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A B S T R A C T

Sensing of weakly coordinating anions remains a significant challenge, due to their relatively low basicity. Our 
theoretical and experimental investigations show that a ferrocene moiety, incorporated into a receptor molecule 
not only serves as an electrochemical marker, but also able to participate in the binding of weakly coordinating 
anions, making possible their detection. Geometrical parameters of DFT-optimized structures of complexes, 
formed by the binding of [BF4]− , [OTf]− and [CF3CO2]− anions to the isomers of protonated 1-(4-ferrocenyl-6- 
phenylpyrimidin-2-yl)-3-phenylurea revealed the formation of C-H—anion hydrogen bonds between ferrocene 
and the O or F atoms of the coordinated anion, which is supported by bond order, QTAIM, NCI as well as 
chemical energy component analysis. Importantly, the computational predictions of hydrogen bond formation 
are corroborated by low-temperature 1H NMR titration experiments, highlighting the essential role of combined 
experimental and theoretical investigations in accurately characterizing anion recognition processes.

1. Introduction

Although the first scientific report on artificial anion receptors was 
published in 1968 [1], it took another 20 years for the field of anion 
sensing to get the attention of the scientific community. However, in the 
past few decades this field has been growing relentlessly, partly because 
of the rapid development of the application of host-guest chemistry in 
analytical chemistry, partly because of the growing demand for fast and 
reliable methods for anion sensing [2–11].

The key properties of a chemical sensor are high selectivity towards 
the analyte and long-term reversibility. These can be achieved by several 
types of binding sites forming covalent and noncovalent bonds, the latter 
including ion-dipole or electrostatic interactions as well as H-bonds and 
H-bond induced deprotonation reactions [12,13]. Efficient receptors are 
based on diamides [14–16], carbazoles [17,18], squaramides [19], 
sulfonamides [18,20], barbiturates [21], naphtalene imides [22–24], 
organoboranes [25–29], diaminomethylenemalononitriles and dia
minomethyleneindanediones [30], boronic acids and esters [31,32] etc., 
but urea and thiourea groups [33–41] are without doubt the most 
popular binding sites.

Beside high selectivity and affinity towards guest anions, another 
important issue is the conversion of the chemical information of sensing 

to a physical signal that needs to be measured easily, reproducibly and 
fast. The most favorable techniques are based on optical [42–46] or 
electrochemical [47,48] methods. One of the most widely used elec
trochemical markers is ferrocene, whose thermal stability, relatively low 
oxidation potential and reversible electrochemical behavior make it 
especially appropriate for the purpose. The binding of anions can easily 
be monitored by voltammetric methods through the shift it causes in the 
potential of the ferrocene/ferrocenium redox couple [14,33–37,49–54].

There are numerous examples of artificial anion receptors designed 
for the detection of strongly basic dihydrogenphosphate [36,55], 
carboxylate [56–58], or halide anions [35,39,54,59–61], but there are 
only a handful of studies [62–64] addressing the sensing of anions of 
strong acids (often referred to as weakly coordinating anions, WCA), 
such as [BF4]− , [OTf]− or [PF6]− , despite their widespread application 
in organic chemistry and catalysis [65]. The reason for the lack of WCA 
receptors is that these anions tend not to form complexes with sensor 
molecules, due to their relatively low basicity. Quantum chemical sim
ulations can provide invaluable support when searching for appropriate 
WCA receptors.

In recent years, new approaches have emerged in designing anion 
sensors, to increase the binding strength of the receptors by combining 
several weakly bonding binding sites, for example, ordinary N–H and 
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O–H hydrogen bonds with additional Csp2-H, C+
sp2-H, anion-π and 

π-stacking interactions [12,61,66,67]. Interestingly, several papers 
mention the possibility that ferrocene can play a dual role, namely, in 
addition to being an electrochemical “tag”, it can also contribute to 
binding of the anion through its Csp2-H bonds [53,68–71], but no studies 
focus on the deeper understanding of the nature of this interaction.

In our earlier experiments we have observed that ferrocene, when 
built into a ureidopyrimidine receptor that was found to bind strong 
acids primarily at the urea moiety through a coupled protonation- 
coordination process, played this kind of dual role, by forming 
C–H–anion bonds (Scheme 1) [72]. Such kind of coordination has been 
reported earlier by Jordan et al. [40] for a receptor not containing the 
ferrocene tag. The receptor they studied was able to coordinate strong 
acids as CF3COOH or CCl3COOH but it showed no sign of complex for
mation when CH3SO3H was added. In contrast, the receptor synthesized 
in our group forms complexes not only with CF3COOH or CCl3COOH but 
also with even stronger acids such as HOTf and HBF4 [72]. It can be 
assumed that the enhanced affinity of our receptor towards poorly basic 
WCA guests is related to the formation of secondary interactions 
mentioned above. These can arise because the ferrocene and phenyl 
moieties of the receptor are in close proximity to the guest anions bound 
to the urea unit, the primary binding site (Scheme 1).

Originally, ferrocene was intended to be only a “tag” that allows one 
to monitor the anion recognition process via electrochemical methods. 
However, its dual role could be utilized in the design of anion sensors if 
we knew how it operates as a binding unit. This can be learnt by properly 
designed experiments, with indispensable help from quantum 
chemistry.

In this paper we report a combined experimental and computational 
approach to characterize the secondary interactions in complexes 
formed by a ferrocene-containing ureidopyrimidine receptor and anions 
of strong acids (CF3SO3H, HBF4 and CF3CO2H), focusing on the role of 
the ferrocene unit as a binding site and highlighting the significance of 
weak secondary interactions.

In the following sections the results of DFT calculations are presented 
that indicate the formation of secondary hydrogen bonds. Then we 

demonstrate that the existence of such bonds is supported by NCI, 
QTAIM as well as chemical energy component analysis of the wave 
functions. Finally, low-temperature 1H NMR titration results will be 
presented, as an experimental proof of the concept.

2. Methods

Quantum chemistry calculations. All structure determinations were 
performed with the Gaussian 09 software package [73]. Molecular ge
ometries were optimized using the long-range corrected hybrid density 
functional CAM-B3LYP and the cc-PVDZ basis set; the properties were 
also evaluated at this level. We choose the CAM-B3LYP functional in our 
previous work [72] where we calculated UV/Vis spectra. CAM-B3LYP 
[74] is a long-range-corrected functional designed for the calculation of 
electronic spectra, and its range-correlated nature, by including exact 
Hartree-Fock exchange also ensures that it can quite accurately describe 
long-range interactions. The CAM-B3LYP/cc/pVDZ calculations pro
vided good agreement between calculated and measured UV–Vis 
spectra, and together with the analysis of natural transitions orbitals 
[75] enabled us to assign them. The good theory-experiment agreement 
obtained without pseudopotentials on the iron atom suggest that the 
lack of the latter does not seriously influence the electronic structure of 
our complexes. The results concerning the geometries were also 
consistent with the experimental observations, including our earlier 
work [72,76]. To test the performance of CAM-B3LYP in geometry 
optimization and to make sure that no significant nonrelativistic effects 
are missed, all the CAM-B3LYP/cc-pVDZ optimized geometries were 
reoptimized at the ωB97XD/cc-pVDZ levels, and by basis sets in which 
the basis set of the Fe atom was replaced by the LANL2DZ basis set and 
pseudopotential to see possible relativistic effects. The reoptimizations 
introduce so small geometry changes that the energy decreased by 
submillihartrees only. The optimized geometries are available in the 
Supporting Information. The vibrational analysis of the stationary 
structures yielded no imaginary frequencies for the reported geometries. 
Verifying that each of the optimized structures are true minima on the 
potential energy surface. Calculations with the M05-2X functional pro
vided very similar results.

The isotropic 1H chemical shifts for the geometry-optimized struc
tures were calculated with the gauge including atomic orbital (GIAO) 
method [77–79] at the CAM-B3LYP/6–311 + G(d.p) level with the SMD 
solvent model (CHCl3), using TMS shielding calculated at the same 
theoretical level.

Analysis of wave functions by the Quantum Theory of Atoms in 
Molecules (QTAIM) and Non-Covalent Interactions (NCI) analysis were 
performed using the MultiWfn software (version 3.7) [80]. Multiwfn can 
be freely downloaded from http://sobereva.com/multiwfn. VMD 1.9 was 
used for the visualization of NCI illustrations. VMD can be freely 
downloaded from https://www.ks.uiuc.edu/Research/vmd/. Gradient 
isosurfaces (s = 0.6 au) are colored on a blue-green-red scale according 
to values of sign(λ2)F ranging from − 0.04 to 0.02 au. Blue indicates 
strong attractive interactions. and red indicates strong nonbonded 
overlap. Green color marks areas weakly attractive regions in space.

Synthesis. 1-(4-Ferrocenyl-6-phenylpyrimidin-2-yl)-3-phenylurea 
(S) was synthesized as described before [72,76].

NMR measurements. NMR experiments were carried out on a Bruker 
AVANCE 400 spectrometer equipped with a 5-mm BBO probe and var
iable temperature unit operating at 1H frequency of 400.13 MHz. 
Chemical shifts (δ) are reported in ppm relative to the residual CDCl3 
signal (7.24 ppm). Dynamic NMR measurements were carried out using 
a dilute sample (2 mg of S in 500 μL CDCl3) using zg pulse program with 
4 s total relaxation time, spectral width of 10,000 Hz and 128 transients 
for each spectrum. Waiting time between temperature changes were 30 
min. For the titration experiments tetrafluoroboric acid diethyl-ether 
complex was used for the better dissolution of the acid in chloroform 
and for the exclusion of water. The titrations were performed while 
maintaining a constant S concentration of 8.5 mM. The acid 

Scheme 1. Heterocyclic ureidopyrimidine derivatives as strong acid sensors 
coordinating anions by proton transfer and rotation of the urea unit without 
[40], (top and blue color) and with (bottom and red color) a ferrocene tag [72]. 
The bottom panel sketches the extra binding that may become possible when a 
ferrocene unit is present.
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concentration was varied across seven points ranging from 0 to 14.79 
mM, corresponding to 0 to 1.75 equivalents (specifically 0, 0.5, 0.75, 
1.0, 1.25, 1.5, and 1.75 eq.).

3. Results and discussion

The composition and the structure of our sensor molecule (1-(4-fer
rocenyl-6-phenylpyrimidin-2-yl-3-phenylurea, hereafter referred to as 
S) are shown in Scheme 2. Based on our previous studies [72,76,81], two 
conformations can be assumed, the difference between them is that in 
one of the conformers (Sa) the ferrocene substituent, while in the other 
(Sb) the phenyl substituent of the pyrimidine ring is in the proximity of 
the urea moiety. Since the main binding site is the urea group, one can 
foresee that in conformer Sa there is a possibility for interaction between 
the coordinated anion and the ferrocene group, while in Sb the geometry 
of the molecule does not allow such an interaction. In Ref. 72 we have 
shown that anion binding involves a proton transfer to the sensor 
molecule from the acid, accompanied by the rotation of the (phenyl
amino)carbonyl group of the urea unit, as can be seen in Scheme 2.

3.1. Structure of the complexes – Evaluation of secondary interactions

Density-functional theory (DFT) calculations at the CAM-B3LYP/cc- 
pVDZ level were undertaken in order to obtain further information 
about the interactions governing the formation of complexes. In this 
section, the characteristics of the gas phase geometries are described. 
Note that calculations using solvent models (CHCl3, CPCM and SMD) 
lead to similar geometries (Tables S1- S6). Implicit solvation models 
offer computational efficiency for large systems, the most significant 
limitation for WCAs is their neglect of the subtle, site-specific, non- 
electrostatic interactions (dispersion and weak H-bonding) between the 
solute and one or more solvent molecules. To ensure that no such effects 
are missed, we calculated the optimized geometry of [SaH][Y] (Y =
BF4

− , OTf− , CF3CO2
− or none) with an explicit chloroform molecule 

(Table S7). The geometry of the complex remained essentially intact, 
confirming our expectation.

As it was reported before [72], the main driving force of the asso
ciation of anion ([Y]¡) and [SH]þ is the establishment of strong N-H—Y 

hydrogen bonds between the urea amide groups and the guest anion's O 
or F atoms (Scheme 2).

However, bond distances at the optimized geometries, vibrational 
frequency analysis and calculated bond orders suggest that secondary 
interactions also affect the structure of both isomers of the complexes 
(Table 1). Scheme 3 presents the structures of the isomers of the com
plexes studied and the possible secondary H-bonding interactions in 
both isomers.

Inspection of the optimized geometries of the conformers [SaH] 
[BF4], [SaH][OTf] and [SaH][CF3CO2] in which the ferrocene unit 
is in the proximity of the anion shows a Csp2-H—[Y]− interaction be
tween one of ferrocene's aromatic protons and an O or F atom of the 
guest anions ([Y]− ), which is indicated by relatively short O(F)-H bond 
distances (denoted d(Fc—X)) of 2.155, 2.230 and 2.493 Å, in the com
plexes of [BF4]− , [OTf]− and [CF3CO2]− , respectively (Fig. 1). The more 
basic the anion, the longer is this bond, opposite to the trend observed 
for the N-H—[Y]− bond lengths earlier [72], [SaH][CF3CO2] > [SaH] 
[BF4] > [SaH][OTf]. The reason for the difference in trends is not the 
basicity of the anion but its geometry. In the series of these anions, a 
complementary effect can be observed between how favorable is the 
anion's geometry for the formation of the hydrogen bonds to the urea 
binding site and how much the geometry allows the formation of the 
Csp2-H—[Y]− bonds to the ferrocene unit. In particular, the planar 
carboxylate in the [CF3CO2]− anion perfectly fits to the urea binding site 
(see Fig. 1, iii), forming two strong N-H—O bonds. However, there is no 
electronegative atom on the carbon pointing directly towards the 
ferrocene unit, whose cyclopentadienyl ring emerges significantly above 
the urea plane. Thus, ferrocene can interact only with the carboxylic O 
atoms, but the distance between one of the O atoms and the nearest 
ferrocene H atom is relatively large and the C-H—O angle is far from the 
ideal 180◦. One can also see a C-H—F interaction between one of the F 
atoms of the CF3 group and the ferrocene unit but this bond is long and 
the bond angle is not favorable either, which, not surprisingly, makes 
this bond weaker than the C-H—O bond, shown also by the smaller 
Mayer bond orders (Table 1). Thus, in the case of this anion, geometry 
favors the formation of N-H—O bonds but not the secondary hydrogen 
bonds to the ferrocene.

In contrast, the tetragonal structure of the units bound to the urea in 
the [BF4]− and [OTf]− complexes is less favorable for the formation of 
the N-H—X bonds for geometrical constraints: the F–F and O–O dis
tances do not match that of the N–N bond in urea. At the same time, a 
secondary hydrogen-bond can easily form, as one of the F or O atoms is 

Scheme 2. Complex formation of weakly coordinating anions and conformers 
of the ureidopyrimdine guest (Sa and Sb) involving proton transfer and rotation 
of the urea unit. ([Y]− = [OTf]− , [BF4]− or [CF3CO2]− )

Table 1 
CH—X[a] bond lengths (d) and angles, bond orders and C–H stretching fre
quencies characterizing the hydrogen bonds in the [SaH][Y] complexes.

[SaH] 
[BF4]

[SaH] 
[OTf]

[SaH][CF3CO2] [SaH]þ

Fc—X[a] 

interaction
​ ​ ​ ​

d(Fc—X) /Å 2.155 2.230 2.493 (Fc—O) and 
2.669 (Fc—F)

–

C-H—X angle /◦ 164.3 176.4 159.7 (Fc—O) and 
137.3 (Fc—F)

–

νas(C–H) /cm− 1 3239.4 3227.0 3237.3 3249.2
νas(C–H) /cm− 1 3255.4 3254.5 3256.3 3266.1
νs(C–H) /cm− 1 3272.7 3272.0 3273.0 3279.8
Fc—X bond order 0.106 0.101 0.072 (Fc—O) and 

0.029 (Fc—F)
–

PhA—X[a] 

interaction
​ ​ ​ ​

d(PhA—X) /Å 2.424 2.561 2.439 –
C-H—X Angle 134.1 132.3 134.2 –
PhA—X bond 

order
0.043 0.038 0.047 –

νas(C–H) (PhA) 
/cm− 1

3208.9 3207.5 3206.9 3186.3

[a] X = O or F.
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out of plane and does point towards the cyclopentadienyl unit.
The formation of the C-H—O bond is reflected in the 5–17 cm− 1 

decrease of the frequencies of the C–H stretching vibration compared to 
the bare cation, [SaH]þ, (which appears in several normal modes 
because of mode–mode coupling) and in the Mayer bond orders, which 
are remarkably large in the complexes of [BF4]− and [OTf]− . The 
strength of the O(F)-H bond decreases in the order [SaH][BF4], [SaH] 
[OTf] and [SaH][CF3CO2], which is reflected in the bond lengths in 
the series and is paralleled by the magnitude of the C–H stretching 
frequency reduction and the Mayer bond orders.

Another hydrogen bond can also be noticed in the complexes: it can 
be formed between PhA of the conformer a and the O or F atoms of 
anions, with bond distances of 2.424 Å, 2.561 Å and 2.439 Å for [BF4]− , 

[OTf]− and [CF3CO2]− respectively. However, since both the host 
molecule and the anion are relatively rigid and the shape of the acceptor 
cage allows only highly bent Y-H-C arrangements, these bonds are rather 
weak with Mayer bond orders around 0.04. Interestingly, the asym
metric stretching vibration of PhA increases instead of decreasing, i. e. 
these bonds can be classified as improper, blue-shifting hydrogen bonds 
[82]. The structure of complexes formed by additional anions 
([CH3SO3]− and [ClO4]− were also investigated. The relevant bond 
lengths and angles, as well as the C–H stretching frequencies related to 
secondary hydrogen bonds are summarized in Table S8.

Examination of the optimized structures of the complexes formed by 
conformer b of the host (shown in Table 2 and Fig. 2), [SbH][BF4], 
[SbH][OTf] and [SbH][CF3CO2] in which, instead of ferrocene, the 
PhB phenyl ring attached to the opposite side of the pyrimidine ring is in 
the proximity of the guest anions. There is a chance for the formation of 
weak hydrogen bonds involving PhB and the electronegative atoms of 
the anion. This interaction is characterized by C-H—O(F) bond distances 
3.171, 2.529 and 3.171 Å in complexes [SbH][BF4], [SbH][OTf] and 
[SbH][CF3CO2], respectively, reflecting that it is weak and the 
bonding is only remarkable in the case of the [OTf]− anion. Distances 
between the H atoms of PhB and the hydrogen-bond acceptor atoms of 
the anions doesn't follow the basicity of the guest anions here either, 
again due to geometrical reasons such as the large distance between the 
C and X and the far from linear bond angles of the possible C-H—[Y]−

bonds indicate. The Mayer bond orders also show that among these 
interactions the only remarkable is in the complex of [OTf]− where the 
anion can assume the proper orientation. Similar to the complexes of 
conformers a, the distance between the H atom of PhA is also short 
enough to form a hydrogen bond with the O or F atoms of the anions, 
and also with the O atom of the urea group. These are also blue-shifting 
hydrogen bonds, and their strength is similar to those in complexes of 
conformer a ([SbH][BF4], [SbH][OTf] and [SbH][CF3CO2]).

In the complexes of conformer b another interesting weak interac
tion can be observed, although it is not related to anion binding: the 

Scheme 3. Secondary interactions in the structures of [SaH][Y] and [SbH] 
[Y] ([Y]− represents the anions: [OTf]− , [BF4]− , [CF3CO2]− )

Fig. 1. Optimized geometries of i) [SaH][BF4], ii) [SaH][OTf] and iii) [SaH][CF3CO2] (bottom) calculated at the CAM-B3LYP/cc-pVDZ level. Only the most 
important H–Y bond lengths and angles are shown. In the Supporting Information the geometry files are provided to allow the reader to view the spatial ar
rangements using a molecule visualization software.
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ferrocene moiety can get into the vicinity of the O atom of the urea group 
(Fig. 2), which leads to the formation of intramolecular Csp2-H—O type 
H-bond between ferrocene and the carbonyl oxygen. The (Fc)H—O 
(urea) bond distances in the complexes drop by as much as 0.4 Å from 
that in the bare cation (Table 3), indicating that the coordination of the 
anions significantly enhances the strength of this hydrogen bond (which 
in fact is negligible in the host molecule). The frequency of the urea 
C––O stretching vibration decreases from the 1789.5 cm− 1 observed in 
[SbH]þ to 1760.8 cm− 1 in the presence of the least basic anion ([BF4]− ) 
and further to as low as 1710.3 cm− 1 and 1710.5 cm− 1 in the complexes 
of the triflate and trifluoroacetate anions, respectively. The C––O 
stretching frequency is related to the electron density of the urea group, 
which is larger in the complexes than in the bare host molecule (shown 
by the APT atomic charges of the urea O atom, see Table 3). The C––O 
bond weakens as the electron density increases, in the [BF4]− < [OTf]−

< [CF3CO2]− order, i.e. parallel to the basicity of the anion.

3.2. Analysis of the reduced density gradient

The geometrical properties and the changes of the vibrational fre
quencies as well as the Mayer bond orders strongly suggest the forma
tion of secondary interactions between the protonated host molecules 
and guest anions. In order to find additional confirmation for the exis
tence of secondary bond formation, we analyzed the wave functions. 
One of the methods used is based on the reduced density gradient (RDG), 
and identifies the regions between the assumedly noncovalently bonded 
atoms where the density is low and relatively flat [83,84]. These regions 
enclose a bond critical point (see below), which indicates the existence 
of a bond. Plotting the RDG isosurfaces is a useful tool to visualize those 
real-space regions of the complexes where weak bonding interactions 
(referred to noncovalent interactions, NCI by the authors of the method) 
are significant [83,84]. In fact, the term “noncovalent interaction” holds 
only in the sense that these are secondary interactions. Covalency is 
considered to be an interaction involving sharing of electrons, and the 
Mayer bond order reflects the magnitude of electron sharing. Thus, the 
relatively large bond order indices observed for conventional hydrogen 

Table 2 
CH—X[a] bond lengths and angles, bond orders and C–H stretching frequencies 
characterizing the hydrogen bonds in the [SbH][Y] complexes calculated at the 
CAM-B3LYP/cc-pVDZ level.

[SbH] 
[BF4]

[SbH] 
[OTf]

[SbH] 
[CF3CO2],

[SbH]þ

d(PhB—X) /Å 3.171 2.529 3.171 –
C-H—X angle /◦ 167.3 146.1 166.5 –
PhB—X bond order 0.016 0.043 0.026 –
νas(C–H) (PhB) 

/cm− 1
3205.0 3205.1 3204.2 3214.3

d(PhA—X) /Å 2.359 2.466 2.417 –
C-H—X angle /◦ 134.9 154.6 133.9 –
PhA—X bond order 0.048 0.046 0.048 –
νas(C–H) (PhA) 

/cm− 1
3199.2 3198.8 3197.0 3187.3

[a] X = O or F.

Fig. 2. Optimized geometries of i) [SbH][BF4], ii) [SbH][OTf] and iii)) [SbH][CF3CO2] (bottom) calculated at the CAM-B3LYP/cc-pVDZ level.

Table 3 
CH—O bond lengths, C–H stretching frequencies, bond orders and APT charges 
characterizing the secondary Fc—O hydrogen bonds in the [SbH][Y] com
plexes calculated at the CAM-B3LYP/cc-pVDZ level.

[SbH] 
[BF4]

[SbH] 
[OTf]

[SbH] 
[CF3CO2],

[SbH]þ

d(Fc—Ourea) /Å 2.676 2.634 2.602 3.097
ν(C=O) /cm− 1 1760.8 1756.1 1710.3 1789.5
νas(C–H) /cm− 1 3244.8 3244.6 3245.3 3245.5
νas(C–H) /cm− 1 3260.6 3260.2 3260.7 3263.0
νs(C–H) /cm− 1 3275.9 3275.5 3275.7 3278.6
Fc—O bond order 0.037 0.041 0.042 0.014
APT charge of 

Ourea

− 0.949 − 0.954 − 0.971 − 0.882
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bonds (a H-atom bridging two electronegative atoms) and smaller but 
non-negligible bond orders for C-H—X interactions, listed in Tables 1–3
indicate that electrons are shared between the H atom and the electro
negative bridgehead atom, so that the interactions called “noncovalent” 
do involve covalency. Nevertheless, the NCI diagrams are good in
dicators for the existence of secondary bonding interactions such as 
hydrogen bonds. NCI diagrams of complexes [SaH][BF4], [SaH] 
[OTf] and [SaH][CF3CO2] (Fig. 3) clearly show the strong intermo
lecular hydrogen bonds between the urea NH groups and the guest an
ions and also the strong intramolecular bond between the pyrimidine 
and urea moieties marked by blue-and-red surfaces. The regions corre
sponding to the weak interactions identified based on geometrical pa
rameters, vibrational frequency shifts and Mayer bond orders of the 
complexes (Table 1–3) can also be seen on the NCI plots. The Fc—[Y]−

and PhA—[Y]− weak attractive interactions are marked by green 

density lobes between the O or F and the respective H atoms. In [SaH] 
[CF3CO2] the Csp2-H—F attraction can also be noticed beside of Csp2- 
H—O. involving the ferrocene moiety (Fig. 3). NCI visualization of the 
complexes of conformer b (Fig. 4) fully agrees with the conclusions 
drawn in the previous section: attractive Fc—Ourea and PhB—[Y]− in
teractions, and weaker PhA—[Y] attraction.

3.3. QTAIM analysis

The presence of weak hydrogen bonds can be supported by the 
analysis of the electron density based on the Quantum Theory of Atoms 
In Molecules (QTAIM) [85]. According to this theory, if there is a 
bonding interaction between two atoms, then there is a saddle point on 

Fig. 3. NCI illustration of [SaH][BF4](top) [SaH][OTf] (middle) and [SaH] 
[CF3CO2] (bottom).

Fig. 4. NCI illustration of [SbH][BF4](top) [SbH][OTf] (middle) and [SbH] 
[CF3CO2] (bottom).
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the electron density, the location of which is called bond critical point 
(BCP). Popelier [86] proposed a set of criteria for the existence of a 
hydrogen bond, the most important of which is the existence of a BCP 
between an electronegative atom and a H atom. The results of the 
QTAIM analysis of our complexes are shown in Fig. 5. Bond paths are 
established between atoms where the weak interactions - discussed 
earlier - occur, with a bond critical point (BCP) existing in each case. In 
[SaH][BF4], [SaH][OTf] and [SaH][CF3CO2] (Fig. 5, top row) the 
BCPs between ferrocene's bonding H atoms and the anion's F or O atoms 
are well visible.

Similarly, other BCPs along the PhA—[Y]− and PhA—Ourea bond 
path of the complexes are indicative for secondary hydrogen bonds 
involving the phenyl moiety. In the case of [SaH][CF3CO2] an addi
tional BCP corresponding to an Fc—F hydrogen bond could be also 
observed, as expected based on the bond lengths in the optimized ge
ometries (Table 1, Fig. 1, iii). In the complexes of conformer b, BCPs can 
be seen along the PhB—[Y]− bond paths for each anion, but the PhB— 
[Y]− interaction is so weak that with the default numerical parameters 
of the MultiWfn software, the corresponding bond path and BCP can be 
identified only in the complex of [OTf]− . In contrast, the bond path and 
BCP between one of the Fc H atoms and the O atom of the urea unit is 
remarkable.

The Fc—[Y]− interactions can be characterized by electron density 
(ρ(r)), potential energy density (V(r)), Laplacian of electron density 
(∇2ρ(r)), energy density (H(r)), and Lagrangian kinetic energy (G(r)) 
obtained in the BCPs (Table 4) [87,88]. The value of the ρ(r) function in 
the bond critical point was found to be below 0.1 a.u. for the Fc—Y−

interaction for all the complexes studied, suggesting non-covalent in
teractions [88–90]. The small positive values of ∇2ρ(r) at the BCPs point 
towards relatively weak interactions, most likely a hydrogen bond, 
while negative numbers would predict stronger, covalent interactions 
[91]. It was also reported that the values of H(r) and V(r) can be used to 
classify hydrogen bonding interactions [92]. Strong hydrogen bonds are 
indicated by both descriptors with negative values, while medium 
hydrogen bonds can be described by ▽2ρ(r) > 0 and H(r) <0. On the 
contrary, weak hydrogen bonds can be characterized by both positive 
values for H(r) and ▽2ρ(r) at BCPs, predicting weak interactions for 
complexes [SH][OTf], [SH][BF4] and [SH][CF3CO2]. The Electron 

Localization Function (ELF) [93] and the Localized Orbital Locator 
(LOL) [94] are functions used to provide a quantitative analysis of 
electron delocalization, pairing, and localization in molecules. The low 
values of the Electron Localization Function (ELF) and the Localized 
Orbital Locator (LOL) at the BCPs confirm that the region is one of 
electron depletion and minimal electron sharing, consistent with 
hydrogen-bonding interactions [89].

The empirical formula, proposed by Espinosa and coworkers [95], 
provides an opportunity to estimate the strength of hydrogen bonds 
(EHB) as minus one-half of the value of the potential energy density V(r)) 
at the bond critical point (BCP)(EHB = − 0.5 V(r)). The formula predicts 
stronger interactions of − 15.8 and − 13.4 kJ/mol for the Fc—F and Fc— 
O bonds in the [SH][BF4] and [SH][OTf] complexes, respectively, 
while weaker bonds of − 4.4 and − 8.0 kJ/mol for the Fc—F and Fc—O 
bonds in [SH][CF3CO2]. Note that similar bond energies were reported 
earlier for phenyl C-H—O hydrogen bonds [90]. The obtained bonds 
energies are in good accordance with the geometrical parameters, 
characterizing the interactions, see Table 4.

3.4. Chemical energy component analysis

Among the numerous schemes designed for decomposition of the 
energy of a molecule [96], the Chemical Energy Component Analysis 
(CECA) proposed by Mayer [97–99] involves terms that can be used for 
identification of weak hydrogen bonds. In this method, the energy of a 
molecule is approximately decomposed into atomic and diatomic con
tributions. The diatomic contributions are further divided into terms of 
different physical origin [100], namely, electrostatic, exchange and 
overlap components and an atomic basis set extension term. The ex
change component is related to electron sharing and was found to be 
appropriate for detecting hydrogen bonds [101,102]. We calculated the 
exchange contribution to the diatomic energy components of the 
molecule using the APOST-41 code of Mayer and Hamza [103]. We note 
that, unfortunately, the code is not able to handle f type atomic orbitals 
which prevents us from using polarization functions on the Fe atom. This 
is not a serious drawback because first, the decomposition is approxi
mate anyway and second, CECA is designed to provide semiquantitative 
information. It would not make sense to try to find the complete basis set 

Fig. 5. The molecular representation of complexes their BCPs. BCPs are marked by a dot on the bond paths shown as orange-colored solid lines. From left to right, 
top: [SaH][BF4], [SaH][OTf] and [SaH][CF3CO2] and from left to right, bottom: [SbH][BF4], [SbH][OTf] and [SbH][CF3CO2].
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limit because of the projection operator technique used in the method. 
On the other hand, the tendencies such as those shown below are 
manifested with different basis sets the same way. We used the STO-3G 
and 6-31G basis sets and Hartree-Fock or CAM-B3LYP Hamiltonians. 
Although the numerical values differ, the tendencies were found to be 
identical at all levels of theory. Table 5 shows the exchange 

contributions for the atom pairs we monitored in the complexes of 
conformer Sa, calculated at the CAM-B3LYP/6-31G level, while those 
obtained at the HF/STO-3G, HF/6-31G and CAM-B3LYP/STO-3G levels 
are listed in Table S9.

The diatomic exchange contributions are negative. They are zero 
between distant atoms except occasional sub-millihartree positive or 

Table 4 
QTAIM parameters of [SH][OTf], [SH][BF4] and [SH][CF3CO2] complexes ((ρ(r), ▽2ρ(r), V(r), G(r), ELF, and LOL are in a.u and EHB in kJ/mol).

complex type of bond ρ(r) H(r) V(r) ▽2ρ(r) ELF LOL EHB

[SH][OTf] C-H—O 1.4E-02 1.4E-04 -1.0E-02 4.2E-02 5.1E-02 1.9E-01 − 13.4
[SH][BF4] C-H—F 1.5E-02 3.1E-05 − 1.2E-02 4.8E-02 4.5E-02 1.8E-01 − 15.8
[SH][CF3CO2] C-H—F 4.7E-03 1.1E-03 − 3.3E-03 2.2E-02 7.4E-03 8.0E-02 − 4.4
[SH][CF3CO2] C-H—O 8.9E-03 2.0E-04 − 6.1E-03 2.6E-02 3.0E-02 1.5E-01 − 8.0

Table 5 
Exchange contributions in EH for atom pairs in the [SaH][Y] complexes, calculated at the CAM-B3LYP/6-31G level of theory.

Anion [OTf]- [BF4]- [CF3CO2]
-

X---H (H-bond)

1 -0.0313 -0.0383 -0.0556

2 -0.0195 -0.0266 -0.0357

3 -0.0292 -0.0294 -0.0332

4 -0.0043 -0.0038 -0.0049

5 -0.0024 -0.0038 -0.0035

6 -0.0055 -0.0103 -0.0048

6’ - - -0.0018

C–HR (---X), R=Fc, Ph

7 -0.2598 -0.2587 -0.2623

8 -0.2680 -0.2674 -0.2669

Z-X bonds in Z-X---H-N bridges

S-O        B-F         C-O

9 -0.2750 -0.1950 -0.4220

10 -0.2845 -0.2092 -0.4630

Z-X bonds in Z-X---H-C bridges

S-Oc B-Fc C-Fc

11 -0.3269 -0.2342 -0.2781

"Free" C–H bonds [a]

PhC-H -0.2727 -0.2727 -0.2728

PhC-H -0.2731 -0.2730 -0.2744

PhC-H -0.2744 -0.2744 -0.2731

Fc C-H -0.2735 -0.2731 -0.2734

Fc C-H -0.2732 -0.2733 -0.2733

X–H(remote) bonds

XaH -0.0005 -0.0002 -0.0001

"Free" Z–F bonds (Z = B/C) [b]

Z–F - -0.2796 -0.2849

Z–F' - - -0.2836

[a] The “free” C–H bonds listed are typical bonds in the phenyl and c-pentadienyl groups.
[b] These bonds involve the unmarked F atoms of [BF4]− and [CF3CO2]− .
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negative values which seem not to correlate with any other parameter 
and can be considered as noise that originates from the approximate 
nature of the partitioning. For conventional covalent bonds between 
second-row elements, the exchange components are in the order of − 0.2 
to –0.4 EH, depending on the environment. The C–H exchange contri
bution is typically between − 0.25 and − 0.28 EH; the N–H contribu
tions are similar in magnitude (note that in our complexes all of them are 
involved in hydrogen bonds; in some other simple compounds we ob
tained also similar values for O–H and F–H bonds). There are three 
well-defined N–H–X (X = O,F) hydrogen bonds in each of the complexes 
of anions with conformer a of the host molecule: two bridges between 
the anion and the urea nitrogen atoms (marked 1 and 2 in Table 5) and 
one between the carbonyl O atom and the close-lying N atom of the 
pyrimidine ring (bond 3 in the Table). The diatomic exchange contri
bution characterizing the X—H(–Y) bonds is as large as one tenth of 
those of the conventional covalent X–H bonds. This shows that the ex
change energy contribution well represents the (although limited) 
electron sharing between X and H. The relative magnitude of these bond 
contributions strongly correlates with the length of the bond (for 
example, in the [BF4]− complex the lengths of bonds 1 and 2 are 1.588 Å 
and 1.738 Å vs. the respective exchange contributions of − 0.0383 EH 
and − 0.0266 EH). The X—H(–C) bonds (4, 5 and 6 in Table 5) seen to 
exist according to the bond order, QTAIM and NCI analysis have ex
change energy components about one order of magnitude smaller in 
absolute value than the well-defined X—H(–Y) bonds, but well beyond 
being in the “noise” category. They are larger in absolute value for the 
C–H bonds of the ferrocene unit (6) than for those involving the phenyl 
substituent of the urea (4,5). These energy contributions also correlate 
inversely with the X–H distances.

Notably, the existence of a hydrogen bond between the X and H 
atoms in a Z-X—H(–Y) (Y––N, C) bridge influences the diatomic ex
change energy components of the conventional covalent bonds these 
atoms are involved: the Z-X (S–O, B–F and C–O) bonds (9–11 in 
Table 5) and the H–Y bonds (shown only for H–C bonds, 7 and 8 
because there are no “free” H–N and H–O bonds in our compounds for 
reference). If the X atom gets involved in a hydrogen bond (9,10), the 
magnitude of these contributions decreases (the available reference 
values are listed in the bottom line of Table 5), and the reduction is 
larger when the X—H bond is stronger (i.e., its Mayer bond order is 
larger and its exchange energy contribution is more negative), as if some 
exchange energy were transferred from the covalent bond to the 
hydrogen bond. The tendency is the same when the Z-X bond is involved 
in a Z-X—H(–C) bond (11 in Table 5.) For C–H bonds, the exchange 
contributions of “free” C–H bonds (listed only for some typical bonds in 
the phenyl and c-pentadienyl groups) are about − 0.273 EH, but if the 
bond is involved in hydrogen bond, the contribution is about − 0.267 EH 
for phenyl C–H bonds that are relatively weaker and less negative than 
about − 0.26 EH for ferrocene C–H bonds which are stronger. The 
reduction of the magnitude of exchange energy components is generally 
much larger than the “strength” of the related hydrogen bond. The dif
ference is probably absorbed in the atomic contributions which also 
systematically vary depending on the presence or absence of a hydrogen 
bond.

In summary, the exchange contributions obtained in the chemical 
energy component analysis also confirm the existence of hydrogen 
bonds between the anion and the ferrocene as well as phenyl units in the 
host molecule, and their magnitude reflects the strength of these bonds.

3.5. 1H NMR experiments and calculations

The electronic structure calculations indicate that there exists an 
interaction between the ferrocene unit and the electronegative atoms of 
the anion. This offers a challenge to the experimental studies. Notably, 
our previous room-temperature 1H NMR titration studies proved the 
binding of anions to the ureido group of S, but no indication of anion- 
ferrocene interaction could be observed in those 1H NMR spectra. As 

the hydrogen bonds between the anion and the ferrocene unit are 
considered to contribute to the high affinity of our receptor towards 
anions of strong acids, it would be desirable to detect the existence of 
such interactions experimentally. To this end, new 1H NMR titration 
experiments were carried out, this time at lower temperatures than in 
our earlier work. We expected that the signatures of anion-ferrocene 
interactions should appear by cooling the solution because the confor
mational changes taking place in the sample solution slow down. The 1H 
NMR spectrum of S, recorded at 223 K shows two sets of signals, cor
responding to the two stable conformers Sa and Sb with the ferrocene 
unit positioned close to, and far from the binding site, respectively (see 
Scheme 3 and Fig. 6). In the range of chemical shifts characteristic to the 
protons of the ferrocene moiety, one expects to find three groups of 
peaks corresponding to the five protons of the unsubstituted cyclo
pentadienyl ring, and to the two α- and to the two β protons of the 
cyclopentadienyl ring connected to the pyrimidine ring, respectively. 
The structural differences of the isomers can be expected to cause a 
minor deviation in the chemical shifts of the protons of the substituted 
cyclopentadienyl ring and even less difference for those of the unsub
stituted Cp ring. The singlet peak found at 4.12 ppm with an area of 5H 
offers itself to correspond to the five protons of the unsubstituted 
cyclopentadienyl ring. Based on earlier experience [72] the peaks at 
4.59 and 4.63 ppm can be associated with the β protons of the 
substituted cyclopentadienyl rings that are in somewhat different envi
ronment in conformers Sa and Sb, while the α protons of both con
formers appear at 5.00 ppm. Addition of strong acids like triflic acid or 
HBF4 to the sample induces characteristic changes in the low- 
temperature NMR spectrum. Fig. 6 shows the titration of our host 
molecule by triflic acid, and Fig. S1 demonstrates the analogous changes 
during titration by HBF4*Et2O.

With increasing concentration of either acid, the intensities of the 
ferrocene signals gradually decrease and simultaneously seven new 
peaks appear in the range of 3.8 to 5.6 ppm. There are two possible 
reasons for the appearance of the new peaks. On the one hand, two 
different isomers of the complexes can be formed, [SaH][OTf] and 
[SbH][OTf], that results in two sets of ferrocene signals (see the top 
panel of Fig. 6). On the other hand, the electronic structure calculations 
suggest that the electron-deficient ferrocene moiety can be bound by 
hydrogen bonds to the guest anion (in the case of [SaH]þ) or to the O 
atom of the urea group (in the case of [SbH]þ), which can also cause 
differences in the chemical shifts of ferrocene protons.

Since no experimental data was available in the literature for similar 
complexes that could help assigning the measured spectra, we calculated 
1H NMR spectra for the lowest-energy DFT structures (described in 
detail in section entitled “Structure of the complexes – Evaluation of sec
ondary interactions”) of Sa, Sb and the complexes [SaH][OTf], [SaH] 
[BF4], [SbH][OTf] and [SbH][BF4] (Table 6 and Table S10). The 
calculated 1H NMR spectra of Sa and Sb confirm the qualitative 
assignment shown above. Five different chemical shift values were 
found that correspond to the unsubstituted cyclopentadienyl ring of 
ferrocene. In the experimental spectra the signals of these five protons 
are not resolved; they merge into the huge singlet peak at 4.12 ppm 
(with the integral value of 5H). This suggests that the rotation of the 
cyclopentadienyl ligand is so fast even at the low temperature (223 K) of 
the measurement that the NMR method is not able to distinguish the 
different protons. This is in agreement with the low-energy barrier of the 
Cp rotation in the free ferrocene molecule determined experimentally 
[104]. The calculations also support the assignment of the peaks at 
higher and lower chemical shifts to the α- and β-protons, respectively. 
The changes in the spectra induced by titration by triflic acid can be 
explained using the calculations on the acid–receptor complexes. Firstly, 
the difference between the chemical shifts of the two singlets of the 
protons of the unsubstituted cyclopentadienyl ring in the complexes 
[SaH][OTf] and [SbH][OTf] is increased compared to Sa and Sb, 
leading to splitting of the original peak as it is visible on Fig. 6. Secondly, 
the heights of the two peaks in the experimental spectrum also differ: 
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there is a 4H singlet at 4.24 ppm and a 5H singlet at 4.04 ppm. The latter 
corresponds to five protons that remain indistinguishable upon 

complexation. These must be in a freely rotating unsubstituted cyclo
pentadienyl ring, that of [SbH][OTf]. The 4H peak can be associated 

Fig. 6. Changes in the low temperature (223K) 1H NMR spectrum of S (8.5 mM) during the addition of TfOH (0 ➔ 14.8 mM) in the chemical shift range corre
sponding to the ferrocene protons. The different proton sites are distinguished by color-coding shown in the bottom structural formulas.

Table 6 
Calculated 1H chemical shifts of ferrocene protons in compounds Sa and Sb as well as in complexes [SaH][OTf] and [SbH][OTf].
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with a cyclopentadienyl ring whose four protons are in essentially 
identical environment, and one is distinguished from them, which can 
be associated with the unsubstituted ring in [SaH][OTf]. The location 
of the “missing” proton can be found by the analysis of the δH values 
obtained in DFT calculations (Table 6, right two columns), according to 
which the protons in the unsubstituted cyclopentadienyl ligand are 
almost insensitive to the addition of the acid, except one (denoted cp 5H- 
γ, Table 6), whose signal is shifted downfield to the highest δH value, 
5.81 ppm among the ferrocene protons. This calculated peak can be 
associated with the 5.36 ppm experimental 1H peak that appeared 
during the titration. According to the calculations, the distinguished 
proton is in the unsubstituted cyclopentadienyl ring of ferrocene in the 
[SaH][OTf] conformer, and it participates in the C-H-O bond between 
the ring and the triflate anion. The 4H peak at 4.24 ppm should belong to 
the remaining four cp protons in this conformer and the 5H peak at 4.04 
ppm to the cp protons in the [SbH][OTf] conformer. The 5H area of the 
latter peak suggests that the unsubstituted ring in conformer b rotates 
essentially freely, which is in agreement with its calculated structure. 
(Note that the hydrogen bond between cp and the carbonyl oxygen 
mentioned above is not strong enough to prevent this rotation even at 
the low temperature of the NMR experiments.)

The pronounced shift of the signal of the γ proton indicates the ex
istence of a hydrogen bond between ferrocene and triflate anion, thus 
providing experimental evidence of the hydrogen bond formation 
shown in section entitled “Structure of the complexes – Evaluation of sec
ondary interactions”.

Following the tendencies observed in the calculated 1H NMR spectra, 
it can be determined that the peaks in the range of 4.8 to 4.4 ppm must 
belong to the β and β’ protons of the substituted cyclopentadienyl ring of 
ferrocene in both conformers a and b of the complexes. At the chemical 
shift of 4.96 ppm another singlet peak can be observed, which can be 
assigned to the α and α’ protons of [SbH][OTf] and the α’ proton of 
[SaH][OTf] based on the proximity of the calculated δH values to each 
other. Somewhat surprisingly, the calculations suggest that the 
remaining peak at 5.20 ppm in the experimental spectrum belongs to the 
α proton of conformer a. this large shift can be caused by the formation 
of another weak hydrogen bond between the ferrocene α proton and the 
guest anion. The titration experiments carried out with HBF4*Et2O 
provided essentially the same results (Fig. S1, Scheme S1 and. 
Table S10)

4. Conclusion

In our investigation into the factors contributing to the relatively 
strong binding of weakly coordinating anions to the ferrocene-decorated 
receptor S, we observed the presence of various secondary hydrogen 
bonds that play a crucial role in stabilizing these complexes. One 
particularly remarkable interaction is the Csp2-H—O(F) bond involving 
the ferrocene moiety, which was originally incorporated into the 
molecule solely to serve as an electrochemical marker for the detection 
of anions. Urea moieties are typically excellent binding sites for 
carboxylate anions due to their matching geometries. We observed that 
even when the binding to the urea binding site is less favorable due to 
improper geometry or weak basicity for anions like [OTf]− or [BF4]− , 
the possibility of the formation of ferrocene mediated hydrogen bonds 
enhances complexation. The detailed analysis of geometries calculated 
with electronic structure methods suggested the presence of such in
teractions. Semiquantitative quantum chemical tools confirmed the ex
istence of hydrogen bonds involving the ferrocene moiety. Remarkably, 
an experimental proof for the theoretical predictions was provided by 
low temperature 1H NMR titration experiments. The results suggest that 
ferrocene is not a completely innocent constituent of electrochemically 
detectable acid receptors, and the proper application of ferrocene side
chains in newly designed molecular receptors can mean a great advan
tage in the sensing of weakly coordinating anions
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Synthesis of 2-Ureido-4-Ferrocenyl pyrimidine guests. Investigation of 
complementary molecular recognition of 2,6-Diaminopyridine, Organometallics 
35 (24) (2016) 4023–4032, https://doi.org/10.1021/acs.organomet.6b00586.

[77] R. Ditchfield, Self-consistent perturbation theory of diamagnetism: I. A gauge- 
invariant LCAO method for N.M.R. Chemical shifts, Molecular Physics 27 (4) 
(1974) 789–807, https://doi.org/10.1080/00268977400100711.

[78] H.F. Hameka, On the nuclear magnetic shielding in the hydrogen molecule, 
Molecular Physics 1 (3) (1958) 203–215, https://doi.org/10.1080/ 
00268975800100261.

[79] K. Wolinski, J.F. Hinton, P. Pulay, Efficient implementation of the gauge- 
independent atomic orbital method for NMR chemical shift calculations, J. Am. 
Chem. Soc. 112 (23) (1990) 8251–8260, https://doi.org/10.1021/ja00179a005.

[80] T. Lu, F. Chen, Multiwfn: a multifunctional wavefunction Analyzer, J. Comput. 
Chem. 33 (5) (2012) 580–592, https://doi.org/10.1002/jcc.22885.
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