Water participation in catalysis revealed: an atomistic ap-
proach to solvent effects in the catalytic isomerization of al-
lylic alcohols.
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ABSTRACT: We describe the intermediate of the reaction between a ruthenium complex and the 1-propen-3-ol in water
by an atomistic approach for gaining information about the conformation and dynamics of complex molecules in aqueous
solution, which combines DFT based ab initio molecular dynamics (AIMD) and neutron scattering data based on Empiri-
cal Potential Structure Refinement (EPSR) simulations. We apply our method to the study of the water soluble n*-allylic
complex [RuCp(exo-n*-CH,=CH-CH,-OH)(PTA),]" (2) (PTA = 1,3,5-triaza-7-phosphaadamantane), a significant interme-
diate in the isomerisation of 1-propen-3-ol into propanal catalysed by {RuCp(H.O-kO)(PTA),}". We identify the factors
responsible for the stabilisation of a specific conformer of 2 in water solution and, for the first time, we demonstrate the
direct involvement of water molecules in the formation of this species. In particular, we show that long-lived (ca. 10 ps)
bonded chains of water molecules play a crucial role in influencing the conformation and, potentially, the chemical reac-
tivity of 2.

1. INTRODUCTION
Carbonyl compounds play a central role in several syn-

metal-based organometallic complexes are insoluble in
water or decompose easily.

thetic and industrial chemistry processes. They can be
obtained through several synthetic routes, of which the
catalytic redox-isomerization of allylic alcohols mediated
by metal complexes (Scheme 1)"™* is one of the most atom-
efficient (100% conversion) and mechanistically intri-

guing.

Ry

" S,

Ry Rs

Mlcat
—_—

Scheme 1. Metal catalysed isomerization of allylic alco-
hols.

The metal-catalysed isomerization of allylic alcohols in
water solution is particularly attractive, especially under
mild reaction conditions, as water displays several ad-
vantages in the chemical industry over competing organic
solvents, including abundance, price, availability, stabil-
ity, and minimal environmental impact. Water is however
of typically limited use in homogeneous and metal-
complex mediated catalysis, largely because most reactive

As part of our activity during the last years, we have
presented complexes  possessing  antiproliferative
activity,” technologically important optical properties,®
and catalytic activity,”™ including the ability to catalyse
the isomerization of allylic alcohols under mild condi-
tions in water.” The activity of the catalytic species re-
sponsible for the isomerization of linear allylic alcohols
[RuCp(H,O-xO)(PTA).](CF;SO;) (1-CF;S0;)® (Scheme 2)
is strongly influenced by the presence of water in the re-
action (PTA =1,3,5-triaza-7-phosphaadamantane).

7 CF3S0;

Scheme 2. Structure of 1-CF;SOs.

Furthermore, it has been found that a much higher than
stoichiometric amount of water in the reaction medium
increases its efficiency significantly. Theoretical studies



have been used to substantiate the involvement of water
in catalytic processes akin to the allylic alcohol isomerisa-
tion.””7 Only a very small number of water molecules
were however explicitly taken into account in these stud-
ies. The processes through which water molecules assist
the catalytic reaction, particularly by stabilising specific
reactive conformers in solution, remain largely obscure.
In principle, water molecules not only can stabilize reac-
tion intermediates, but they can also potentially modify
their electronic structure and reactivity. Developing ro-
bust and general procedures to examine the origin of
these interactions is therefore of crucial importance for
the optimisation of chemical processes in which water
plays a central role.

For the specific case of metal catalysed isomerization of
allyl acohols*® three main mechanisms have been pro-
posed in the literature (Scheme 3): a) the metal hydride
addition-elimination mechanism, also named alkyl mech-
anism; b) the r-allyl metal hydride or n’*-allyl mechanism;
¢) a mechanism invoking oxygen coordination, also
known as enone mechanism.” Preliminary experimental
results on the conversion of linear allylic alcohols by 1 in-
dicated that mechanism b) is the most probable.* The
observed dependence of the conversion rate on the
amount of water is however not accounted for by this
mechanism.
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Scheme 3. Proposed mechanisms for the catalytic isomer-
isation of allyl alcohols: a) alkyl mechanism; b) n?-allyl
mechanism; ¢) enone mechanism.

We have shown in previous studies on the parent com-
plex [RuCp(PTA),-pu-CN-'kC:*k*N-RuCp(PTA),](CF;SO;)
that water molecules interact not only with Npra atoms,
but also with the Cp moiety.” Therefore, the interaction
of 1 with water molecules can occur through the metal
atom, the ancillary ligands, the substrate and/or the Npra
atoms. All of these interactions can influence the reaction
outcome. In this work we present a combined study of
NMR measurements, AIMD simulations, neutron scatter-
ing experiments and EPSR simulations of the isolated in-
termediate complex (2-CF;S0;) obtained by reaction of
1-CF;SO; with 1-propen-3-ol, which is the simplest linear
allylic alcohol. The aim of this study is to apply this com-
bination of experimental and computational techniques
to gain insight into the nature of water-solute interac-
tions and to unveil specific features in the solvation envi-
ronment, which contribute to the stabilisation of the re-
active species 2 in solution.

2. RESULTS AND DISCUSSION

2.1 Catalytic isomerization of 1-propen-3-ol mediated
by 1-CF;SO;: synthesis and characterization of
2-:CF;S0;. The catalytic isomerisation of 1-propen-3-ol in-
to propanal in the presence of 1-CF;SO; in water, MeOH
or 1-propen-3-ol is highly inefficient (<o0.2 %) at room
temperature. At 8o °C the catalytic conversion occurs in
water (ca. 12% conversion), but not in MeOH or 1-propen-
3-ol (ca. 1 %). It is important to observe that one water
molecule is always present, as a ligand, in the structure of

Figure 1. 'H-'H NOESY NMR of 2 in D.O. Assignment of the hydrogens of the allylic ligand and structures of the exo and endo-

isomers.
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complex 1, even in dry conditions. 'H and *P{'"H} NMR
spectroscopy show that the same intermediate forms in
the three solvents and it is stable enough for its character-
isation. This intermediate was synthesised by reaction of
1-CF;SO; with 1-propen-3-ol by using the alcohol itself as
solvent (see Experimental section and SI for details). The
resulting complex 2:CF;SO; remains stable for days at
room temperature and under inert atmosphere, even at
high concentration (0.5M) in water. Unfortunately, it was
not possible to obtain single crystals of 2:CF;SO;, which
was eventually characterised using elemental analysis, IR
and NMR spectroscopy. The NMR spectra show that,
when dissolved in water, MeOH or 1-propen-3-ol, the
complex 2-:CF;SO; maintains its structure, irrespective of
the solvent. It is important to notice that the highlighted
cross peaks in the 'H-'H NOESY spectrum (Figure 1, left)
are related to homonuclear spatial correlations be
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Figure 2. AIMD results for 2a. Left: Distance evolution during an AIMD simulation for relevant water molecules forming a water
chain (purple) and connection to the Cp water network (orange), as well as the water molecule coordinating to the allylic hy-
droxyl oxygen Oa (green) for 2a. Right: Overlay of snapshots of 2a after 6 (violet), 8 (silver) and 10 ps (cyan) including three
bridging water molecules (purple spheres), the secondary water coordinating to the Oa (green spheres) and the water molecule

linking the water chain to Cp (orange spheres).

tween the a-hydrogens of the allylic alcohol and the Cp
hydrogens, and indicate that the exo-n*-C=C-Ru configu-
ration (2a/2b, Figure 1, right) is the most probable, as the
proximity of these atoms is maintained in this configura-
tion. The hydrogen of the allylic hydroxyl group (Ha)
bonded to the allylic-oxygen (Oa) was not observed in the
NMR (Figure 1).

NMR maps provide structural information concerning
the most probable intermediate, but they cannot be used
to obtain details of how water molecules are arranged in
the vicinity of the cation 2 and how they interact with it,
nor to determine whether they are responsible for the ob-
served conformation of this complex. Furthermore, NMR
spectroscopy does not provide accurate values for the dis-
tances and angles between the different components of
the complex or their orientation. AIMD simulations can

be used to obtain information on the solvation structure
of 2, but they are limited, in practice, by their inability to
span a set of instantaneous configurations sufficient to
represent the actual solvent. For this reason, in this work,
we explore the combined use of AIMD and neutron scat-
tering experiments to obtain a reliable and robust de-
scription of the water molecule arrangement in the vicini-
ty of 2.

2.2 Ab initio molecular dynamics (AIMD) simula-
tions. Starting from the structural information obtained
from NOESY/NMR for the conformation of 2, we set up
periodic AIMD simulations (see Method section for de-
tails) in which both the solute 2 and a number of water
molecules sufficient to screen 2 from surrounding solute
molecules are explicitly treated quantum-mechanically.
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Four different conformational isomers of 2 were selected
for gas phase pre-optimisations with DFT: two m*-exo-
allyl-isomers 2a and 2b that differ only in an increased
dihedral angle of the alkyl C-C bond for 2b causing the
allylic hydroxyl group facing away from the complex, the
n*-endo-C=C-Ru-isomer 2¢ and the O-coordinated isomer
2d (Scheme 4).
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Scheme 4. Calculated possible minimum structures of
2.

Conformer 2a is energetically the most stable followed
by 2b (3.7 kcal/mol), 2¢ (6.5 kcal/mol) and 2d (9.6
kcal/mol). In addition to being the least stable, the coor-
dination of conformer 2d is inconsistent with evidence
from the NMR measurements (Figure 1). For this reason
we will not consider it further. It should be noted that the
gas-phase energy differences between 2a, 2b and 2c are
modest, which indicates that the potential energy surface
for interconversion is very shallow. This is related to the
fact that the isomers differ mainly in the rotational angle
around an alkyl C-C bond, which has usually a small rota-
tional barrier. Upon solvation, which is simulated in our
approach by surrounding 2 with water molecules within a
periodically repeated simulation cell, significant changes
from the gas phase optimised structure are observed con-
cerning the allylic hydroxyl orientation at room tempera-
ture (see the O-C bond dihedral angle evolution in SI,
Figure Si4), while the relative orientation of the vinyl
group relative to the alcohol moiety does only marginally
change with average values of 160.7° for 2a and 277.1 and
77.4 for 2b and 2c, respectively, for the alkyl C-C dihedral
angle. This structural change, which marks the transition
from a gas-phase to a hydrated complex, occurs within 0.1
ps in our simulations for all three conformers 2a, 2b and
2c. Furthermore, a fast (ca. 200 fs) major structural rear-
rangement is observed in the water molecule configura-
tion in close vicinity to 2a. Initially randomly oriented
water molecules correlate their trajectories to form a
three-membered water chain connecting the hydrogen
atom of the allylic-hydroxyl group (Ha) to one of the ni-
trogen atoms of a PTA ligand (Figure 2, right). This water
chain is stable enough to persist for at least 15 ps, with
hydrogen oxygen/nitrogen distances predominantly be-
low the hydrogen bond threshold of 2.5 A. Sporadic minor

deviations in the evolution of the latter bond distances
occur only by substitution of single waters in direct vicini-
ty of the chain. In addition to this relatively stable phe-
nomenon there are two more water molecules that show
peculiar behaviour during the 15 ps simulations: the first
molecule is in a locked position coordinating to allylic-
oxygen Oa (Figure 2, green spheres) and the second one is
linking the first water molecule of the water chain to the
previously observed water network around Cp* (Figure 2,
orange spheres).

Similar to 2a, the formation of a chain of three water
molecules bridging the allyl hydrogen and the PTA nitro-
gen and one secondary water coordinating to the allyl ox-
ygen can be observed in the simulation of 2b. However, as
the orientation of the substrate’s hydroxyl group differs
from 2a, the water chain is not facing directly the Cp lig-
and in this case. Also, the link to the Cp water network
consists of two water molecules in total. Overall, the
strength of the interactions leading to the formation of
water chains is therefore reduced compared to 2a. Ac-
cording to our simulations, the time required for stable
water chains to form in the 2b solution is about 30 times
larger than for 2a (SI Figure Si5). Further loss in stability
can be observed in 2c. An interconnected network of two
four-membered water chains from both the allyl hydro-
gen and oxygen to the PTA ligand forms only temporarily
throughout the simulation. We conclude that, of the
three conformations tested, 2a, once the water chains are
formed, shows more consistency in water solution and is
less likely to change conformation, and subsequently 2a
plays a more important role in the solution structure than
2b and 2c. It is important to stress that this fact is con-
sistent with the findings of the '"H-'H NOESY NMR exper-
iments.

To confirm that the formation of water chains for 2a is
not an artefact of our simulations, we carried out nine
further simulations of 2 ps duration with the same start-
ing structure for 2a and a randomized water solvation box
obtained from classical MD simulations at high tempera-
tures followed by a few optimisation steps using the same
DFT setup as for the AIMD simulation (for details see
Method Section). Although we did not see exactly the
same three-membered water chain forming in all cases,
water links between the hydroxyl group and the PTA were
observed in most of these short AIMD simulations (see
Supporting Information Figure S16). While their stability
cannot be fully assessed, owing to the short simulation
times, their variety and influence on the substrate con-
formation are interesting: the chain comprises between
two and four water molecules and starts from Ha in most
cases, but can also link to the PTA ligand from Oa. While
the hydroxyl orientation is influenced by the nature of the
water chain, the average alkyl C-C dihedral angle, and
thus the overall structure, reflect the structure found in
the 15 ps simulation of 2a, with 6c.c = 150-162° for water
chains from Ha and only deviating slightly (6c.c = 164-
175°) from Oa. As the hydroxyl hydrogen Ha is not directly
taking part in any of the proposed mechanisms for the isomer-
isation to the aldehyde, the orientation of the hydroxyl group
is not a decisive factor promoting the reaction.
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After solvation of 2a in water and the stabilisation of its
substrate conformation at room temperature, we also
studied its behaviour at the reactive temperature. For this
purpose, we carried out four AIMD simulations at 80°C
for 7.5 ps, starting from the 2a structure of the room tem-
perature simulation after 7.5 ps (see Supporting Infor-
mation Figure S17). As expected, the mobility of the water
molecules is higher than at room temperature and the
water chains overall show more flexibility. In particular,
the water-Npra hydrogen bond shows a tendency to break
occasionally, but, as the rest of the water chain remains
intact, the periodic formation of the latter is facilitated. A
similar behaviour is observed for the Ha-water hydrogen
bond. It should however be noted that the breaking of the
H-water bond is typically due to the insertion of the water
molecule that we previously described as linking the wa-
ter chain to the Cp water network and remaining fixed at
this position (orange in Figure 2) within the three-
membered water chain. Thus the overall integrity of the
water chain and the link between Ha and PTA is not
compromised; it is only extended by one water molecule
to a four-membered chain while the conformation of the
substrate is conserved (average alkyl C-C dihedral angle
between 156.7 and 161.7°, see Figure S17).

Furthermore we carried out a simulation equivalent to
the one of 2a at room temperature, using methanol, in
place of water, as a solvent. In this case, we did not ob-
serve the formation of hydrogen bonds linking the sub-
strate hydroxyl group to a PTA ligand, and only single
methanol molecules coordinating to the hydroxyl Ha and
Oa were found to be present (Supporting Information,
Figure S18). Similar to our findings in the simulations of
2a in water, there is indeed one methanol molecule locat-
ed between the Cp ring and the methanol molecule coor-
dinated directly to Ha. In methanol, the average alkyl C-C
dihedral angle decreases to 140.4" and thus leads to a con-
formation in which the alkyl arm is turned further away
from the catalytic Ru centre of the catalyst. Comparing
the orientation of the alkyl hydrogen atom that is trans-
ferred to the ruthenium atom in the proposed mecha-
nisms (Scheme 3,b), this actually leads to a shorter aver-
age Ru-H distance of 3.33 A with respect to 3.34 A for 2a
and 3.39 and 3.47 A for 2b and 2c, respectively. However,
the hydrogen atom position relative to the rest of the ru-
thenium complex seems less favourable with respect to
the tetrahedral coordination of Ru: the average angles for
Pprai-Ru-Haiy and Ppra.-Ru-Haiy for the methanol solvat-
ed complex with 83.9° and 144.2° deviate significantly
from the ideal tetrahedral angle of 109°, while for 2a
(100.3/138.1°) and 2b (100.0/135.5°) in water the deviation
is much smaller and therefore the overlap with a bond
forming orbital should be larger. Conformation 2c ranks
far behind with average angles of 59.8 and 100.7°. This
finding is important to clarify the role of water interac-
tions with the solute reactive complex and the formation
of the water chains in the catalytic process. The absence
of a solvent molecule chain in methanol capable of stabi-
lising a substrate conformation suitable for the reaction
to occur is likely to be the main reason why the catalytic
isomerisation does not proceed in methanol. The AIMD

simulations thus show that water plays a crucial role in
the catalytic process by forming water chains of different
lengths and character both at room and at reaction
(80°C) temperature, always linking the substrate to a PTA
ligand and constraining the substrate in a well-defined
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Figure 3. Comparison of AIMD and EPSR results for 2a. Left: Atom-atom radial distribution function (RDF) for water (Owater in
red, Hwater in blue) around the ruthenium atom in catalyst 1 and catalyst with substrate in configuration 2a. For the latter, also
the RDFs for water around the allylic hydroxyl group (Oa, Ha) are shown. Right: Overlay of AIMD snapshots of left panel with
EPSR results of right panel. Spatial Density Functions show areas of water probability >50% in the range 1-2 A (blue), >25% at

2.7-3.5 A (pink), and >15% at 3.5-4.5 A (yellow) distance from Ha.

conformation in the vicinity of the catalytic ruthenium
centre. The fact that the reaction occurs, experimentally,
at 80°C suggests that the substrate conformation in the
complex in water is adequate for the isomerisation pro-
cess to occur, but higher energies are required. A detailed
study of the mechanism of the Ru-catalysed isomerisation
following the formation of the substrate-catalyst reactive
complex is in progress and will be presented elsewhere.

2.3 Neutron scattering experiments and EPSR simu-
lations. Total neutron scattering experiments were per-
formed for 1-CF;SO; and 2:CF;SO; on the SANDALS in-
strument at the ISIS Neutron and Muon Source. This
technique, enhanced by hydrogen/deuterium substitu-
tion, provides information concerning the positions of
hydrogen atoms in solution, and therefore it makes it
possible to obtain information concerning hydrogen
bonds in water. The resulting neutron datasets were used
to constrain an atomistic EPSR simulation (see Experi-
mental Details section). Four simulation boxes were con-
sidered: complex 1 with geometry optimised in gas phase
using DFT and 2 in configurations 2a, 2b and 2c from the
representative snapshots obtained from the AIMD simu-
lations in water solution. From the EPSR simulations, an
atomic site-site correlation function can be extracted, ei-
ther spherically averaged (Radial Distribution Function
(RDF), see Figure 3, left) or as a three-dimensional recon-
struction (Spatial Density Function (SDF), Figure 3 right).

A well-defined peak in the 1-Ru-Ow RDF indicates the
presence of one water molecule at approximately 3 A
from the Ru atom. An inspection of the corresponding
SDF (SI Figure S22) in this distance range shows that this
water molecule is bound to the Ru centre, consistent with

Ru-OH, bond length found in the crystal structure of 1.
In all four simulations, the water molecules in the vicinity
of the ruthenium atom have the highest probability at
distances between 5 A and 6 A, which is more pro-
nounced when the 1-propen-3-ol is bonded to the metal
(shown for 2a in Figure 3) than in 1. This indicates that 2
has a more pronounced tendency to influence the solvent
distribution in its vicinity. The Oa—-Ouater RDF shows a
sharp peak at ca. 3.5 A and the Oa—Hacer RDF has well de-
fined features at shorter distances, which indicates that a
water molecule is bonded to the allylic-Oa through a hy-
drogen bond. The RDF for Ha-Oyater distance presents a
double peaked structure: the peak below 3 A is consistent
with a water molecule bonded to the hydroxyl hydrogen
(Oa-Ha'**Oyater) whilst the peak between 3 A and 4 A sug-
gests that one or more water molecules are weakly associ-
ated with the complex, but they remain at larger distanc-
es. The g(r) peak locations are in good agreement with
those obtained from the AIMD simulation (for 2a in Sup-
porting Information Figure S19), although the simulation
peaks are sharper, especially in close vicinity to Oa and
Ha. This may be due to the smaller set of configurations
sampled by the AIMD simulations compared to the EPSR
runs. Furthermore it should be noted that the use GGA
functionals in DFT tend to overestimate the interactions
between water molecules. It is important to point out that
the orientation of the water molecule closest to Ha is not
determined by simple dipole-dipole interactions, as indi-
cated by the essentially flat RDF for Ha-Hyater. This com-
plex structure therefore points to an ordering of the water
molecules that is not solely determined by the presence of
the Oa-Ha dipole. In order to further investigate this pos-
sible water ordering, the SDFs have been extracted for se-
lected radial slices at 1-2 A (blue), 2.7-3.5 A (pink) and 3.5-
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4.5 A (yellow), and displayed for 2a in Figure 3 right side.
For the first slice in the range between 1 A and 2 A we ob-
serve very localised density in the prolongation of the Oa-
Ha axis for all conformations 2a-c (for data on 2b and 2c¢
see SI Figures S26 and S27). This represents a water mole-
cule bonded through its H atom to the allylic-Oa atom
(purple spheres in Figure 3), which was also observed in
the AIMD simulations for all conformers. The second ra-
dial slice at 2.7-3.5 A (pink) shows a more localised distri-
bution of peaks for 2a, with a larger area between the hy-
droxyl and the PTA and a smaller one between the allylic-
hydroxyl and the Cp. Another smaller high-density area is
observed in the SDF between the SDF at 1-2 A (blue, posi-
tion of first water chain link) and the Cp ligand. The su-
perposition of the spatial densities obtained by EPSR
analysis with snapshots from the AIMD simulation of 2a
(Figure 3, right) shows striking agreement. In addition to
the above mentioned first water chain link in close prox-
imity to Ha, also the water molecule appearing in the
AIMD simulations in a relatively stable position between
the latter and the Cp ring (orange spheres) is well ac-
counted for by the EPSR spatial density (pink). The sec-
ond water molecule in the water chain, which was ob-
served bonded to the Oa (green spheres) in the AIMD
simulations, is well represented by the localised SDF fea-
tures in the vicinity of the Cp ligand. The remaining spa-
tial slice at 3.5-4.5 A also shows distinct localisation near
Oa. This confirms the stability of the hydrogen bonds be-
tween the allylic-OH and water molecules and the exist-
ence of sizable interactions of the latter with surrounding
water molecules. Although we did only analyse this spe-
cific case of a three-membered water chain for 2a in de-
tail, it should be noted that also the alternative water
chains composed of two to four water molecules that we
have observed in the 2 ps AIMD simulations are con-
sistent with this picture. In particular, for those simula-
tions in which the O-C dihedral angle does not undergo a
conformational change, the structures of the complex are
very close to the one considered in the EPSR simulations.
In all these AIMD water distributions, a water molecule is
closely coordinating Ha and Oa and all these chains ex-
tend towards the PTA ligands and thus to areas where the
EPSR shows water abundance (2.7-3.5 A (pink) and 3.5-4.5
A (yellow) in Figure 3).

In contrast to conformation 2a, much more delocalised
spatial densities for the same radial slices are obtained for
conformations 2b and 2c (SI Figures S26 and S27). Overall
EPSR results for 2b and 2c show a homogeneous distribu-
tion of water molecules around allylic-hydrogen atom Ha.
Although the water chains and single interacting water
molecules observed in the AIMD simulations for 2b and
2c¢ do overlap in part with the SDF obtained from EPSR,
both the periodic hydrogen bond breaking within the
chains observed in the AIMD and the delocalisation of
the EPSR spatial densities indicate a much higher system
flexibility for these conformers.

The excellent agreement of our AIMD results and the
EPSR simulations for 2a confirms that water molecules
occupy relatively stable positions around the solute over
time-scales sufficient for detection with neutron tech-

niques. As the EPSR results represent experimental neu-
tron scattering data, this is also a strong indication that
conformation 2a plays a dominant role in the reaction
mixture.

3. CONCLUSION

In this work, we have presented a model of how solute-
water interactions affect the stability, and potentially the
overall catalytic activity of complex 1 in the isomerization
of 1-propen-3-ol. Our work uses a combination of experi-
mental techniques (NMR and total neutron scattering)
and computational approaches (AIMD and EPSR simula-
tions) to obtain detailed microscopic insight into the
solvation structure of the observed intermediate species
in this catalytic reaction, the complex [RuCp(n*-CH,=CH-
CH,-OH)(PTA).]" (2). We have confirmed that the coor-
dination of the allyl alcohol is consistent with an exo-n’-
C=C-Ru configuration after the replacement of a vacant
water site on the metal centre. Analysis of the neutron
data on the water solution of 2 with AIMD simulations
indicate that changes in the hydroxyl group orientation of
the reactive complex occur upon solvation, relative to the
hypothetical micro-solvated gas phase species. A peculiar-
ly directional interaction of the most stable isomer of 2
with surrounding water molecules leads to the formation
of stable chains of water molecules bridging the allyl-
hydroxyl hydrogen (Ha) or oxygen (Oa) with a Npra.
These structures form from different water distributions
and can persist when propagated for 15 ps according to
our AIMD results. The formation of water chains is linked
to the stabilisation of only one among the set of potential
isomers of 2 identified in gas-phase DFT calculations, the
isomer 2a. For all other isomers, water chains appear as
transient species. The existence of water chains linked to
2 is supported by the strong similarity between the water
molecule positions predicted using neutron scattering
and the AIMD simulations (Figure 3, right). The existence
of stable closed chains of water molecules and their influ-
ence on reactivity have recently been put forward based
on AIMD simulations, e.g. in the context of water oxida-
tion reactions.” This work presents the first experimental
evidence for the existence of these species in water solu-
tions and of their involvement in chemical reactivity.

We note that the catalytic isomerization of 1-propen-3-
ol by 1 in water has a very low conversion, even at tem-
perature as high as 8o °C (ca. 12%), in contrast to reac-
tions carried out on longer linear allylic alcohols in which
full conversion was obtained in a few hours.* The ob-
served yield in water is however significantly larger than
in dry MeOH and 1-propen-3-ol as solvent. Although
overall flexibility of the water chains increases when con-
tinuing the simulations at reactive temperature, the water
chain motive and substrate conformation are conserved.
This differs when the simulation is carried out in metha-
nol, where no hydrogen bond network linking the sub-
strate to the PTA ligand is formed and the substrate con-
formation changes rotating around the alkyl C-C bond,
which leads to a potentially less favourable position for
isomerisation for the alkyl hydrogen atom with respect to
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the catalytic ruthenium centre. This indicates that the
disposition for the catalytic reaction of 2 is affected in a
very characteristic way by the water environment, and
that it is the solvation process as a whole (as described
e.g. in our AIMD simulations on water solutions), rather
than the simple coordination of water molecules (as in
gas-phase micro-solvated models of 2), that determines
the chemical behaviour of 2 in water. According to our
results, water as a reaction medium is capable not only to
favour the most reactive isomer of 2 in the early stages of
the isomerisation, but might also influence and further
enhance the reactivity of the complex. Further work com-
bining NMR, AIMD and neutron scattering is in progress
to determine the role of water molecules in promoting
the isomerization reactions catalysed by 1, with the aim to
gain a more complete understanding solute-solvent inter-
actions in this catalytic reaction in a variety of working
environments and to obtain additional information on
the catalytic isomerization of allylic alcohols larger than 1-
propen-3-ol lineal in water with 1.

Our study demonstrates that a combination of AIMD
simulations and total neutron scattering is a powerful
tool for identifying unusual solvation motifs for complex
solutes and for studying the role of individual water mol-
ecules in the stabilisation of reaction intermediates. This
is of particular importance as aqueous solutions often
pose a challenge to many classical analytical methods.
Our approach provides a useful tool for characterising the
conformation of key intermediates in catalytic reactions
in water solution, as well as for studying how solute-
solvent interactions affect the reaction outcomes, both in
water and in non-aqueous solvents.

5. EXPERIMENTAL DETAILS

Catalysis. Catalytic isomerization of 1-propen-3-ol with
1-CF;8053.5H,0 and 1-CF;SO; in water, MeOH and 1-
propen-3-ol was carried out under nitrogen in six 5 mm
NMR tubes: three containing as catalyst 1-:CF;S0;-3.5H,O
(5 mg, 0.007 mmol), which was obtained as indicated in
ref 14, and in the other three the dry 1-CF;SO; (4.5 mg,
0.007 mmol) dissolved in 0.5 mL of 1-propen-3-ol, H,O
and MeOH. Into the tubes with H,O and MeOH also 1-
propen-3-ol (48 pL, 0.7 mmol) was added. The six tubes
were kept at room temperature and 8o °C for 2 days, ob-
serving the conversion only at 8o °C in water (12.1(6) %).
In dry MeOH and 1-propen-3-ol the conversion was 1.5(5)
% and 1.1(5) %, respectively.

Synthesis of 2:CF;SO;. Under nitrogen complex
1-CF;80;-3.5H,0 (3 g, 4.2 mmol) was dissolved in 15 mL of
deoxygenated 1-propen-3-ol at room temperature. The
solution was stirred during 1 h at room temperature and
then 10 mL of EtOH and 100 mL of Et,O were added. The
resulting precipitated white powder was filtered, washed
with Et,O (3 x 30 mL) and dried under vacuum. Yield: 2.6
gr (90%). Sxs1,0 (g/mL): 1.3. Elemental analysis for powder
sample C,H;F;NeO,P,RuS (687.6 gmol”): Found C:
36.48, H 5.31, N 12.35; caled. C 36.68, H 513, N 12.22. IR
(KBr, cm™): 2922 (m); 1448 (m), 1410 (m), 1280 (), 1247 (8),

1222 (m), 154 (m), 1106 (m), 1031 (s), 1016 (m), 976 (s), 949
(m), 895 (w), 846 (w), 812 (m), 745 (m), 639 (m), 581 (m),
517 (W), 477 (W), 451 (W), 432 (w). 'H NMR (300.13 MHz, 22
°C, D,O): § 1.95-2.08 (m, 1H, H.), 2.73-2.90 (m, 1H, Hy),
2.91-2.98 (m, 1H, Hy), 2.99-3.10 (m, 1H, H.), 3.87-3.97 (m,
1H, He¢), 3.99-4.20 (m, PCH.N, 12 H), 4.41-4.64 (m,
NCH.N, 12 H), 5.27 (s, Cp, 5H). *C{'H} RMN (75.467 MHz,
22 °C, D,0): § 34.3 (d, ¥Jcr = 4.9 Hz, ), 53.8-54.3 (dd, Jop =
18.4 Hz, 3Jcp = 1.9 Hz, NCH,P), 54.4-54.8 (dd, Jcp = 17.7
Hz, 3Jcp = 21 Hz, NCH,P), 55.4 (d, *Jcr = 4.4 Hz, ), 67.2 (s,
), 70.5 (d, }Jcr = 11 Hz, NCHLN), 70.5 (d, }Jcp = 11 Hz,
NCH.N), 85.6 (s, Cp), u3.3-126.0 (q, Jer = 318.0 Hz,
CF;SO;) *P{'H} NMR (121.49 MHz, 22 °C, D,0): § -21.50 (d,
*Jep = 42.3 Hz, P1), -23.40 (d, *Jer = 42.3 Hz, P2). (Further
details in Supporting Information)

AIMD Simulations. Geometries were optimised applying
density functional theory (DFT) at the B3LYP***%/def2-
TZVPP* level of theory with the NWChem6.6 program
package™ and equivalent to our AIMD simulations (see
below). The effective core potential defz-ecp was applied
to atom Ru. A water/methanol box of 79 water/methanol
molecules was added to the molecules with the Solvate
Plugin in VMD 1.9.2. The box dimensions were chosen to
correspond a water density of 1 g/cm3 added to the vol-
ume of the molecule as determined with the program
Mol_Volume® using van der Waals radii”’. Ab initio mo-
lecular dynamic simulations (AIMD) were then per-
formed using the hybrid Gaussian/plane-wave*® package
CP2K Quickstep™?® version 2.7. The PBE functional, a
standard double-{ VB basis sets and Goedecker-Teter-
Hutter pseudopotentials® were used for all atomic spe-
cies. A cutoff of 310 Ry was used in the plane-wave expan-
sion. Atomic positions were propagated using Born-
Oppenheimer dynamics® in an NVT ensemble and with a
time-step of 0.5 fs under periodic boundary conditions for
2, 7.5 or 15 ps. The simulation temperature was set to
298/353 K and was controlled through a Nosé-Hoover
thermostat. Randomisation of the water box was achieved
by classical molecular dynamics simulation at goo K for
2.5 ps with constrained complex structure using the
DLPOLY 2 code,® followed by 30-50 DFT optimisation
steps equivalent to the method used in the AIMD simula-
tion. Visualisation of results was done using VMD - Visu-
al Molecular Dynamics*.

Neutron diffraction and EPSR simulations. The neu-
tron experiment has been performed on the SANDALS
diffractometer at the ISIS Neutron and Muon source
(UK), a diffractometer optimised for hydrogen containing
liquid and amorphous samples. Complex 2 has been dis-
solved at 0.5M concentration in H,O, D,O and an
equimolar mixture of the two (labelled HDO). The three
solutions have been transferred in flat TiZr alloy cans
(sample thickness 1mm) and measured at 25°C under a
white beam. The neutron data have been carefully cor-
rected for detector efficiency, attenuation, multiple scat-
tering and inelastic scattering using well-established
methods®. Computational models of the system have
been obtained through Empirical Potential Structure Re-
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finement (EPSR)*. The algorithm is based on a classical
Monte Carlo simulation of the molecular system under
study at fixed concentration and density. It employs an
iterative algorithm aimed at building a three dimensional
model consistent with the scattering data. The simulation
box contains 20 molecules of 2 (2a, 2b and 2¢ have been
tested in three different simulation boxes), 20 triflate ani-
ons and 2200 water molecules. The geometry and Cou-
lomb partial charges of 2a, 2b and 2c have been deter-
mined from representative snapshots from AIMD simula-
tions. For the water molecule a classic SPC/E model®” has
been adopted.

ASSOCIATED CONTENT

Supporting Information. Details on synthesis, NMR spec-
tra, AIMD determinations and EPSR simulations. This mate-
rial is available free of charge via the Internet at
http://pubs.acs.org
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