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In this article, we focus on the important role of solvent donor and acceptor properties of
ionic liquids in the elucidation of inorganic reaction mechanisms. For this purpose,
mechanistic and structural studies on typical inorganic reactions, performed in ionic liquids,
have been conducted. The presented systems range from simple complex-formation and
ligand-substitution reactions to the activation of small molecules by catalytic-active
complexes. The data obtained for the reactions in ionic liquids are compared to those for
the same reactions carried out in conventional solvents, and are discussed with respect to
the donor and acceptor properties of the applied ionic liquids. The intention of this
perspective is to gain more insight into the role of ILs as solvent and their interaction with

metal ions and complexes in solution.
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Introduction

In recent years, the demand for environmental friendly and sustainable chemistry has led to
a more detailed interest in solvent effects, and the search for customized solvents which are well-
suited for the requirements of a specific application." > * Because of their negligible vapor pressure
and the resulting low volatility, ionic liquids (ILs) have been presented as a very promising class of
new reaction media, since they also offer the possibility to tune their physicochemical properties
such as conductivity, density, melting point, polarity or viscosity, through the combination of a
large range of different possible cations and anions.* Today, between 300 and 400 different ILs are
already commercially available’ and some of these ILs are well established in new technologies.’

As a result of their ionic nature, ILs provide a completely different chemical environment
for dissolved substances as compared to that of conventional organic solvents or water. But how do
substrates really interact with such an exceptional environment? Since many groups consistently
report unexpected observations, such as an increase or decrease in reactivity or even a complete
inhibition of reactions, there is obviously still a lack of understanding of the unique interactions that
take place between solvent cations, anions and dissolved substances.’

On considering possible solvent-solute interactions, the nucleophilicity of ILs plays a crucial
role as most of the anions that form part of ILs, e.g. CI", Br', SCN™, NO3™ or N(CN),", are potential
Lewis bases. In particular, applications involving sensitive catalytic active metal complexes can
seriously be affected by interactions with the anionic component of ILs, either by occupying a
vacant coordination site necessary for binding substrates, or by displacing weaker coordinated
ligands.” ® * '° Therefore, chemists have become more and more aware of the important role of the
donor and acceptor properties of ILs, and a growing number of publications have attempted to
generalize and categorize these properties.'” '* However, on the basis of the currently available

data, it still remains difficult to make reliable predictions on the behavior of ILs and their role as
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solvents, catalysts or co-catalysts. Thus, studies on individual systems to learn more about possible
effects and to obtain a feeling for the unique behavior of ILs still remain indispensable."

As physical-inorganic chemists interested in chemical kinetics, reaction mechanisms and
coordination chemistry, we started to investigate possible structural or mechanistic changes and the
reasons therefore, when a typical inorganic reaction, extensively studied in conventional solvents
before, is transferred into ILs. It was our intention to investigate a variety of different reaction
types, such as complex-formation, ligand-substitution and the activation of small molecules, by
applying conventional and specialized instrumental techniques. In this context, we first
concentrated on the significant effect of a series of ionic liquids on ligand substitution reactions of
Pt" and Pd" complexes.'* '° We then extended our studies to complex-formation reactions
involving lithium ions,'® a topic related to supramolecular and accumulator chemistry, and to the
activation of small molecules, viz. carbon dioxide'” and nitric oxide.'” '® The latter topic involves
model systems of catalytically active, inorganic and bioinorganic transition metal complexes.
During all these studies we often noticed a problematic influence of the applied ILs, either on the
solubility of substrates or on the reactivity of the systems under investigation. Challenged through
these problems, we further developed an interest in the understanding and quantification of donor
and acceptor properties of ILs."”” A selection of these studies is presented in this article and

discussed with respect to the donor and acceptor properties of the applied ILs.

Donor and acceptor numbers for ionic liquids

Reaction rates, reaction mechanisms, the reactivity of dissolved substances or even the
preferred products, can in general be influenced by solute-solvent interactions. Thus, a detailed
knowledge of the physical and chemical properties of solvents is an important prerequisite for their
efficient application in fundamental research and industrial processes. The type of interactions and

their strength depend on various factors, such as the van der Waals forces, the ability of a solvent to
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form hydrogen bonds, the polarity of a solvent or, especially important in the case of ILs, the
strength of intermolecular Coulomb interactions. To achieve a better understanding of these
physico-chemical phenomena, numerous approaches have been proposed over the years to quantify
solvent properties. Here, of widespread use, are the Dimroth and Reichardt Et(30) polarity-
parameter and the three parameter set derived from Linear Solvent Energy Relationships (LSER) by
Kamlet and Taft, consisting of a (hydrogen bond donating ability), B (hydrogen bond acceptance)
and 7* (polarity/polarisability).”® Although, all these solvent parameters have originally been
developed to describe conventional solvents, several groups have started to determine these
parameters for ILs to be able to compare the properties and behavior of conventional solvents with
that of ILs.'" '* 2!- 2 However, the determination of these parameters relies on the successful
application of solvatochromic dyes and their spectroscopic behavior in ILs, which in some cases is
limited by solubility or stability restrictions. Moreover, there is still a controversial discussion on
which set of solvatochromic dyes gives reasonable results, or whether the appropriate a, B and *
values can really be denoted as Kamlet-Taft parameters. Due to a partially very confusing
presentation of all these methods and solvent parameters in the literature, it was our intention to find
an easy and practical way to gain insight into the solvent properties of ILs and their interactions
with metal ions and complexes. We therefore focused on Gutmann’s “donor-acceptor concept” that
established the donor (DN) and acceptor number (AN) to describe the ability of a solvent to donate
or accept electron pairs, i.e. a measure of their nucleophilicity/electrophilicity, respectively. >
Gutmann originally determined the donor number calorimetrically by measuring the
interaction enthalpy of SbCls with an equimolar amount of the solvent under investigation, both
dissolved in 1,2-dichloroethane (zero by definition).”> The enthalpy change provides the donor
number in kcal/mol. Later Ehrlich and Popov found that Gutmann’s “solute state” donor numbers
can be correlated linearly with the *Na chemical shift of NaClO, dissolved directly in the
appropriate solvent.* In contrast to the calorimetric method, the application of *Na NMR offered

several advantages, such as a fast acquisition of data and a high sensitivity due to the high



Dalton Transactions

abundance of the **Na nucleus (100 %). Based on the Ehrlich-Popov correlation between the DN of
conventional solvents and the appropriate >Na chemical shift, we assigned donor numbers to

various ILs by measuring the **Na chemical shift of NaClOy dissolved in the IL under investigation

(see Table 1).!%2*

Table 1. NMR data and DN for selected ILs. All measurements were done at 298 K (exceptions are given in brackets).

IL Chemical shift Donor Number IL Chemical shift Donor Number
of *Na [ppm] [keal mol™] of *Na [ppm] [keal mol™]
[emim][FAP] -21.38 -12.3 [emim][PO(EtHex),] -5.83 20.5
[emim][PF¢] -18.51 -6.2 [emim][OctOSO;] -5.76 20.6
[emim][SbFs] -13.33 4.7 [emim][NO;] -5.01 222
[Ci,mim][NTH;] -12.36 6.7 [emim][EtOSOs] -4.97 223
[emim][Pf,N] -12.14 7.2 [emim][HexOSO;] -3.15 26.1
[emim][BF,] -12.09 7.3 [emim][TCM] -3.13 26.1
[Ciomim][NT£;] -12.00 7.5 [emim][BuOSO;] -2.95 26.5
[emim][ClO4] -11.95 7.6 [emim][(EtO),PO,] -0.68 31.3
[Csmim][NTHf;] -11.62 8.3 [emim][dca] 2.39 37.8
[Comim][NTH,] -11.50 8.5 [emim][NO,] (348 K) 2.95 38.9
[Cymim][NTHS] -10.70 10.2 [emim][SnCl;] 3.17 39.4
[emim][NT£] -10.22 11.2 [emim][Ac] 5.03 433
[emim][B(CN)4] -5.89 20.3 [emim][SCN] 6.26 45.9
[emim][OTH] -5.84 20.4 [emim][MeOAc] 7.61 48.8

Since the electron pair donor ability of an IL is primarily controlled by the chemical nature
of the anionic component, we mainly focused on the 1-ethyl-3-methylimidazolium cation based ILs
with a wide range of different anions. Some obvious trends can be seen from the data presented in
Table 1. Anions with a high nucleophilicity, such as thiocyanate or acetate, result in ILs with a high
DN.. The introduction of an electron donating group, such as a methyl group, leads to an additional
increase in the donicity as shown by [emim][MeOAc]. The donicity of this IL is similar to that of
ethylendiamine (DN = 55). All these ILs will most likely coordinate to metal ions or replace weaker

coordinated ligands. On the contrary, anions with weak donor ability result in weak coordinating or
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non-coordinating ILs. Here, the ILs [emim][PF¢] and [emim][FAP] have DNs even lower than the
original zero point of Gutmann’s scale, viz. 1,2-dichloroethane (DCE). Notably, the introduction of
a fluorinated alkyl group leads to a significant decrease in the DN. [emim][PFs] exhibits a DN of -
6.2, whereas [emim][FAP] in which three fluorine atoms are replaced by —CF,CF; groups, exhibits
a DN of -12.3. These ILs could be interesting alternatives for organic solvents if the coordination of
solvent molecules to a metal center has to be strictly avoided. Solvents with a slightly higher
donicity feature DNs between 0 and 20 and are comparable to conventional solvents like
nitromethane (DN = 2.7), acetonitrile (DN = 14.1) or acetone (DN = 17). Here, very popular
representatives are the ILs [emim][BF4] (DN = 7.3) or [emim][NTf,] (DN = 11.2).2> % As can be
seen from a comparison of [emim][NTf;] and [emim][NPf,], the elongation of the fluorinated
groups also leads to a decrease in the donicity. Other ILs containing fluorinated anions, such as
SbFs~, TfO™, and NPf,", are also amongst the ILs with low DNs. All these anions are weak donors
and therefore behave as almost innocent solvents. ILs in the DN range between 20 and 33 are
weaker nucleophiles than water (DN = 33), but have donor atoms with free electron pairs that are
known to coordinate to metal centers similar to ROSO;~ or (RO),PO;". On dissolving a substrate in
such an IL, the anions that are present in a large excess are able to substitute weaker coordinated
ligands of a metal center.”’” These ILs are comparable to the donicity of DMSO (DN = 29.8), which
can coordinate to metal complexes under the right conditions, but will easily be displaced if a
stronger donor is added. In this context, it should be mentioned that the water content of an IL can
significantly influence its nucleophilicity and can lead to an increase or decrease of its donicity.
Therefore, water impurities should be carefully removed prior to the measurements to obtain
reliable information on the donicity of ILs, which can help to predict the progress of reactions and
to suggest new synthetic routes in ILs.

In an earlier publication, Linert e al. already presented DNs for several anions,” since
Gutmann only determined DNs of molecular solvents. Besides other methods, they used

[Cu(acac)(tmen)|BPhy (acac = acetylacetonate and tmen = tetramethylethylenediamine) dissolved in

7
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DCE as a solvatochromic indicator to investigate the donicity of anions. The copper complex can
interact in a competitive way with both the solvent (DCE) and the appropriate anion, which was
added as a tetrabutylammonium salt. The equilibrium formed between these competitors results in a
shift of the d-d absorption band and thus in a color change,”” which leads to the DN of the
appropriate anion. They found the sequence PFs = SbF¢s~ < NTf,” < BF,” < ClO4 < CF3S0;5™ <
NO;™ <I" < Ac” < SCN". As illustrated by the correlation in Figure 1, their donicity sequence in
general reflects the DNs of the corresponding [emim]-based ILs and is in good agreement with the

results of Mudring et. al.*°

60

40 4

this work

20

DN

Linert et al.

Figure 1. Correlation between DN for anions determined by Linert et al. and those for the corresponding

[emim]-based ILs.

In contrast to our results,'’ Linert found a DN of 2.5 for the PFs~ anion (-6.2 in our study)
and found the same value for SbF4 (4.7 according to our method). This discrepancy originates from
the DN of the employed solvent DCE. The lowest DN assignable is the DN of the solvent used to

dissolve the anions and the probe complex. If the anion is a weaker donor, a solvent molecule will
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coordinate to the Cu" complex and thus “freeze” the experimentally determinable DN at a fixed
value, in this case the DN of DCE. On the contrary, our solvent free method allows the
determination of donicities even lower than that of DCE. With respect to Gutmann’s original DN
scale, some ILs therefore exhibit negative DN values.

Since the donicity of ILs is mainly controlled by the anion, it was quite obvious to expect a
response of the DN on modifications of the anionic component. However, a possible influence of
structural changes on the cationic component could not be excluded. Therefore, we exemplarily
studied the effect of an elongated alkyl chain of NTf,” based ILs and found systematic changes in
the DNs. The longer the alkyl chain of the imidazolium cationic moiety, the lower the DN of the
appropriate IL. This observation can be explained in terms of stronger van der Waals interactions
and aggregation effects, which diminish the interaction with acceptors and lead to a lower
donicity.*" ** On the contrary, an increase in temperature leads to an increase in the donicity (see
Figure 2 and Table 2), as the higher mobility of the ions at higher temperature lead to a

disintegration of cation-anion aggregates and, therefore, to stronger interactions with substrates.
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Figure 2. Change in the DN on elongation of the alkyl chain of the imidazolium cation at 298 and 328 K;

[C1smim][NTf,] and [C,;smim][NTf,] are solids at room temperature.
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As a consequence, the temperature effect is much larger for ILs with long alkyl chains
which form larger and more stable aggregates at room temperature. Such an influence of alkyl chain
length and temperature on the donicity of ILs can, to a certain extent, be helpful to adjust the
interactions between ILs and substrates. As the donicity influences the solubility of substrates and
also the miscibility with other liquids, the arrangement of temperature switchable processes, such as
a temperature-dependent variation of two-phase equilibria, may be possible. Similar effects have
already been reported and established for conventional solvents.*

The LSER concept established by Kamlet and Taft is one of the most popular concepts to
correlate solvent properties with different specific interactions such as the hydrogen bond donating
ability (a), hydrogen bond acceptance (), and the polarity/polarisability (n*) of a solvent. ** For a
large selection of conventional solvents, Marcus showed that the P parameter, which is an
expression for a molecule’s electron pair donation ability to form a coordinative bond, can be
correlated linearly with Gutmann’s DN.?° Such a correlation can be very useful to predict missing
data of DNs or B parameters. Although a large number of Kamlet-Taft-parameters for organic
solvents already exist and can facilitate a possible comparison, reliable data for ILs are still rather
scarce. According to Marcus’ approach,”’ we correlated our DNs with the appropriate Kamlet-Taft-

B-parameters (see Table 2 and Figure 3).

Table 2. Kamlet-Taft-parameters for several imidazolium-based ILs

ionic liquid n*-parameter o-parameter p-parameter DN [kcal mol ']

[emim][PFs] 0.99 0.76 0.20 -6.2

[emim][BF,] 1.03 0.70 0.26 73
[emim][ClO,4] 1.11 0.56 0.41 7.6
[Csmim][NTH;] 0.97 0.97 0.28 8.3
[Cemim][NTHf;] 0.98 0.65 0.25 8.5
[Cymim][NTf;] 0.98 0.62 0.24 10.2
[emim][NTf;] 0.90 0.76 0.28 11.2

10
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[C,mim][OTf] 1.01 0.63 0.46 20.5
[emim][0SO;] 1.09 0.58 0.62 22.3
[emim][NOs] 1.13 0.48 0.66 222
[emim][HexOSO;] 0.98 0.65 0.71 26.1
[emim][OctOSO;] 0.93 0.65 0.77 20.6
[emim][dca] 1.08 0.53 0.35 37.8
[emim][OAc] 1.09 0.40 0.95 433
1.0 4 o
A
e OAc
0 - octoso,
A ,,/’/
5 NO, +” Hex0SO,
© A
g 067 EtOSO,
(0] g
g clo;
; 4 ® OTf
= 0.4 4 ,.'-"/‘
e [Cmm]NT, ey
./’/ ......... W dca’
//,-\r_\":f-»’[;mim] NTY,
02 ~u" BF, %, [C,mim] NTF,
PFy [C,mim] NTF,
40 o 10 20 30 40 50
DN / keal mol™

Figure 3. Correlation between  values (Table 3) and DNs for ILs;

N-donor ILs generate one family together with fluorinated ILs.

At a first glance the DNs hardly correlate with the corresponding B-parameters and exhibit a
large variance. However, a closer look reveals two separate correlations with an approximate linear
behavior, and one exception. As shown in Figure 3, ILs consisting of O-donor anions appear to
generate one family of ILs, whereas ILs consisting of N-donor atoms seem to generate another
family along with the fluorinated ILs. Such family-dependencies were already reported by Kamlet
and Taft for correlations between the fB-values and other physical parameters.3 4 Only [bmim][OT{]
does not fit to one of these correlations. Interestingly, this IL is located exactly between both
correlations, which could be accounted for by the fact that the triflate anion contains oxygen as well

as fluorine atoms. On considering the different electro-negativity of nitrogen and oxygen, both
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correlations shown in Figure 3 could arise from different energy levels of the donor orbitals.
Oxygen exhibits a higher electro-negativity than nitrogen, and as a result the energy levels of the
free electron pairs, as well as the appropriate MOs generated on interaction with acceptors, should
be lower than in the case of N-donors. However, to establish correlations which enable an accurate
estimation/calculation of DNs or -parameters according to Marcus’ approach, there are presently
not enough data available on both, DNs as well as f-parameters.

Similar to the correlations between DNs and p-parameters, we also observed a family-
dependent behavior on comparing our DNs with the appropriate ion pair interaction energies AE
calculated by DFT. Based on our earlier studies,'"* we determined AE as the energy difference
between the ion-pair formed by the cation and anion, and the energy of the separated ions (see
reaction (1)). To simplify the calculations, we used the 1,3-dimethylimidazolium cation ([mmim]")
instead of [emim]". Although the energies are surely biased because of the Coulomb attraction and
the fact that the values do not include dispersion, we obtained good correlations with the
experimental data. The calculated structure of the ion-pairs (e.g. [mmim][NOs], see Figure 4)
accounts for the important role of the C-H---anion interactions that were previously verified by

: 14
experiment.

P —

[mmim]” + [anion] =———= [mmim][anion] a

separated ions ion-pair

12
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Figure 4. DFT (RB3LYP/LANL2DZp) calculated structure of [mmim][NO;].

Depending on the anionic component of the investigated ILs, we also found large
differences in the appropriate interaction energies. At first sight, only a very rough correlation can
be observed, indicating that anions with a low interaction energy (AE) correspond to lower DN,
whereas anions with a high interaction energy correspond to higher DNs. However, a closer look at
Figure 5 also points to the existence of two family-dependencies. In contrast to the results obtained
for the B-parameter, there is no clear distinction between N- and O-donor anions, but rather between
anions with and without cyano groups. Within the first family (anions containing cyano groups), the
calculated interaction energy (AE) increases with decreasing number of cyanide substituents,
following the same sequence SCN™ > N(CN),” > C(CN);~ > B(CN)4~ as mentioned above for the
DNs. Due to the pseudo-halogenide character of the cyanide groups, AICl,™ is located amongst the

. .. . . . . 35 36
cyanide containing anions next to the tricyanomethanide anion.™,

13
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Figure 5. Correlation between the DNs and the DFT calculated interaction energy AE.

With respect to the second family of ILs, the O-donor anions exhibit the same sequence as
found for the correlation between the DNs and the B-parameters. Only MeOAc™ diverges and seems
to have a too high DN in comparison to the calculated interaction energy. The calculated interaction
energy of the acetate anion is higher despite its lower DN. This discrepancy might originate from
the additional methoxide group in the MeOAc™ anion. By applying DFT calculations, the electron
withdrawing effect of this group is factorized and reduces the electron donation ability of the
carboxyl group without considering the interactions between this electron rich group and the cation,
which presumably exist in the liquid state, thus diminishing the actual overall interaction energy.
Interestingly, the fluorinated ILs are located partly amongst and partly below the O-donor anions,
but a clear correlation between the DN and the interaction energy was not observed. Due to specific
electronic and structural features, such as electron delocalization over the whole molecule and the
almost spherical shape, anions like SbFs~, PF¢~ and BF,4~ are rather weak electron donors and exhibit
nearly the same interaction energy. Only BF4™ has a slightly higher DN and moderately higher
interaction energy, which might be due to the stronger B-F bonds and lower coordination number.

Anions with fluorinated alkyl groups such as NTf,” and Pf;N”, are known to be weak donors

14
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because of the electron withdrawing effect of the CF; or C,Fs substituents. Though these anions
offer different possible ways to coordinate to a metal center (monodentate, nl—O, nl—N or bidentate,
n*-0,0’, or even 1>-N,0), a preference for coordination via oxygen atoms can be observed from
crystal structures and other investigation methods.?” This can be ascribed to steric effects, but also to
electronic features. Due to the electron withdrawing character of the CF; or C,F5 substituents, a
large degree of pn-dn bonding within the N-S moiety could lead to charge delocalization over the
whole anion and complicate coordination via the nitrogen donor.”® All in all, the correlations in
Figure 5 show a good agreement between DFT calculations and experimental data. The observed
family dependencies should be considered as a useful tool for the interpretation and estimation of
diverging or coinciding characteristics of other ILs.

To establish a method for quantifying the electrophilic properties of solvents, Gutmann et al.
introduced the acceptor number (AN) as a counterpart to the DN and donicity. Since alternative
methods to determine electrophilic interactions were complicated,” Gutmann devised a more
advanced technique by selecting triethylphosphine oxide (Et;PO) as probe molecule and *'P-NMR
as method of choice: (i) because of the high natural abundance and high NMR sensitivity of the *'P
nucleus, NMR measurements are very suitable; (ii) triethylphosphine oxide exhibits a high
solubility and stability in many different solvents.”> Moreover, the molecular structure of Et;PO
which assures an efficient electronic shielding of the *'P nucleus without steric hindrance, turned
out to be ideal as it leaves the oxygen atom as the only possibility to interact, excluding other
effects such as contact contributions or multidentate coordination. To facilitate an extrapolation of
the chemical shift to infinite dilution (8.,), Gutmann measured the *'P signal of Et;PO for 4 to 6
different concentrations. The AN scale was defined by assigning hexane, the solvent with the most
pronounced high-field shift (1.68 ppm), the AN value of 0, whereas the chemical shift of the 1:1
Et;PO-SbCls adduct in 1,1-dichloroethane was taken as 100, in reference to the definition of the

DN, and its original measurement procedure.
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To compare the electrophilicity of ILs and molecular organic solvents, we conducted the
same measurements using the same probe molecule, which turned out to be well soluble in all ILs
under investigation. To determine the AN, the chemical shift of the *'P nucleus was measured for 3
to 5 different concentrations of Et;PO ranging from 0.027 to 0.5 M. On increasing the concentration
of Et;PO, the *'P signal shifted to higher field in all ILs. Similar to Gutmann’s observations, we
also found that the plot of the concentration dependence of the chemical shift strongly depends on
the appropriate solvent. In some cases the correlations were found to be linear, in others
exponential, with very small or large changes in the chemical shift. The values of 6, and the
assigned ANs for the ILs under investigation are listed in Table 3. These values clearly show that
most ILs have an AN between 25 and 33, and thus an electron accepting ability like aliphatic
alcohols, viz. AN(#-butanol) = 27.1 and AN(i-propanol) = 33.5. Since the ILs under investigation all
have the same cation (except for some variation in the alkyl chain), we expected the ANs to be
similar for all ILs, showing only small differences due to the different strength of the cation-anion
interactions. A slight dependence of the AN on the length of the alkyl chain of the cation can be
seen for ILs with NTf,™ anions. The longer the alkyl chain, the smaller the AN, which is consistent
with our earlier observations in the case of the DNs and can be explained in terms of an increasing
steric hindrance of the cation-anion interactions on increasing the chain length; this steric hindrance
resulted from aggregation effects of the long chain imidazolium cations via van der Waals forces,

thus impeding the solvent-solute interactions.

Table 3. *'P chemical shifts and ANs for the ILs under investigation.

Solvent SIP_NMR: &, [ppm] AN Solvent SIP_NMR: &, [ppm] AN
[emim][EtOSO;] -9.07 25.0 [emim][dca] -11.94 31.7
[C1,mim][NT£] -9.08 25.0 [emim][SCN] -12.21 32.4
[Csmim][NTH] 9.32 25.6 [emim][BF,] -12.69 33.5

[emim][NTf,] -10.11 27.4 [emim][OTf] -14.22 37.1
[emim][FAP] -10.90 29.3 [emim][C1O,] -21.46 54.0
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[emim][TCM] -10.94 29.4 [emim][SnCL;] -30.59 75.4

Kimura et al. investigated the solvation properties of ILs by Raman spectroscopy using
diphenylcyclopropenone as probe. They observed a drastic solvent dependence of the Raman band
assigned to the C=C and C=0 stretching modes.*" Similar to their earlier work, they found a linear
correlation between the AN and these frequencies, and were able to assign ANs to the ILs under
investigation.*' Amongst others, they also specified values for [bmim][BF,] (AN = 26.9) and
[bmim][NTf;] (AN = 25.2), which are in good agreement with our data. However, some ILs seem
to be much stronger acceptors than others, despite the same cation. [emim][OTf] (AN =37.1) has a
somewhat higher AN than the ILs mentioned above and accepts electron density as good as ethanol
(AN = 37.1). [emim][ClO4] (AN = 54.0) was found to be an IL with a really high electrophilicity
and ranks, compared to molecular solvents, in the same range as acetic acid (AN = 52.9) and water
(AN = 54.8). This high acceptor ability can account for the good solubility of some polar substrates
and the miscibility with water and methanol, despite the low DN (only 7.6) of this solvent.* Other
ILs, like [emim][NTf;], which exhibit both a low DN and AN, are not miscible with water because
of too weak interactions and their low polarity. In the case of [emim][ClOy], it seems that the lack
of electron donating ability is compensated by its accepting ability, and can thus be dissolved in
water and methanol at room temperature, and in ethanol at temperatures above 60 °C. The IL with
the highest AN measured in our study is [emim][SnCls] (1:1 mixture of [emim]Cl and SnCl,; AN =
75.4) and a better acceptor than water, lying in the same range as 1,1,1,3,3,3-hexafluoro-iso-
propanol (AN = 66.7) and formic acid (AN = 83.6). The high acceptor property originates from the
high Lewis acidity of SnCl,, making this IL a strongly electrophilic medium. This observation is in
line with the results obtained by Seddon et al.,* who also determined ANs by applying Gutmann’s
procedure. They observed a change in the AN resulting from variations in the composition of the

appropriate melts, using InCl;, GaCl; and AICI; as Lewis acids and [omim][Cl] as cation source.

17



Dalton Transactions

The neutral melts, which all consist of [omim][MCly] and are therefore comparable to “normal” ILs,
show very high ANs, viz. AN(Jomim][GaCly]) = 45.9, AN(Jomim][InCly]) = 57.1, and
AN(Jomim][AICl4]) = 91.8. In contrast to the indium based IL, [emim][SnCl;] has a higher AN
despite the less metallic character of tin compared to indium. Seddon et al.*® observed a strong
dependence of the measured AN on the molar composition of the melt. We also predict such an
effect for varying the molar ratios of SnCl, and [emim]Cl. Similar ANs were already reported by
Osteryoung ef al., >> who also investigated the AN of differently composed chloroaluminate melts,
viz. [BuPy][AICl4] and [emim][AICls]. They also found these ILs to be very electrophilic
(AN([emim][AICl4] (1:1)) = 98.3), with an AN close to that of trifluoroacetic acid (AN = 105.3).
Similar to his observations in terms of the DNs, Marcus also found an interrelation between
Gutmann’s AN and the Kamlet-Taft-a parameter. For more than 50 organic solvents he was able to
show that the ANs depend linearly on the appropriate a-values.”” Although literature data are rather
scarce, we tried to correlate our ANs with the already published o-values for these ILs.
Unfortunately, we were not able to observe any reasonable correlation between these values. In
order to have a larger set of data, we also applied the hydrogen-bond-donor-values (HBD-value)
reported by Lungwitz et al.'* However, a clear correlation between their parameters and our ANs
was again not apparent. The fundamental discrepancy between our ANs and the hydrogen-bond-
donation ability, either expressed by the Kamlet-Taft-a value or by the HBD value, could originate
from the completely different probe molecules and measurement techniques used for the
determination of the ANs, o- and HBD-values. Seddon et al® already stated, “it must be
remembered that a Lewis acidity scale can never be universal, and will depend on, inter alia, the
nature of the probe molecule”. Therefore, a detailed comparison requires a much larger set of data,
most suitably also for ILs with different cations, to obtain a better view of the overall picture and

closer insight into the cation dependence of the AN and a, and also the DN and f.

Complex-formation on Li"
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A detailed understanding of fundamental processes in coordination chemistry, such as
solvent exchange- or complex-formation reactions, is an important prerequisite for the selection of
reaction media or the composition of solvent mixtures.** Moreover, such information can help to
understand the reasons for and mechanisms of typical ligand exchange and substitution processes in
various solvent environments. In many cases the equilibrium between ligands, solvent molecules
and metal ions can generate molecular structures and coordination numbers in solution that can
differ significantly from those found in solid-state structures. Due to their ionic nature and the
resulting conductivity, ILs have often been discussed as electrolytes in the development of lithium
accumulators. However, a successful application as electrolyte, strongly depends on the
nucleophilicity of the anionic component and its coordination behavior/mode towards Li".*> To
learn more about the various effects of ILs and to comprehend resulting problems and opportunities,
we investigated the influence of [emim][NTf,] (DN = 11.2) and [emim][ClO4] (DN = 7.6) used as
solvents, on the complexation of lithium ions by the bidentate/tridentate N-donor ligands 2,2'-
bipyridine (bipy) and 2,2":6',2"-terpyridine (terpy). Both ILs exhibit low coordination ability and are
therefore expected to behave as innocent solvents. Despite their low coordination ability,

[emim][ClO4] has a hydrophilic nature*> *°

and represents an interesting alternative to fluorinated
ILs, such as [emim][BF4] (DN = 7.3), which tend to undergo hydrolysis and generate hydrofluoric
acid. The application of ILs allowed us to select lithium salts that exhibit the same anionic
component as compared to the applied ILs. Therefore, a disturbing influence of other anions could
be eliminated. Whereas X-ray diffraction can only reveal information on the solid-state structure,
NMR spectroscopy has proven to be the method of choice to investigate the dynamics of such
complex-formation processes in solution. To determine the number of coordinated ligand
molecules, the chemical shift of the 'Li NMR signal was studied as a function of the added ligand

concentration and analyzed according to the molar ratio method.*’” Although such experiments

cannot reveal unequivocal information to which extent a vacant coordination site is indeed occupied
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by an anion of the employed IL, we can at least determine the number of unoccupied coordination
sites left for binding solvent anions.

In general, the successive addition of a chelate, bipy as well as terpy, leads to a significant
downfield shift of the 'Li NMR signal, indicating a strong interaction between the chelate
molecules and Li" (see example given in Figure 6a). At higher chelate concentrations, the chemical
shift becomes smaller, appears to reach a maximum and the first coordination sphere of Li" is
practically saturated. As a result of the overall equilibrium (eq. (2)) between solvated and chelated
lithium ions, the measured shifts do not depend linearly on the molar ratio [chelate]:[Li'] (see
Figure 6b), but exhibit a curvature typical for such complex-formation reactions. Depending on the
nucleophilicity/donicity of the applied solvent and on the position of the equilibrium, i.e. either near
to the reactant or near to the product state, the NMR data differ more or less from the applied linear
fits, especially in the region of the observed discontinuities. These differences can be used to
determine the stability constant f, of the generated lithium complexes and the appropriate standard

reaction parameters AH° and AS° from the temperature dependence of f3,, respectively.'®

a) molar ratio [bipy]:[Li*] b)
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Figure 6. (a) 'Li NMR spectra recorded as a function of the molar ratio [bipy]:[Li‘] in [emim][NTf,] at 25 °C;

(b) Chemical shift of the "Li signal as a function of the molar ratio [bipy]:[Li"].
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Li" + Xterpy == [Li(terpy)]” 2

In case of the ionic liquid [emim][NTf;], the NMR experiments resulted in a maximum of
two bipy ligands, occupying the first coordination sphere of Li". In terms of a coordination number
of six, two sites can possibly be occupied by solvent anions. On the basis of results reported by
other groups, lithium ions dissolved in [emim][NTf;] exhibit a solvent shell of two NTf,  anions.
These anions are coordinated as chelate ligands via the sulfonyl oxygen atoms and generate an
overall tetrahedral coordination geometry at the Li" center.*® Thus, the formation of [Li(bipy),]”
occurs as a displacement of two NTf,” anions by two bipy molecules, and the occupation of further
coordination sites by additional, sterical demanding NTf,” anion seems to be impossible. Similar to
our observations in the case of bipy, the application of the terpy ligand likewise results in the
formation of a cationic bis-ligand complex, viz. [Li(terpy),]". As indicated by a much larger overall
chemical shift, the tridentate terpy ligand leads to a significantly more stable complex as compared
to bipy. Interestingly, at sub-equivalent concentrations of terpy the 'Li spectra exhibit significant
line broadening. A closer look at these spectra revealed a coalescence of various NMR signals. This
observation can be attributed to weak interactions between terpy and Li', as well as the presence of
dynamic equilibria between different lithium ligated species in the IL solution. Because of these
significantly broadened signals, the coordination number with respect to the terpy ligand can only
be roughly determined at room temperature. To resolve this complication, the measurements were
repeated at 50 °C. Although the overall equilibrium between solvated and coordinated lithium ions
(eq. (2)) is influenced by the elevated temperature (the chemical shift becomes smaller, indicating
an exothermic complex-formation reaction), the signals at sub-equivalent concentrations become

significantly sharper due to the accelerated exchange between the different lithium species.
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However, the 'Li NMR data clearly reveal that also a maximum of two terpy molecules can occupy
the first coordination sphere of Li" in [emim][NTf,] under the selected conditions.

In terms of the ionic liquid [emim][ClO4], the stepwise addition of bipy resulted in a clear
discontinuity of the chemical shift at a molar ratio of [bipy]:[Li'] = 2:1, and similar to the results
obtained for [emim][NTf;] the formation of the cationic complex [Li(bipy):]" could be observed.
Due to the low coordination ability of CIO4, its coordination behavior towards Li" in the solute
state is still unclear. Although most studies on related systems indicate that Li" is four-fold
coordinated in solution, several crystal structures exhibit Li" ions coordinated in an octahedral mode
by six monodentate bound C10, anions.* Therefore, we cannot completely exclude the additional
coordination of a maximum of two ClO,4” anions within the first coordination sphere of [Li(bipy),] .
In contrast to bipy, the coordination of two terpy ligands leads to a saturation of the first
coordination sphere and the coordination of additional solvent anions can therefore be excluded.
Similar to the observations in terms of the IL [emim][NTf], the successive complexation of Li" in
[emim][ClOy4] also resulted in a significant line-broadening of the NMR signals at sub-equivalent
concentrations of terpy. Though these broad signals clearly indicate the presence of equilibria
between different lithium ligated species, the exchange rate between these species seems to be
much higher as compared to [emim][NTf;], and the formation of intermediate species (i.e. more
than one signal) cannot be observed in the spectra. This observation can be ascribed to the smaller
size of ClO4~ as compared to the sterically demanding NTf,™ anion and the lower donicity of ClO;,".
These effects lead to a much faster exchange between terpy and ClO4~ on Li", which in turn will
lower the stability of the resulting terpy complexes.

As outlined by the data presented in Table 4, the stability of [Li(ligand),] complexes in
general increases on using terpy instead of bipy. This observation can be explained by the stronger
chelate-effect of the terpy ligand, which results from the additional N-donor atom. The largest
increase in the complex stability can be observed for the formation of [Li(terpy).]" using the non-

ionic solvent nitromethane.”® Here, S, was found to be eleven times higher as compared to the
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formation of [Li(bipy),]". As a consequence of the low polarity and the low coordination ability of
nitromethane, solvent-solute interactions are very weak and the stability constants determined from
nitromethane best reflect the influence of the chelate effect. In terms of the employed ILs, -
increases significantly more (on going from [Li(bipy)a]” to [Li(terpy),]") for [emim][NTf,] than for
[emim][ClO4], despite the lower DN of [emim][ClO4]. This effect originates from the smaller size
of the perchlorate anion and its lower coordination ability. Both lead to a much faster exchange
between terpy and ClO,” on Li', and thus to a lower stability of [Li(terpy),]” in [emim][ClO4]. A
similar observation can be made in terms of [Li(bipy).]". Although for both ILs, the observed
stability constants are of the same order of magnitude, 2 should be definitely higher in the case of

[emim][ClO4] with respect to the lower donicity of this solvent.

Table 4. Overall stability constants f, for Li(bipy), and Li(terpy), complexes.'®

Complex Solvent Donor Number B, M7 logf, AH°[kJmol'] AS°[J K" mol’]
[Li(bipy),]” [emim][NTf] 11.2 (29 +£3) x 10° 4.46 -30.8+0.1 +18.1+0.3
[Li(bipy),]”  [emim][ClO4] 7.6 (28 +3) x 10° 4.45 26.4+0.3 35+1
[Li(bipy),]"  nitromethane 2.7 (57 £8) x 10° 476 -16.1+0.3 +37+1
[Li(terpy),]”  [emim][NT£] 11.2 (156 £ 10) x 10°  5.19 -30.9+0.1 4.1+0.3
[Li(terpy),]”  [emim][ClO,] 7.6 (48+11)x 10° 4.68 6.9+0.1 +66.6 + 0.4
[Li(terpy),]”  nitromethane 2.7 (635 +204) x 10° 5.80 -243+04 +30=+1

However, the data clearly show that complex stability in general decreases on applying ionic
reaction media. Besides a specific influence of the appropriate anions of an IL, such as their Lewis
basicity or steric effects, this observation can be attributed to stronger solvent-solute interactions as
a consequence of the ionic character and the higher polarity. In agreement with the experimental
observation that the overall chemical shift becomes smaller on increasing the temperature, the

determination of the standard reaction parameters resulted in negative values for AH®, viz. an
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exothermic complex-formation reaction. Although, a standard reaction enthalpy of AH®=-6.9 £ 0.1
kJ mol™ for the formation of [Li(terpy),]” in [emim][ClO4] seems to be small compared to the other
data, this value can be explained in terms of a high lability as a consequence of the fast exchange
between terpy and ClO,” on Li". The activation enthalpy AH” for both, the forward and the
backward reaction in eq. (2) seem to be of the same order of magnitude, thus resulting in the small
value of AH°. On the contrary, this system exhibits an exceptionally high standard reaction entropy
of AS® =+66.6 + 0.4 J K' mol”, which suggests that the formation of [Li(terpy),]" in [emim][C1O4]
is an entropy driven process. Notably, the same reaction behaves the other way around on using
[emim][NTf;] as solvent. Here, the standard reaction enthalpy AH°=-29.9 + 0.1 kJ mol” was found
to be large, whereas the standard reaction entropy AS° = -4.1 + 0.3 J K™ mol™ was found to be close
to zero. Therefore, complex-formation of [Li(terpy),]” becomes an enthalpy driven process on
applying [emim][NTf;] instead of [emim][ClO4] as IL. In contrast to the non-ionic solvent
nitromethane, lithium ions, or more generally speaking metal ions, dissolved in ILs exhibit an
anionic solvent shell. Thus, the complex-formation reaction involves a change in the overall charge
on going from [Li(anion),]™" to [Li(terpy),]", and leads to a spreading out of the second
coordination sphere of Li". Although the presented values of AS® are influenced by these bonding
and solvation effects, the large difference between AS® determined for the formation of [Li(terpy),]”
in [emim][NTf;] and [emim][ClO4] can also be explained by the number of solvent anions,
substituted during the complex-formation process. In the case of [emim][NTf,], two solvent anions
were found to occupy the first coordination sphere of Li".** Therefore, the complex-formation
reaction of [Li(terpy),]” involves substitution of two solvent anions by two ligand molecules. In
total, there is no change in the number of free molecules which would lead to an increase in the
disorder of the system. Unfortunately, there is no clear information available on how many ClO4~
anions are coordinated to Li" in [emim][C1lO4]. On considering a number of four to six ClO,” anions
that occupy the first coordination sphere of Li" dissolved in [emim][ClO4],49 the formation of

[Li(terpy)2]” involves the displacement of four to six solvent anions by two ligand molecules. In
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total, the number of free molecules increases by two to four per lithium ion which will lead to a
significant increase in the disorder of the system, and therefore to a notably higher value of AS°. In
terms of the formation of [Li(bipy),]’, the interpretation of the standard reaction entropy is very
difficult. Due to the smaller size of the bipy ligand, the first coordination sphere of Li" is not
completely saturated and a coordination (or at least partial coordination) of one or more solvent
anions should be considered.

Based on the NMR studies, crystals were grown with a threefold excess of chelate over Li",
to determine the coordination behavior of bipy/terpy in the solid state and to investigate the
influence of the applied ILs on the crystallization process. In general, it could be observed that both
7 stacking and charge neutralization mainly control the solid state structure.'® Although C10,™ and
NTf,” exhibit a low donicity, both anions were found to coordinate to Li" in the solid state.
Depending on the interplay between ligand size, anion size and their coordination behavior, the
formation of either monomeric or dimeric or polymeric lithium species could be observed. As
shown in Figure 7a, the coordination of bipy to Li" in [emim][ClO4] leads to the formation of
crystals which exhibit a monomeric lithium species. In agreement with the NMR data, each lithium
ion is coordinated by two bipy molecules. Due to the small size of ClO4", the polyhedron exhibits
enough space for the additional coordination of a n*-bound C10,™ anion and charge neutralization
does not disturb the complex-formation of [Li(bipy),] in the solid state. On the contrary, the
application of [emim][NTf;] leads to the formation of the discrete dimeric lithium species
[Li(bipy)(NTT;)]» (see Figure 7b), in which each lithium cation is formally coordinated by only one
bipy ligand and one NTf,” anion.'® On considering the size of the NTf,™ anion, the formation of a
monomeric species as observed for [emim][ClO4] is not possible. Although the NTf,™ anion offers
different possible ways to coordinate to a metal center (N-donor as well as O-donor), a large degree
of pn-drn bonding within the N-S moiety leads to charge delocalization over the whole NTf,” anion
and to a preference for coordination via oxygen atoms instead of the nitrogen atom.’' In

combination with a bidentate ligand such as bipy, the electronic and steric properties of the NTf,”
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anion lead to the formation of the observed dimeric structure. Similar results were already reported
by Davidson et al. on the coordination of TMEDA to Li" in the presence of Nsz_.52 Thus, the

obtained crystal structure does not support the complex-formation process in solution.

Figure 7. (a) Molecular structure of Li(bipy),ClO4; (b) Molecular structure of [Li(bipy)(NTf,)],.

Notably, the coordination of terpy to Li" in [emim][ClO4] resulted in similar dimeric species
(see Figure 8a) as observed for [Li(bipy)(NTf;)],. To generate such a structure, the anionic
component must at least be able to act as bridging ligand, otherwise dimerisation would not be
possible. In the case of [Li(terpy)(ClO4)]s, the tridentate terpy ligand is much larger as compared to
the bidentate bipy ligand. However, the larger size of the terpy ligand is compensated by the smaller
size of the ClO4 anion. The same observation can be made with respect to the occupied
coordination sites. Although the terpy ligand requires an additional coordination site on Li", this site
is in principle provided by the ClO4™ anion. Due to its tetrahedral structure, ClO4~ can only act as
bidentate or bridging ligand; compared to the structure presented in Figure 7b, one coordination site
on Li" is not used and can therefore be occupied by the third N-donor atom of the terpy ligand. On
using [emim][NTT;] as solvent, the coordination of terpy leads to the formation of the polymeric
lithium species [Li(terpy)(NTf,)], (see Figure 8b). Interestingly, NTf,™ behaves in this case as a bis-

monodentate ligand bridging the individual Li" ions with frans-positioned oxygen atoms of different
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sulfonyl subunits. This observation can be ascribed to the strong chelate effect of the terpy ligand
and the sterical demanding nature of the NTf,™ anion. In contrast to the dimeric species presented in
Figure 7b, the required additional coordination site at the lithium center is already occupied by the
third N-donor atom of the terpy ligand and, in addition, the NTf,” anion is much too voluminous to

generate a similar dimeric lithium complex.

Figure 8. (a) Molecular structure of [Li(terpy)(ClO,)],; (b) Molecular structure of [Li(terpy)(NT£)],.

Activation of small molecules

As a result of both, steric factors as well as repulsive and attractive interactions between
identical and different charged ions, ILs have a very specific inner structure with empty cavities
between their cations and anions. Since these cavities can be occupied by small molecules, ILs
exhibit a high solubility for several gases.”> However, systematic investigations clearly showed that
gas solubility in ILs rather depends on the polarity and polarisability of a gas than on the size of the
molecule or the size of the cavities.”* Therefore, polar gases like carbon dioxide (CO,) tend to be
excellently soluble in most ionic liquids, whereas hydrogen tends to be only moderately soluble,
despite its much smaller molecular size.”” In terms of chemical reactions that involve dissolved
gases, such as carboxylation, hydroformylation or hydration, ILs can be an interesting alternative to

conventional solvents, since they allow the application of a much higher gas-saturation in the solute
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state. Based on our own interest in the activation of small molecules™® such as nitric oxide (NO) or
CO,, we started to transfer inorganic and bioinorganic model reactions, extensively studied in
conventional solvents before, into ILs to investigate the influence of their unique properties on the

reactivity of these systems,lo, 17,18

Activation of NO

The interaction of NO with aquated Fe" is one of the easiest examples of NO activation and
has become the famous brown-ring-test in introductory freshman laboratory courses. Nevertheless,
fundamental details of the underlying reaction, such as the electronic properties of the Fe"-NO
adduct have not been well understood in the past and even misinterpreted in undergraduate text
books. Detailed mechanistic and spectroscopic studies later showed that the generated nitrosyl
complex can be best described as high spin Fe(IIl) (S = 5/2) antiferromagnetically coupled to NO~
(S = 1) and the previous assumption of the presence of [Fe'(H,0)s(NO")]*" has proven to be
wrong.”’ Since many biological processes take advantage of the unique Red/Ox behavior of Fe-
complexes, which is tuned by the appropriate ligand shell,™ the question arises to which extent the
reactivity of the brown-ring-test is influenced by the appropriate solvent shell. In terms of ILs used
as solvent, the question is even more fundamental and must be formulated as: How do iron-salts
dissolve in ILs? We therefore transferred the classical brown-ring-reaction into ILs, to study the
influence of the solvent nucleophilicity on the reactivity of the dissolved Fe'-ions.'®

Despite its relatively high DN of 37.8, we selected the ionic liquid [emim][dca] (1-ethyl-3-
methylimidazolium dicyanimide), since it exhibits a low viscosity and readily dissolves FeCl,. In
contrast to acidic aqueous solution in which Fe"is dissolved as [Fe(H,0)¢]*", three different ligands
are possible on applying [emim][dca] viz. CI” from the iron salt, H,O present as contaminant in the
hygroscopic IL and dca”. However, crystal structure analysis clearly showed that Fe' exhibits
distorted octahedral coordination geometry, in which the equatorial positions are occupied by four

dca™ anions and the axial positions by one dca™ and one CI” anion. Notably, the equatorial bound
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dca” ligands are coordinated via the cyano N atoms, whereas the axial dca™ ligand is coordinated via

the amido-N atom.'®

Figure 9. Crystal structure of [Fe(dca)sCl1]*"

In terms of the axial bound dca™ ligand, the strong c—donor effect of the cyano groups leads
to a labilisation of the trans-positioned chloride ligand through the amido-N atom (see Figure 9)
which can be seen from an elongation of the Fe-Cl bond. We, therefore, assume that the chloride
ligand is substituted by NO to result in [Fe(dca)sNOJ*. This assumption is in agreement with a
significantly faster reaction rate as compared to aqueous medium and a mechanistic shift from I4 to
D, as discussed in more detail below.

Exposure of a degassed solution of FeCl, in [emim][dca] to nitric oxide leads to a significant
increase in absorbance, resulting in band maxima at 465 and 630 nm. Although these absorbance
changes are shifted to longer wavelength, as compared to aqueous solution (viz, 451 and 585 nm),
the typical greenish-brown color of the resulting solution indicates the formation of an Fe-NO
adduct similar to the brown-ring-test.”’ Bubbling an inert gas through the solution leads to reversed

spectral changes indicating a complete reversibility of reaction (3).
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on

[Fe(dca)sCI]* + NO

[Fe(dca)sNOJ>  + CI (3)
Koy

With respect to the high velocity of the binding of NO to [Fe(dca)sCl]*, the kinetics was
studied on applying laser-flashlight photolysis instead of stopped flow techniques. Irradiation at 532
nm induces a dissociation of the nitrosyl complex and a rapid release of NO (bleaching of the
solution) which is followed by a subsequent relaxation of the system back to the original position of
the equilibrium. Kinetics was studied under pseudo-first-order conditions with at least a 10-fold
excess of Fe' over NO as a function of temperature and pressure. The excess of Fe'' is necessary to
avoid the formation of higher nitrosyl-adducts.”” The observed rate constants ks resulted in linear
concentration dependences which allowed a determination of k,, and k. from slope and intercept,
respectively. The appropriate rate constants and activation parameters AH?, AS” and AV” are

summarized in Table 5 in compared to the data derived from aqueous solution.”’

Table 5. Rate constants and activation parameters for the reversible binding of NO to Fe" in [emim][dca] and H,0.'%%

solvent k,,[M's"1at208 K AH,, [kJ mol] AS o [J K" mol | AVZ,, [em® mol™)
[emim][dca] (23+0.2) % 10 27+4 -14+12 +143+0.5
H,0 (1.42+0.04) x 10° 37.1£0.5 3+2 +6.1+£04
solvent ko [s'] at 298 K AH g [k mol']  AS7.; [J K mol”] AV ot [em® mol ™)
[emim][dca] (1.0£0.6) x 10° 66 + 3 +73+9 +25+2
H,0 (3.2+0.7) x 10° 48 + 1 -15+5 +13+0.2

Since k,y is obtained by extrapolation from plots of ky vs. [Fe(dca)5C1]4', and the
determination of 4S” involves an extrapolation to 1/T = 0, especially the 45 values for the “off”

reaction are subjected to large error limits. Therefore, it is difficult to draw mechanistic conclusions
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based on the reported AS” values. In this context, the activation volume AV*, which describes the
effect of hydrostatic pressure on the rate constant, is a more reliable parameter.”® A volume profile,
constructed on the basis of the high pressure kinetic data is shown in Figure 10. The standard
reaction volume A47° = -11 = 2 cm® mol”, indicates that there is an overall decrease in the partial
molar volume during the substitution of CI” by NO. Both, the forward and the back reaction of (3)
occur according to a dissociative mechanism. A comparison of the appropriate rate constants
derived from [emim][dca] and aqueous solution shows that both the “on” and the “off” reactions are
significantly faster in the applied IL than in aqueous medium (see Table 5). In some previous
studies on ligand substitution reactions of Pt" complexes'* and on the reversible binding of NO to a

™ porphyrin,'® we observed significant deceleration effects caused by the

monohydroxo ligated Fe
polarity and nature of the applied ILs. Here, the substitution of the chloro-ligand is significantly
influenced by donicity of the trans-positioned dca” ligand. The strong c-donor effect of the two
cyano groups leads to a labilisation of the chloro ligand through the coordinated amido-nitrogen
atom and to a significant acceleration of the substitution reaction. The release of NO during the
“off” reaction exhibits a much higher activation enthalpy as compared to the “on” reaction, and is
characterized by a more positive activation entropy, suggesting that solvent reorganization plays an
important role in this process. A further consequence of the labilizing effect of the frans-positioned
dca” ligand is a mechanistic change from an I observed for aqueous solution to a limiting D
mechanism in the case of the IL. This can be clearly seen from a comparison of the volume profiles
established for [emim][dca] and water (see Figure 9). The AV* values found for the “on” and “off”
reactions in [emim][dca] confirm the dissociative nature of both reactions and are close to the
partial molar volumes of the CI” (16.45 cm® mol™)® and of NO (27 em® mol™).®" The overall
negative reaction volume 4V° found for [emim][dca] as compared to the positive reaction volume

found for aqueous medium (see Figure 9) can be accounted for in terms of the contribution of the

very positive activation volume of the “off” reaction in [emim][dca]. The latter is also related to a
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strong labilization of NO by the frans-positioned dca” ligand similar to the chloro ligand in the case

of [Fe(dca)sCl]*.
A
S [ (dealsFen+Cr+NO ]*
£ (dca)sFe - OHE
E {HiO)Fe® <7
G, "~ NO
2 ] +1.3+02
5 +14.3 0.5 _
g +25+2 +6.1+0.4 Fe{0)NOJ> + H,0
E +4.8 + 0.6
E [Fe(dca),Cll* + NO [Fe(H:0l2* + NO
E M =x2
5 :
[Fe{dca)s(NO)]> + CI

Reaction coordinate

Figure 10. Volume profile for reaction (3) based on the determined volumes of activation (left), and by way of

comparison the corresponding volume profile for the same reaction in aqueous medium (right).

The X-Band EPR spectrum of the nitrosylated Fe' solution clearly reveals two EPR active
species present in the frozen solution. Besides some low intensity signals in the region between g =
2.16 and g = 2.10, which point to small impurities of Fe'", a very asymmetric broad signal centered
at about g = 1.98 is typical for “free” NO molecules in frozen solution. The low g-value and the
large width of this S = 1/2 species indicate the presence of substantial spin-orbit interaction, as
expected for the NO radical. The low-field part of the spectrum together with the signal at g = 2.04
could be assigned to an iron nitrosyl complex with g values of 4.05, 4.05 and 2.04, which are
typical for a spin quartet species (S = 3/2) with dominating zero-field splitting, D >> Av (0.3 cm™ at
X-band), and vanishing rhombicity, E/D = 0. Similar spectra have been observed for solutions of
[Fe(edta)(NO)],% and [Fe(H,0)sNO]CL.”” Therefore, the sub-spectrum assigned to the nitrosylated

iron-dca complex confirms the S = 3/2 ground state of the {FeNO}’ core.

32

Page 32 of 44



Page 33 of 44

Dalton Transactions

The zero-field Mossbauer spectrum of the nitrosylated Fe' solution can be deconvoluted
into two overlapping quadrupole doublets with an intensity ratio of about 1:4. The major doublet
shows a very large isomer shift, 0 = 1.25 mm s, and a large quadrupole splitting, |AEp|=2.28 mm
s, similar to the precursor [Fe(dca)sCl]*. These parameters were also observed in other Fe'-dca
species and are indicative of a high-spin Fe' ion in an octahedral ligand environment.®* Thus, the
contribution (79.3%) can be assigned to non-reacted [Fe(dca)5C1]4', which nicely agrees with that
expected for a saturated NO solution. The Mdossbauer parameters of the second doublet, 6 = 0.74
mm s~ and |AEo| = 2.07 mm s, are similar to those found for [Fe(H,0)sNOT*" (6 = 0.76 mm s
and [AEp| = 2.1 mm s1)*" and can therefore be assigned to the nitrosyl complex [Fe'"(dca)sNO™]*.

Both, the Mossbauer and EPR parameters of the resulting nitrosyl complex closely resemble
those of other well-characterized nitrosyl complexes. We therefore suggest, that the electronic
structure of [Fe(dca)sNO]" can best described by a high-spin Fe'' center (S = 5/2)
antiferromagnetically coupled to NO™ (S = 1) yielding the observed spin quartet ground state (S, =

3/2).

Activation of CO,

Over the past decade, carbon dioxide has extensively been discussed in terms of its role as
greenhouse gas and its contribution to the overall global warming process. In this context, current
research pursues two main objectives: i) a general decrease in the CO, emission®® and ii) a recovery
of CO; in terms of a reduction to methanol. One possible way of such a recovery could be the
activation by a hydride transfer reaction in which CO; is first reduced to formic acid, followed by
further reduction.®® The insertion of CO; in [Ru(bipy)(terpy)H]" (Ru—H) to result in the appropriate
formate complex [Ru(bipy)(terpy)OCHO]" (see Figure 11), is a very interesting example of CO,
activation, since the reactivity of the hydride complex Ru—H strongly depends on the acceptor
properties of the applied solvent.®® 7 Depending on the ability of a solvent to accept electron

density, the hydridic character of Ru—H decreases or increases, as an effect of a stabilization or
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destabilization of the hydride ligand. However, the application of an IL used as solvent offers the
combination of two very interesting aspects: i) the possibility to work at much higher maximum
gas/CO; saturation and ii) the possibility to exemplarily investigate the influence of the acceptor
properties of an IL. We therefore selected the IL [emim][NTf,] since it exhibits a low viscosity, a
high optical purity and a moderate AN of 27.4. In addition to our studies applying [emim][NTf;],
we reinvestigated some literature data concerning conventional solvents such as water or short

chain alcohols.

k
+ CO, -—kL‘ [Ru(terpy)(bipy)OCHOJ*
2

Figure 11. Reaction of Ru—H with CO, leading to the formation of a formate complex.

In general, the insertion of CO, in Ru—H was studied under pseudo-first-order conditions as
a function of the CO, concentration, temperature and pressure, to determine the rate constants and
activation parameters AH”, AS” and AV, respectively. Although, the application of ILs could be
problematic in terms of their higher viscosity'” as compared to conventional solvents, in the case of
[emim][NTf;] the stopped-flow kinetics were not affected by the viscosity and showed single-
exponential behavior. For all solvents under investigation, the observed rate constants ks resulted
in linear concentration dependences, with no significant intercept. Therefore, the insertion of CO, is
an irreversible process and the presence of an equilibrium between [Ru(bipy)(terpy)H]" and
[Ru(bipy)(terpy)OCHO] " could not be observed. The corresponding second-order rate constants and

activation parameters are summarized in Table 6.
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Table 6. Rate constants (at 25 °C) and activation parameters for the reaction between CO, and Ru-H.17

Solvent kM's']  k(iterature) AH [kJmol'] AS[JK'mol'] AV [cm’ mol] AN
[emim][NTf,]  0.447 + 0.004 - 33.840.5 -138+2 -144+18 27.4
EtOH 0.05+0.01 0.464 * 40.7+0.5 -114+2 359+ 1 37.1
MeOH 4.08 £ 0.01 4.69 * 34.6+1.0 -116+3 -39.3+0.8 41.3
water 1320 + 30 850 * 59.1+0.6 +14+2 -5.9+0.6 55

* These values were taken from ref. 66

Due to the autoprotolysis of water and the formation of hydrogen carbonate HCOj;™, the
measurements performed in aqueous solution turned out to be very complex and will therefore be
discussed in more detail. On dissolving Ru—H in pure water, protons provided by the autoprotolysis
lead to the generation of molecular hydrogen and therefore to a decomposition of the Ru—H
complex.®® Although, this process is slow because of the low proton concentration at pH 7, the time
slot of the complex stability is not sufficient to perform temperature or pressure dependence studies.
On increasing the pH to 9.5, the complex turned out to be stable for several hours, but the
concentration of reactive CO, significantly decreased as a consequence of the formation of HCOs".
To accommodate this complication, a pH jump approach appeared to be reasonable, since the
formation of HCOs" is significantly slower than the insertion of CO;. Therefore, the CO, solution
was buffered at pH 5.8 before mixing with Ru—H in the stopped-flow apparatus. Our first idea, to
use CO; itself to create a buffer with added sodium bicarbonate seemed to be tricky, since the
equilibrium between CO, and HCO; (reaction (4)) is very sensitive towards temperature and
pressure changes.69 On going from ambient pressure up to 130 MPa, the pH value decreases from
pH 5.8 to pH 5.2. However, due to the high excess of the added CO,, the effect of the pH change

turned out to be very small and therefore negligible.

CO, +2 H,O0 == H,CO; + H, O = HCO; + H3O+ (4)
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In contrast to the CO,/HCO;" system, the buffer-equilibrium of MES (2-(N-morpholino)-
ethansulfonic-acid) is almost independent of pressure.”® Although the proton concentration was kept
constant on using MES instead of bicarbonate, the pressure-induced shift in the CO,/HCOs3~
equilibrium significantly affected the concentration of reactive CO, which decreased from 1.75 mM
at ambient pressure to 1.07 mM at 130 MPa. Due to the fact that both buffer equilibria nearly
exhibit the same pK, change as a function of temperature, MES as well as bicarbonate resulted in
the same values for AH” and AS” and a correction of the appropriate CO, concentrations was not
necessary.’” !

The activation volume AF” consists of two components. One part, the intrinsic volume
change, is generated by bond formation and bond cleavage processes, whereas the other part is
caused by solvational changes such as a spreading out or contraction of the solvent shell as an effect
of changes in the overall charge.”” In contrast to ligand substitution processes, the insertion of CO,
does not result in a leaving ligand and the intrinsic volume change has to be largely negative.
Moreover, AV* should mainly reflect the associative nature of the insertion process, since there is
no change in charge on going through the transition state and the effects of solvation are therefore
expected to be small. As summarized in Table 6, for all solvents under investigation, the pressure
dependence resulted in negative values of AV?, but only in the case of methanol and ethanol the
observed activation volume is in the order of the partial molar volume of CO,. In terms of water and
[emim][NTf;] as solvent, the interpretation of AV* seems to be difficult, since the activation volume
is significantly more positive. Unfortunately, reliable data on the partial molar volume of CO, in
ILs are still scarce. A molecular dynamics study by Huang et al. showed that the partial molar
volume of supercritical CO; dissolved in [bmim][PF¢] and other ILs is very low as compared to that
of bulk supercritical CO,.”> They account for this behavior in terms of the cavities between the
cations and anions of an IL, which can excellently be occupied by polar molecules such as CO..
This may also explain the smaller activation volume in the case of [emim][NTf;], but the effect of

the partial molar volume of gas dissolved in ILs is still not completely understood and the
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interpretation of the activation volume is therefore uncertain. In the case of water, the activation
volume becomes even more positive as compared to [emim][NTf,], indicating that the insertion of
CO, must be controlled by other factors than simple bond formation processes. Since hydrogen-
bonded water molecules play an important role in the insertion process, the observed activation
volume can be explained in terms of a rearrangement of the solvent shell. Although the intrinsic
volume change is expected to be the same as for the other solvents under investigation, the
formation and cleavage of hydrogen bonds could affect local charge-formation/neutralization
processes and so contribute towards the observed activation volume in terms of changes in the
solvent shell. Similar effects also account for the significantly more positive activation entropy
value.

As outlined above, the hydridic character of Ru—H strongly depends on the ability of the
surrounding molecules to accept electron density and Konno et al. noticed a dependence of In &, on
the AN of the applied solvent (see Figure 12).°® Although, the AN of ethanol is larger than
[emim][NTf;], the corresponding &, values are of the same order of magnitude. Nevertheless, the
AN of the applied IL and the resulting rate constant fit very well. In terms of the high reaction rate
observed on applying water as solvent, several studies concerning the hydrogenation of carbon
dioxide revealed that water, either as ligand or as solvent, has a decisive impact on the reactivity by
generating hydrogen bonds with the reactants.”* ”* In our case, the presence of a water ligand can be
excluded, due to a lack of vacant coordination sites on the Ru—H complex. However, theoretical
studies by Creutz et al. on the reaction mechanism clearly showed that water molecules have a
crucial influence on the transition state of the reaction by forming hydrogen bonds with the oxygen
atoms of the inserting carbon dioxide molecule.®® Notably, the AN of water seems to account for

this influence quite accurately.
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Figure 12. Relationship between In &, and the acceptor number (AN) for various solvents;

the appropriate data for acetone, DMF and MeCN were taken from Kono et. al. (ref. 66).

Conclusions

This perspective outlines the important role of the donor and acceptor properties of ILs used
as solvent. In terms of typical inorganic reactions, the reactivity and the mechanistic behavior of
dissolved metal complexes can seriously be influenced by the donicity of ILs, which mainly results
from the nature of the anionic component. Besides electrostatic interactions which can lead to a
shift of charge density, anions with a high nucleophilicity can occupy vacant coordination sites or
even displace weaker bound ligands. In most cases, such donor interactions were reported to cause a
loss of reactivity, but some reactions also seem to benefit as shown by the “brown-ring-reaction”
performed in [emim][dca].

Since typical inorganic reactions involve charged metal complexes, many effects observed
on applying ILs, can be ascribed to the donicity of the ILs. However, some observations can only be
explained in terms of the acceptor properties of the applied solvents. Especially, anionic metal

complexes or complexes which exhibit regions of high electron density can be influenced by
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interactions with the cationic component of ILs. These interactions are comparatively weak, since
most ILs consist of organic cations, with a high degree of steric hindrance and charge
delocalization. Therefore, the insertion of CO; in [Ru(bipy)(terpy)H]" was found to be the slowest
on applying the IL [emim][NTf;] as solvent despite the positive charge of the [emim] cation.
Although the Donor and Acceptor concept cannot describe all aspects of solvent properties,
our work nicely shows that the donor and acceptor numbers can be used as a proper indication to
predict the coordination of ILs used as solvents. However, due to the large variety of different ILs
already available, this article could only focus on a very small selection of ILs and their possible
interactions. Therefore, our understanding of how metal salts dissolve in ILs or how ILs interact
with substrates, still remains rather limited. Although a good understanding of the role of
conventional solvents has been developed during the past decades, much more remains to be done

to reach a similar understanding in the case of ILs.
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