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Solvent Effects in the Homogeneous Catalytic Reduction of

Propionaldehyde with Aluminium Isopropoxide Catalyst:
New Insights from PFG NMR and NMR Relaxation Studies

Atika Muhammad,” Graziano Di Carmine,” Luke Forster,” and Carmine D’Agostino*™

Solvent effects in homogeneous catalysis are known to affect
catalytic activity. Whilst these effects are often described using
qualitative features, such as Kamlet-Taft parameters, experimen-
tal tools able to quantify and reveal in more depth such effects
have remained unexplored. In this work, PFG NMR diffusion and
T, relaxation measurements have been carried out to probe
solvent effects in the homogeneous catalytic reduction of
propionaldehyde to 1-propanol in the presence of aluminium
isopropoxide catalyst. Using data on diffusion coefficients it was
possible to estimate trends in aggregation of different solvents.
The results show that solvents with a high hydrogen-bond
accepting ability, such as ethers, tend to form larger aggregates,
which slow down the molecular dynamics of aldehyde mole-

1. Introduction

The use of solvents is ubiquitous in chemical processes,
including homogeneous and heterogeneous catalytic processes.
The primary role of a solvent is for dissolving and/or diluting
the reactive species, as well as increase the rate of mass and
heat transfer. However, solvent properties can strongly influ-
ence catalysis and interfere with the catalytic reaction due to
their ability to interact with both reactants and the catalyst. In
heterogeneous catalysis solvents may influence a variety of
phenomena that can ultimately affect catalytic activity, includ-
ing solvatochromic parameters,”"’ proton transfer,” mass trans-
port by diffusion® and poisoning of active sites due to
competitive adsorption with the reactants.”® For example,
Bertero etal.!" reported that, in addition to solvent-catalyst
interactions, solvent polarity and its ability for hydrogen
bonding formation with the reactants can significantly affect
the rate of liquid-phase catalytic hydrogenation occurring inside
heterogeneous catalysts. Similar effects can also be observed in
homogeneous catalysis, whereby solvent properties such as
polarity, polarizability, hydrogen-bond donating ability (protic-
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cules, as also suggested by T, measurements, and preventing
their access to the catalytic sites, which results in the observed
decrease of catalytic activity. Conversely, weakly interacting
solvents, such as alkanes, do not lead to the formation of such
aggregates, hence allowing easy access of the aldehyde
molecules to the catalytic sites, resulting in higher catalytic
activity. The work reported here is a clear example on how
combining traditional catalyst screening in homogeneous
catalysis with NMR diffusion and relaxation time measurements
can lead to new physico-chemical insights into such systems by
providing data able to quantify aggregation phenomena and
molecular dynamics.

ity) and hydrogen-bond accepting ability (basicity) can interfere
with the catalytic reactions.” In this context, Kamlet and Taft®
defined three parameters, ©*, o and 3, which are able to
quantify polarizability, hydrogen-bond donating ability and
hydrogen-bond accepting ability of a solvent, respectively.
Using such parameters it has been possible to elucidate solvent
effects in a variety of homogeneously catalysed reactions. For
example, Chase et al.” studied the isomerization of allyl alcohol
to propionaldehyde using an iron pentacarbonyl catalyst. While
solvent polarizability and proticity had a minor influence on the
reaction, solvents with a high hydrogen-bond accepting ability
(B) were seen to inhibit the catalytic activity. A plausible
hypothesis given by the authors is that such solvents are able
to coordinate with the catalytic species, hence inhibiting the
binding of the reactant. In another study by Wynne et al."® the
influence of solvent on enantioselectivity of the cyclopropana-
tion of styrene and methyl phenyldiazoacetate was studied.
Their work showed that the enantioselectivity depends on both
steric and electronic effects. It was observed that the best
enantioselectivity was obtained in solvents that do not show
evidence of binding to the catalyst. Macquarrie and co-workers
also studied the solvent dependence on catalytic Knoevenagel
reactions."” They also found that low polarity solvents signifi-
cantly promote the reaction compared to the polar ones;
however, the reason for such solvent effects remained largely
unknown and was not further investigated. It is worth noting
that solvents may also affect reaction rate of homogeneously
catalysed reactions by transition state stabilization."? Such
transition states are difficult to detect but their existence is
often supported by density functional theory (DFT)
calculations.”
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Whilst the Kamlet and Taft parameters provide a good
general and qualitative description for solvent effects, exper-
imental measurements able to reveal physico-chemical insights
at a molecular level in solvent-based homogeneous catalytic
processes have remained overlooked. Computational tools can
be used to explain solvent effects in catalysis."” Experimental
tools are however essential and, among the potential techni-
ques for experimental studies of solvent effects in homoge-
neous catalysis, nuclear magnetic resonance (NMR) measure-
ments of diffusion coefficients represent a powerful, non-
invasive method for studying interactions in homogeneously
catalysed chemical reactions. Pioneering work from Pregosin"™
has shown that through suitable analysis of diffusion data
obtained by pulsed-field-gradient (PFG) NMR measurements it
is possible to understand ion pairing and aggregation in
reactions catalysed by transition metal salts. This methodology
was recently used to study the effect of temperature, type of
anion and presence of additives onto ion pairing and
aggregation of imidazolium-based ionic liquids as well as for
studies of deep eutectic solvents.>'® Similar studies on
polyaromatic hydrocarbon aggregation, in particular on the
effect of attached functional groups on aggregation, have
recently been reported."” Additional insights into solvents
effects onto molecular dynamics of homogeneous catalytic
processes can potentially be obtained by studies of NMR
relaxation times. In particular, it is well known that the spin-
lattice relaxation time, T;, can be considered a finger print of
molecular dynamics of liquids and has been often used to
unravel physical and chemical properties of complex fluids such
as ionic liquids."® Yet, according to our knowledge, the use of
NMR relaxation measurements for rationalising solvent effects
in homogeneous catalysis has not been reported.

In this work we have used PFG NMR in conjunction with T,
NMR relaxation measurements to unravel the solvent effects in
homogeneous catalysis, choosing as a model reaction system
the reduction of propionaldehyde to 1-propanol though hydro-
gen transfer in the presence of 2-propanol as a sacrificial agent
and utilising an aluminium isopropoxide catalyst, Al(O-i-Pr);.
This type of reaction is well-known and hence serves as a
good model system for the proposed NMR approach. Exper-
imental NMR results are compared with data on catalytic
activity in different solvents and with the Kamlet-Taft parame-
ters of the solvents used in order to understand and rationalise
the catalytic behaviour.

Experimental

Materials and Chemicals

Aluminium isopropoxide (98%), 2-propanol (anhydrous, 99.5%), n-
hexane (anhydrous, >99%) 1,4-dioxane (anhydrous, 99.8%) and
diethyl ether (>98%) were obtained from Sigma Aldrich, UK.
Toluene (99.5%) and propionaldehyde (extra pure, SLR) were
obtained from Fisher Scientific UK, while cyclohexane (99%) was
purchased from Acros.
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Reaction Studies

The reduction of propionaldehyde to 1-propanol in the presence of
2-propanol as the sacrificial agent and aluminium isopropoxide as
the catalyst, Al(O-i-Pr);, was used as a model reaction. The catalyst
was dissolved in different solvents, namely, n-hexane, cyclohexane,
toluene, 1,4-dioxane and diethyl ether. The catalyst solution was
prepared by dissolving 0.25 g of the catalyst in 5 ml of the solvent
of interest. The experiment was then carried out by adding 2 ml of
the catalyst solution to 1.4 mmol of propionaldehyde and 6.6 mmol
of 2-propanol. An excess of 2-propanol was needed to shift the
equilibrium towards the desired product (1-propanol). The reaction
was followed by acquiring 'H NMR spectra of the reacting solution
at regular time intervals of 1 h for a period of 4 h using a benchtop
Magritek Spinsolve 43 MHz NMR spectrometer. The feasibility of
using NMR to follow such reactions has previously been
reported.?”

NMR Diffusion and T, Relaxation Measurements

NMR measurements were conducted using 5 mm NMR tubes in the
Magritek Spinsolve 43 MHz NMR spectrometer. Pulsed-field gra-
dient (PFG) NMR diffusion measurements were carried out using
the PGSTE pulse sequence” with an observation time A=50ms, a
gradient strength of 164 mTm™', and a gradient pulse duration in
the range 3-5 ms, with rectangular gradient pulses, for which the
diffusion coefficient value, D, can be obtained by fitting the
experimental data according to the equation:*?

Eig)/E() = exp[-Dy*d’g*(A — 6/3)] M

where E and E are NMR echo signal intensities in the presence
and absence of the gradient respectively, g is the gradient strength
of pulse duration length 6, y is the gyromagnetic ratio of the
studied nuclei ('H), A is the observation time, i.e., the time delay
between the midpoints of the gradients, and D is the diffusion
coefficient of the examined species.

NMR T, relaxation measurements were carried out using an
inversion recovery pulse sequence technique. More details on the
pulse sequence and data analysis can be found elsewhere.”®

2. Results and Discussion

Results of catalytic activity in different solvents are reported in
Figure 1, which shows the aldehyde conversion profile as a
function of time in different solvents. Data on final turnover
number (TON) and turnover frequency (TOF) are reported in
Table ST of the Supporting Information. The selectivity to 1-
propanol was in all cases close to 100%. It is clear that the
solvent has a dramatic effect on the conversion, with reactions
carried out in diethyl ether and 1,4-dioxane being significantly
slower compared to toluene, and with aliphatic solvents, such
as n-hexane and cyclohexane, being the best solvents for the
reaction.

To understand how the solvent may affect reactivity, we
start by looking at the Kamlet-Taft parameters of the different
solvents, reported in Table 1, which were taken from the
literature.?**! From a comparison of those parameters with the
catalytic data, it is clear that solvents with a high hydrogen-
bond accepting ability, (), and high polarizability, (EY), are

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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100 hydrodynamic radius of the solvent molecules, ry, using the
—4— n-hexane Stokes-Einstein relation as a starting point, according to:
—a— cyclohexane
80 4 —e— toluene
—A— 1,4-dioxane kgT
9 —v— diethyl ether ry = W 2)
= 60
o
g where kg is the Boltzmann constant, T the absolute temperature,
E 401 7 the dynamic viscosity and D the self-diffusion coefficient from
o PFG NMR measurements. A main drawback of this equation is
20 that for small molecules, such as the case of those studied here,
this equation leads to errors in predictions up to approximately
04 40%, hence it is a poor guide to small molecule diffusion, as
also reported by Evans etal. in recent reports.”®* The main
T T T
0 2 4 assumption of the standard Stokes-Einstein model is that the
Time [h] size of the diffusing molecules is much larger than the size of

Figure 1. Conversion profile of propionaldehyde in different solvents.

Table 1. Kamlet-Taft parameters for the solvents used in this study.
*
Solvent o B 4 EY
n-hexane 0.00 0.00 —0.04 0.009
cyclohexane 0.00 0.00 0.000 0.006
toluene 0.00 0.11 0.535 0.099
1,4-dioxane 0.00 037 0.553 0.207
diethyl ether 0.00 0.47 0.27 0.210

those producing detrimental effects on catalytic activity, where-
as non-polar, weakly-interacting solvents such as alkanes lead
to much higher reactivity. Similar findings have been reported
for other homogeneously catalysed reactions in the liquid-
phase. This first observation suggests that solvents with a high
hydrogen-bond accepting ability are inhibiting catalyst activity,
possibly by a coordination with the metal centre of the
aluminium catalyst, hence blocking the access of the aldehyde
reactant to the active metal centre. This explanation has been
reported in other homogeneous catalytic processes using
similar type of catalysts.”) Solvation effects could also occur by
producing solvation shells of solvent molecules around the
reactant species, hence preventing the reactant from accessing
such active sites.” It is reasonable to assume that low polarity
or aprotic solvents produce less solvation effects in the reaction
medium compared to polar ones. Such effects have previously
been observed by 'H NMR NOESY studies of binary mixtures of
organic compounds and have been related to hydrogen-bond
accepting ability.””

Whilst some of the parameters in Table 1 give a good
qualitative description of the catalyst activity, they do not give
an in-depth description of the physico-chemical phenomena
occurring in the liquid-phase reaction system. In order to
further understand the effect of solvents in those reactions and
probe solvation effects, we carried out calculations on molec-
ular aggregations. In particular, the NMR diffusion data
obtained from PFG NMR experiments can be used to estimate
aggregation; this can be done by calculating the “apparent”
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the molecules of the medium in which they diffuse, that is,
diffusion occurs in a continuum. Gierer and Wirtz®” have
derived a modified version of Equation (2), which introduces a
friction coefficient and removes the assumption of continuous
medium. Accordingly, a new equation can be obtained:

kT

_ 3rs 1
fn = 677D

=y
2ry 1+%

3)

where r, is the radius of the solvent, which in our case is also
the hydrodynamic radius of interest, hence r,=r,,. It is important
to note that the choice of the diffusion model will determine
the calculated value of the hydrodynamic radius. Hence,
absolute values of this parameter may vary according to the
model used; however, assuming the systems being compared
are similar, which is the case of our work, the trend of r, will not
be affected by the choice of the diffusion model.

Figure 2 shows the PFG NMR log attenuation plots of the
solvent signal (see Figure S1 of the Supporting Information for
typical PFG NMR spectra and peak assignment) in mixture with
the catalyst and the aldehyde using different solvents. The
values of D can be calculated as the negative of the slope of

7 0% g2 (A-0/3) [s m2] x 102

0 0.5 1 1.5 2
1 T
o n-hexane
- o cyclohexane
i
c o toluene
'.g @ 1,4-dioxane
g o diethyl ether
c
% 01 r
[]
K=
[%3
(1]
o
o
- o
0.01

Figure 2. PFG NMR log attenuation plots of the solvent signal for different
solvents in solvent/catalyst/aldehyde mixtures. Lines are fittings to Equa-
tion (1).
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the plots in Figure 2 and are reported in Table S2 of the
Supporting Information.

Using values of diffusion coefficients, the hydrodynamic
radius of the diffusing species can be calculated. The knowl-
edge of the hydrodynamic radius of the diffusing species (see
Table S3 of the Supporting Information for numerical values)
can be used to quantify the aggregation number, N, which can
be calculated as N = V,,/V?, with V,, being the hydrodynamic
volume of the actual diffusing species in solution, and V/, the
volume of the single molecule*'? If we assume spherical
aggregates, a reasonable assumption for relatively small
molecules, V,, can be calculated as the volume of a sphere with
the hydrodynamic radius, r, derived from Equation (3). As for
the values of V2, this represents the molecular volume, that is,
the volume of a single molecule, which for the solvents under
investigation was taken from literature values reported by
Gavezzotti,®® who used data on molecular geometry and
atomic radii for estimating the molecular volume.

Values of N for the different solvents in the solvent/
aldehyde/catalyst system are reported in Figure 3 and com-
pared with values of N calculated for the pure solvents and for
solvent/catalyst systems, that is, without the aldehyde reactant.

The results clearly show that for pure solvents and solvents
in the presence of the catalyst the values of N are similar for n-
hexane, cyclohexane, toluene and 1,4-dioxane and slightly
higher for diethyl ether and in most cases are close to 1, that is,
such species diffuse as single molecules. When the catalyst is

5.00
4.50
4.00
3.50 -
3.00
2.50
2.00
1.50
1.00
0.50
0.00

“ pure solvent ]
m solvent/catalyst
u solvent/catalyst/aldehyde

N[

n-hexane cyclohexane toluene 1,4-dioxane diethyl ether

Figure 3. Aggregation number, N, for different solvents in different con-
ditions.

Time delay [s]

109876543210-1-234-5-6-7-8-9-10
Chemical shift [ppm]

added to the solvent, the N values remain similar to the values
reported for the pure solvent in most cases, except for diethyl
ether, where an increase is observed. When the aldehyde is
further added to the systems, the N values for n-hexane and
cyclohexane do not change significantly compared to the other
cases, whereas a small but significant increase is observed for
toluene and a very sharp increase is observed for 1,4-dioxane
and particularly for diethyl ether, with values of the aggregation
number close to 5. We would like to stress that whilst absolute
values of N are affected by the choice of the diffusion model,
the trend across the range of solvents is largely independent of
this and hence a relative comparison of N values is appropriate.
These results strongly suggest that solvents such as 1,4-dioxane
and diethyl ether have the tendency to form large aggregates
when the aldehyde is present in solution.

Based on such results and on the values of the Kamlet-Taft
parameters reported in Table 1, we suggest that solvents with a
high hydrogen-bond accepting ability, such as 1,4-dioxane and
diethyl ether, tend to form larger aggregates in the presence of
aldehyde, which could result in solvation shells around the
aldehyde molecules. The data reported here provide a direct
quantification of such phenomena. Such explanation is further
supported by T, NMR relaxation measurements performed on
the aldehyde species within the different solvents. Typical T,
inversion recovery data are depicted in Figure 4a, which shows
the spectral evolution of propionaldehyde in mixture with the
n-hexane solvent as a function of the time delay used in the
NMR inversion recovery pulse sequence (see full spectrum of
the mixture in Figure S2 of the Supporting Information). Despite
the small concentration of propionaldehyde in the mixture, it is
still possible to clearly detect the carbonyl resonance of the
aldehyde at approximately 9.5 ppm, hence measure the inver-
sion recovery rates, which are shown in Figure 4b for all the
solvents studied. The obtained values of T, are reported in
Table 2 together with the solvent aggregation number, N.

It is possible to observe that generally for the solvents
whereby solvent aggregation becomes more significant, that is,
N increases, the T, value of the aldehyde shows a decreasing
trend. Smaller values of T, in bulk liquids are ascribed to slower
molecular dynamics;®*" hence, this suggests the formation of

b
—
o 05 -
©
c
)
]
- .
S [}
2
E
o nthexane
Z 0.5 —a—cyclohexane
—e—toluene
—4—1,4-dioxane
——diethyl ether
A I L L I L L L

0 10 20 30 40 50 60 70 80
Time [s]

Figure 4. (a) Typical T, inversion recovery spectra for propionaldehyde in mixture with n-hexane as the solvent. The NMR peak at approximately 9.5 ppm is
that of the carbonyl proton of the aldehyde. (b) T, inversion recovery rates for the aldehyde in different solvents. Lines are fittings to the inversion recovery

model.*

ChemPhysChem 2020, 21,1101-1106 ~ www.chemphyschem.org

1104

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cphc.202000267

Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemPhysChem doi.org/10.1002/cphc.202000267

larger aggregates surrounding the aldehyde molecules and
slowing down their molecular dynamics.

It is now of interest to compare the results on solvent
aggregation to the aldehyde catalytic conversion obtained in
each solvent. Such results are presented in Figure 5, which
shows that as solvent aggregation decreases, the catalytic
conversion increases.

In light of these results, it is therefore possible that solvents
with a high hydrogen-bond accepting ability, such as 1,4-
dioxane and diethyl ether, tend to form larger aggregates
(higher N values) surrounding aldehyde molecules and slowing
down their molecular dynamics (decrease in T;), hence blocking
access to the catalytic sites, which in turn leads to a decreased
reactivity. On the contrary, non-polar solvents such as alkanes,
with no ability to accept hydrogen bonds do not lead to the
formation of such aggregates, hence having no detrimental
influence on the aldehyde access to catalytic sites and resulting
in much higher catalytic activity. This explanation ties in well
with what has been previously suggested on solvation of
reactants increasing the free energy barrier during reaction,
which may result in a slower reaction rate and a lower
conversion."™ The experimental results reported here support
this explanation and highlight the use of NMR relaxation and
diffusion methods as useful tools to study the behaviour of
homogeneous catalytic processes.

We would like to highlight that structuring phenomena in
the liquid phase are likely to involve also the solubilised
homogeneous catalyst. However, probing such effects is
challenging due to the low concentration of catalyst used, that
is, it might be difficult to perform meaningful NMR measure-
ments to probe the catalyst signal. Possible alternatives could
be the use of deuterated solvents and high-field NMR
spectrometers or using model systems with higher concen-
tration of catalyst.

3. Conclusions

Solvent effects in the homogeneous catalytic reduction of
propionaldehyde by hydrogen transfer in the presence of
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Figure 5. Catalytic conversion of aldehyde against solvent aggregation
number, N, within the solvent/aldehyde/catalyst mixture.
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Table 2. T, values for aldehyde in different solvents and solvent
aggregation number, N, in the mixture. The relative error on T, measure-
ments is in the range 2-3 %.

Solvent T, aldehyde [s] N [-]
n-hexane 20.0+0.5 1.46
cyclohexane 15.9+0.4 1.40
toluene 143+0.3 1.70
1,4-dioxane 13.5+0.2 2.86
diethyl ether 11.1+£0.2 4.49

aluminium isopropoxide catalyst have been investigated by
reaction studies combined with PFG NMR diffusion and NMR
relaxation measurements aiming at understanding solvent
aggregation and interactions. The results show that solvents
with a high hydrogen-bond accepting ability lead to a
significant decrease of catalytic activity, which is attributed to
their ability to coordinate with the catalytic sites, hence
blocking access to aldehyde molecules. In addition, calculations
of aggregation numbers show a significant aggregation in such
solvents, which are thought to hinder the mobility and access
of the aldehyde reactant to the catalytic sites, as suggested by
T, relaxation measurements. The work proposed here shows
the usefulness of NMR diffusion and relaxation time measure-
ments in gaining a deeper understanding of solvent effects in
homogeneous catalysis.
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