex,18 which should be more
probable when isomerization occurs in pure water. The
activation enthalpy for kf is higher in D2O than in CD3OD/
H2O 5:1, while for kb it is negative in both solvent systems.
Previous reports suggest that negative activation enthalpies
could be related to non-covalent interactions or entropic
factors affecting the reaction.21 For the forward reaction, the
entropy differences in the studied solvents are the factors that
lead to a higher overall activation barrier at 273 K when
isomerization occurs in CD3OD/H2O (5:1) (D2O: ΔG⧧ =
3.71 ± 0.22; CD3OD/H2O (5:1): ΔG⧧ = 10.16 ± 0.51 kcal/
mol) (Table S5). Another aspect that can be observed from
the distribution of the kinetic constants kf and kb as a function
of temperature is that in D2O kf is higher than kb above 289.8
K. This means that, from this temperature, the isomerization of
exo-2 to endo-2 is faster than the backward reaction. In
CD3OD/D2O (5:1) this behavior is observed at a much higher

Figure 2. NMR separation of the isomers of 2. Top: stacked selective 1D TOCSY spectra of 2 in CD3OD/D2O 5:1 at 273 K irradiated at 1.02 ppm
(endo-2) and 2.85 ppm (exo-2). Bottom: F1F3 plane of a 3D TOCSY-ROESY of 2 in CD3OD/D2O 5:1 at 273 K through the resonance position
of the Cp ligand (5.34 ppm). The different spin−lock patterns of exo-2 and endo-2 permit to identify the key ROE interactions Cp-H1a, Cp-H3
(exo-2) and Cp-H1b, Cp-H2 (endo-2) along the ROE-lines parallel to F3.
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temperature, as the kf and kb intercept at 413.6 K. Finally, the
decomposition of 2 into 1 and pentanone is always faster than
the exo−endo isomerization.
To investigate the hypothesis that the evolution of 2 into 1 is

strongly influenced by water, we changed the triflate anion
with the more lipophilic BArF to obtain [RuCp(η2-1-penten-3-
ol)(PTA)2]BAr

F (2BArF) (BArF = tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate), which is soluble in organic
solvents, by reacting [RuClCp(PTA)2] with 1-penten-3-ol and
NaBArF in dry THF. The 31P{1H} NMR spectrum of 2BArF in
dry acetone-d6 displays only signals corresponding to the endo-

and exo-isomers of 2, without showing decomposition during
at least 15 h at room temperature. Titration with D2O
conducted on a solution of 2 in acetone-d6 leads to the
formation of 1 and 3-pentanone, together with the
consumption of endo-2 (Figure S15).

DFT Structure and Bonding Analysis of 2. Bond lengths
and dihedral angles of the B3LYP/def2-TZVPP calculated
geometries of exo-2 in gas phase and implicitly described
aqueous solvent are given along with the crystal structure
values in Table S1. The overall agreement between the three
structures is good. In the respective conformation (corre-
sponding to the crystal structure in Figure 1), the substrate 1-
penten-3-ol in its R stereoisomer coordinates to the ruthenium
complex in the exo-conformation, with the hydrogen H3
pointing toward the cyclopentadienyl ring (in the following
referred to as exo(a)-conformation). This exo(a)-conformation
corresponds to the structure postulated in our previous work18

on the same reaction of ruthenium complex 1CF3SO3 with 1-
propen-3-ol in aqueous solution. In this occasion, we were not
able to obtain the crystal structure of this intermediate species,
and we thus determined its molecular structure using NMR
data, DFT geometry optimizations and AIMD (ab initio
molecular dynamics) simulations. However, at variance with 1-
propen-3-ol, the substrate 1-penten-3-ol is chiral, owing to the
presence of a substituted CH2CH3 moiety at C3. The number
of potential local minima for the rotation of the C2−C3 bond
and the potential arrangements of the alkene double bond
coordinated to ruthenium is therefore larger. In Table 1, we list
a total of five exo- and five endo-conformers of 2 that we found
to be local minima on the potential energy surface. For exo(a−
d)/endo(a−d), the endo-structures correspond to the rotation
around the C2C3 bond of the respective exo-structure.
Conformer exo(a) is indeed the lowest in energy compared to
the other local minimum conformers. The latter and the
second lowest exo-isomer (exo(d) ΔE = 2.4 kcal/mol) both
have the bulky CH2CH3 moiety pointing away from the
complex center. In general, we observe a tendency for the endo-

Figure 3. Eyring plots for kf, kb, and k1 in D2O and for kf and kb in
MeOD/D2O 5:1. Slope = −ΔH⧧/R. Intercept = ΔS⧧ + ln(kb/h).

Table 1. Comparison of Different exo- and endo-Conformers of 2a

aRuthenium complex located behind the paper plane (behind the C1C2−C3 moiety) and with the cyclopentadienyl ligand pointing up not
displayed.
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structures to be at higher energies (4.4−12.1 kcal/mol higher
than exo(a)) compared to the exo-conformers (2.4−6.4 kcal/
mol higher than exo(a)). This corresponds to the experimental
findings of the Eyring analysis that shows a preference for the
backward reaction from the endo- to the exo-conformer at low
temperatures. Again, in the two lowest structures endo(b) and
endo(c) with each 4.4 kcal/mol above exo(a) the CH2CH3
residue is facing away from ruthenium. In direct comparison
with exo(a) the structure endo(b) is a rotational isomer where
the substrate is rotated by approximately 180° around the η2-
Ru-(C1C2) bond. Structure endo(c) could potentially be
obtained by either rotation around the C1C2 or a flip of the
whole substrate followed by a rotation around the C2−C3
single bond.
Examination of the frontier orbitals of exo-2 in Figure S18

shows that the lowest four occupied orbitals consist of hybrid
orbitals of the PTA ligand orbitals and several d orbitals at
ruthenium, while the two highest unoccupied orbitals exhibit
electron density at the aromatic cyclopentenyl ring and at the
ruthenium center. This is similar (although less well-defined)
to what we previously observed in a study of octahedral
ruthenium complexes with PTA and aromatic η1(N) bipyridyl
ligands.22 Consistent with the findings of this work, the NBO
charge analysis given in Table 2 shows that the formally

negatively charged cyclopentadienyl ring overall donates over
one electron to ruthenium and has a small final positive charge
of 0.089 e. Further net donation of two half electrons from
each of the PTA ligands leads to a negative charge of −0.180 e
at Ru, reversing the charge sign of the formally positively
charged transition metal ion.
There is virtually no net electron density shift between the 1-

penten-3-ol substrates and the complex as the NBO net
charges at the substrate within the complex are close to zero.
This does not imply that the coordination of the substrate to
the metal center is weak, as it is well-known for alkene η2-
complexes, that there is indeed electron density transferred in
both directions, namely, from the substrate into empty orbitals
at the metal center and vice versa.23 The charge distribution
within the 1-penten-3-ol does change as a result of the
coordination to the complex, as the negative charges at C1
(−0.412 e) and C2 (−0.216 e) decrease slightly in the
ruthenium complex relative to the free substrate (qC1 = −0.389
e, qC2 = −0.157 e), which is balanced by an increase of the
positive charges at the substrate hydrogen atoms. Indeed, the
only positively charged carbon atom in 1-penten-3-ol is C3,

which promotes the proton abstraction in the catalytic
transformation of allyl alcohols into aldehydes and ketones.18

This positive charge increases on coordination to the
ruthenium center, although this change is minimal and thus
potentially not the decisive factor in the proton abstraction
step.
Table 3 and Figures 3, S18, and S19 give the results of the

EDA-NOCV analysis of exo-2 with fragments (a) [RuCp-

(PTA)2]
+ and 1-penten-3-ol, (b) [Ru(1-penten-3-ol)-

(PTA)2]
2+ and Cp−, and (c) [RuCp(1-penten-3-ol)(PTA)]+

and PTA. The interaction energy ΔEint between the complex
and the cyclopentadienyl fragment (−267.11 kcal/mol) is
considerably higher than in case of of 1-penten-3-ol (−47.70
kcal/mol) and PTA (−48.54 kcal/mol), which are very similar
(even if the abstraction of the phosphine ligands could not be
observed experimentally). Among the attractive contributions,
it is in all cases the electrostatic energy ΔEelstat that plays the
dominant role (ca. 60%). At first sight, this finding appears to
be in disagreement with the results of Caramori et al.24 on
similar ruthenium complexes with three NH3 and one η6-
coordinated [2.2]paracyclophane ligand (which consists of two
ethyl bridged benzenes), in which the electrostatic contribu-
tion only amounts to 42%. However, in the latter complex the
aromatic ligand is neutral, and if the aromatic ligand is
protonated at its peripheric second benzene ring, then the
value of ΔEelstat further decreases to 15.4%, which supports the
existence of a trend of decreasing electrostatic contribution
with increasing ligand charges.
Consistent with the NBO results, in the orbital interaction of

cyclopentadienyl with the remaining complex (Figure S19),
the first three deformation densities Δρ1−3 (amounting for
74.2% of the orbital energy) indicate an electron donation
from different occupied cyclopentadienyl orbitals to ruthe-
nium. PTA exhibits strong σ-donation ability (amounting for
65.4% of the orbital energy) and only moderate π back-
donation from two orthogonal electron-accepting p orbitals on
phosphorus (adding up to a total of 23.6% of the orbital
energy), similar to what has been observed for other phosphine
ligands.25 Direct comparison with the interaction in the
presence of the 1-penten-3-ol fragment (Figure 3) shows that
this situation is reversed in the allylic alcohol, where it is
indeed the π back-donation from a d orbital at ruthenium into
the C1C2 antibonding π orbital that accounts for nearly half
of the fragment interaction. The latter may benefit from the
large amount of electron density that is donated toward
ruthenium from the Cp and the PTA ligands.
The only other significant contribution arises from the σ-

donation from the C1C2 bonding π orbital to ruthenium,
which is however decidedly less pronounced (ca. 36.7%).
Other contributions are at least one order of magnitude lower,
but the symmetrized fragment orbital (SFO) from the EDA-

Table 2. NBO Charges for exo-2 at B3LYP/def2-TZVPPa

[Ru]a 1-penten-3-ol

Ru −0.180
Cp 0.089
PTA1 0.542
PTA2 0.543
1-penten-3-ol 0.006 0
C1 −0.412 −0.389
C2 −0.216 −0.157
C3 0.075 0.057
H1a 0.213 0.183
H1b 0.204 0.197
H2 0.212 0.192
H3 0.156 0.156

a[Ru] = [RuCp(1-penten-3-ol)(PTA)2]
+. All values in e

Table 3. EDA-NOCV Analysis of exo-2 at B3LYP/TZ2Pa

[Ru] and 1-penten-3-ol [Ru] and Cp− [Ru] and PTA

ΔEint −47.7 −267.1 −48.5
ΔEPauli 156.9 232.5 155.0
ΔEelstat −116.8 (57.1%) −316.2 (63.3%) −126.4 (62.1%)
ΔEorb −87.8 (42.9%) −183.5 (36.7%) −77.1 (37.9%)

a[Ru] = [RuCp(1-penten-3-ol)(PTA)2]
+. All energies in kcal/mol.

The values in parentheses give the percentage contribution to the
total attractive interactions ΔEelstat + ΔEorb.
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NOCV contributions predominantly indicate further electron
donation from 1-penten-3-ol to the complex.
With respect to the C1C2 double bond, both the

donation of electron density from the π-bonding orbital and
the back-donation into the π-antibonding orbital have a CC
bond-weakening effect. This is also reflected in the Wiberg
bond indices (Table S4) that show a decrease in bond order
going from isolated 1-penten-3-ol (1.97) to the respective
C1C2 bond in exo-2 (1.41). This reduction in bond order
from a genuine double bond to between a single and a double
bond could facilitate an isomerization from the exo-isomer to
the endo-isomer by rotation around the C1C2 bond in the
coordinated complex. Alternatively, purely rotational isomer-
ization mechanisms by either rotation around the η2-Ru−
(C1C2) bond or vertical flipping of the substrate along the
C1C2 bond would decrease the orbital overlap of the π
back-donation between the complex HOMO−4 and the
substrate LUMO (Figure 4, top) and thus energetically
disfavor a direct isomerization process. In fact, vertical flipping
would additionally lead to a decrease in orbital overlap,
considering the presence of a σ donation from the substrate
HOMO to the complex LUMO.
Other mechanistic possibilities for the isomerization can be

the induction of a first reaction step (e.g., according to
isomerization mechanisms shown in Scheme 1) or a full or
partial dissociation of the substrate followed by a reattachment
in the endo-conformation. Water molecules present in the
complex vicinity might play a role in altering the electronic
structure of exo-2 and induce isomerization by one of the
described mechanisms. We will explore the isomerization
process in more detail elsewhere.

■ CONCLUSION

With [RuCp(exo-η2-1-penten-3-ol)(PTA)2](CF3SO3)·2H2O,
we present the first crystal structure of a metal complex
containing a coordinated allylic molecule and the first crystal
structure of a water-soluble complex containing a η2-CC
group. In contrast to our previous studies, we find that in
solution and only in the presence of water it is not only the
catalytic isomerization to the ketone that is taking place but
also the isomerization from the exo- to the endo-coordinated
conformer. Eyring analysis shows that the catalytic trans-
formation to pentanone is favored over the formation of the
endo-isomer, but the equilibrium between the exo- and endo-
coordination is shifted toward the endo-isomer at room
temperature. Overall, the isomerization to the endo-conformer
becomes more favorable at higher temperatures and when the
reaction occurs in pure water than in MeOH/H2O 5:1 mixture.
Our calculations indicate that both the exo- and endo-
conformers are stabilized if the CH2CH3 moiety is rotated
away from the complex center. Bonding analysis shows that
both the cyclopentadienyl and the PTA ligands effectively
donate electron density to ruthenium. Consequently, the π
back-donation of electrons from ruthenium into the empty
C1C2 π-antibonding LUMO orbital of 1-penten-3-ol is the
strongest interaction in the coordination. This leads to a
weakening of the C1C2 double bond which can facilitate
rotation and thus isomerization to the endo-conformer. We
propose that the catalytic transformation from allylic alcohols
to ketones in these complexes either happens via the formation
of the endo-conformer prior to ketone formation or,
alternatively, via an intermediate reaction step from which
the formation of the endo-conformer and ketone formation
occur along competing pathways. Therefore, this study goes
ahead in the understanding on the role of water in Ru-driven

Figure 4. EDA-NOCV of exo-2 with fragments [RuCpPTA2]
+ and 1-penten-3-ol calculated with B3LYP/TZ2P. The values in parentheses give the

percentage contribution to the total orbital interactions ΔEorb, and |ν| corresponds to the eigenvalue. Electron density flow is from red to blue.
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isomerization catalysis, potentially solving a long-standing
mechanistic issue, which has been addressed in the literature
but not conclusively resolved. We will examine the underlying
mechanisms in further work and study in detail the
involvement of water, which we have observed here to be an
indispensable reagent in all of these reactions.
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