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Abstract:

Lanthanide-dependent enzymes and their biomimetic complexes have arisen as an interesting
target of research in the last decade. These enzymes, specifically, pyrroloquinoline quinone
(PQQ)-bearing methanol dehydrogenases, efficiently turn over alcohols to the respective
aldehydes. To rationally design bioinspired alcohol dehydrogenation catalysts, it is imperative
to understand the species involved in catalysis. However, given the extremely flexible
coordination sphere of lanthanides, it is often difficult to assess the number and nature of the
active species. Here we show how such questions can be addressed by using a combination of
ion mobility spectrometry, mass spectrometry and quantum chemical calculations to study
the test systems PQQ and lanthanide-PQQ-crown ether ligand complexes. Specifically, we
determine the gas phase structures of [PQQH,], [PQQH,+H,0], [PQQH.+MeOH], [PQQ-
15¢5+H]* and [PQQ-15c5+Ln+NOs]* (Ln=La to Lu, except Pm). In the latter case a trend to
smaller collision cross sections across the lanthanide series is clearly observable, in line with
the well-known lanthanide contraction. We hope that in future such investigations will help
to guide the design and understanding of lanthanide based biomimetic complexes optimized
for catalytic function.



Introduction:

It was assumed for a long time that lanthanide(lll) ions, in spite of their similarity to calcium(ll) in size,
acidity and coordination behaviour do not contribute to life on earth in the form of enzymes.!
However, in 2007, in the volcanic mud pot of Solfatara, a bacterium (Methylacidiphilum fumariolicum,
SolV) was discovered that could only be cultivated in the laboratory by addition of water from its
original habitat.? Eventually it turned out that the high lanthanide concentrations (uLM) in the mud pot
water were responsible for the bacterial growth.? In the last decade it was shown that lanthanides play
an important role in the active sites of methanol dehydrogenases (MDH), enzymes that catalyse the
oxidation of methanol to formaldehyde in the context of the C1 metabolism in bacteria.*>®78910
Despite the chemically very similar properties, the choice of lanthanide shows a sometimes
considerable influence on the metabolism and thus on the growth of bacteria with the corresponding
lanthanide-containing enzymes. Thus, it is mainly the early lanthanides that stimulate growth.® Besides
the metal cation the active site of MDH contains a cofactor called pyrrologuinoline quinone (PQQ).° In
addition to catalysing the conversion of methanol to formaldehyde, there is another interesting aspect
of the PQQ chemistry. Lumpe et al. were recently able to show significant selectivity when precipitating
lanthanide ions from aqueous solution by the addition of PQQ.! For this purpose, the resulting
precipitate from a solution with lanthanum and another lanthanide (Ce-Lu) was analysed and
depending on the element, La:Ln ratios between 4:6 (Ce) and 7:3 (Lu) were observed. Since it is already
known that some aza-crown ethers also prefer the complexation of early lanthanides and that their
complexes undergo a structural change in the series of lanthanides??, the combination of PQQ and an
aza-crown ether in a single molecule is the logical next step. The ligand PQQMe,-1-aza-15-crown-5
(PQQ-15c5, see scheme 1) was first synthesized in 2000 by Itoh and Fukuzumi through coupling of a
PQQ precursor with an aza-crown ether.!®* Recently, Vetsova et al. reported an improved synthesis
route towards this ligand and investigated its lanthanide complexing properties as well as their ability
to oxidize alcohols to aldehydes.'® These studies comprised the combination of both condensed and
gas phase methods, such as UV-vis, NMR and EPR spectroscopy as well as ion mobility mass
spectrometry (IMMS) and collision induced dissociation (CID) studies. It turned out that the reaction
yield depends not only on the metal center but also on the choice of counterion and base. Since in
condensed phase the chemical environment is not as well defined as one might hope (various
interconverting conformers, protomers, solvent adducts are often simultaneously present), gas phase
studies offer the opportunity to probe the intrinsic molecular properties in a better controlled
environment. The focus of this gas phase study is therefore on the structure of isolated PQQ and
lanthanide-PQQ-15¢5 complexes (for all lanthanoides except PM, while the preceding study* focused
on La and Lu) with a well-defined number of solvent molecules and counterions. For this purpose, we
use a combination of ion mobility spectrometry, mass spectrometry and quantum chemical
calculations. This methodology has been applied by us and others to reveal the structures of molecular
ions, complexes as well as reaction intermediates.’>%1” Note, that IMS based structure determination
in gas phase (in contrast to NMR in condensed phase) is still a rapidly developing field which requires
validation for new substance classes which have not yet been extensively addressed (such as
lanthanide complexes). The fairly rigid structure of deprotonated [PQQH-] thus represents an ideal
test system for the ion mobility method. In the following, we apply it to more flexible ions such as
solvent- and counterion-adducts with and without lanthanides.



PQQH3 PQQ-15¢5

Scheme 1: Structures of neutral PQQ (PQQHs) and PQQ-15c5. Active site of Nd-MDH isolated from
Methylacidimicrobium thermophilum AP8 (PDB: 706Z). Shown are truncated coordinating amino acid
residues, the cofactor PQQ and MeOH in the stick representation and neodymium as green sphere.®

Experimental Section:
Instrumental:

The ion mobility measurements were performed with a Bruker timsToF instrument. The operating
principles of trapped ion mobility spectrometry (TIMS) are described elsewhere.'® Briefly, an ion packet
is pulse injected into an electrodynamical trap (the so called TIMS tunnel) filled with a flowing buffer
gas (N,). The resulting drift motion is compensated by a variable electrostatic field. The different types
of ions contained in the packet are separated in space according to their mobility and eluted by
ramping the field. In all experiments we operated the instrument at the highest feasible mobility
resolution (ca. 150 -200) by using the slowest feasible ramp speeds (via narrow ion mobility windows
and long ramp times of 500 ms). The TIMS tunnel is coupled with a quadrupole mass filter and a TOF-
MS (resolution > 25000) that is operated with a high repetition rate (several kHz). The resulting 2D ion
mobility-m/z data are deconvoluted into mobilograms with the instrument software (Data Analysis
5.0). For ion mobility and mass calibration we use Agilent TuneMix, a mixture for fluorinated
phosphazenes, with the high precision mobility data of Stow et al. as reference.? lon mobilities are
translated into experimental collision cross sections ("™SCCSy,) with the Mason-Schamp equation.?
The ™SCCSy;, in turn can be directly compared with theoretically modelled collision cross sections and
thus enable structure determination in gas phase. The simultaneous occurrence of several isomers can
be inferred, independent of any modelling, if bi- or multimodal mobilograms are observed or if peaks
are significantly broader than the experimental resolution. Experiments were performed both in
positive and negative mode (see below).

Theoretical modelling:

In order to identify the relevant isomers/conformers we performed density functional theory (DFT)
calculations with the Turbomole package? 2% using the TPSS functional?*® and def2-SVP*3? basis
set.3* For each species considered, we created a series of 10-20 meaningful starting geometries
(differing in deprotonation site, conformation of the central PQQ-unit, relative orientation of
counterion and solvent adduct). These geometries were constructed and preoptimized at force-field
level with the Avogadro package® and used as xyz-coordinate input files for the DFT based geometry
optimization. All geometries are fully optimized without any symmetry restrictions. Often, different
starting geometries converge to the same final geometry. The Turbomole output comprises optimized
Xyz-geometries and relative energies. Since DFT calculations are known to give accurate geometries,
but less reliable energies, we consider in the following at least all structures as reasonable candidates
that are within 1 eV to the one found to be lowest in energy. Based on these candidate structures we
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simulate theoretical collision cross sections. For this purpose, we perform trajectory method
calculations to model the drift motion of the respective molecular ion in the buffer gas (N2). For this
the ion-buffer gas interaction is modelled by a Lennard-Jones potential plus ion-induced dipole and
ion-quadrupole interaction with element specific LJ-parameters. The ion-induced dipole and ion-
guadrupole interaction depend on the partial charge distribution of the drifting ion, we obtain these
values by a Mulliken population analysis based on the DFT-calculation. With these input parameters,
a large number (ca. 10°8) of ion-buffer gas trajectories is calculated, the thus obtained scattering angles
are numerically integrated and finally a theoretical cross section "°CCSy; is obtained. The closer
theoretical and experimental cross sections and the lower the relative energy of the respective
structure, the more likely it is the dominant species in the experimental mobilogram. All calculations
were performed with the IMoS package (IMoS 1.09) with the standard LJ-parameters
implemented.337:38

Sample preparation:

PQQH; was obtained via extraction from Dr’s Best vitamin capsules as a disodium salt and obtained in
its fully protonated form as described previously.®® The PQQ-15¢5 ligand was synthetized and purified
as described elsewhere.! The lanthanide nitrates where obtained from Sigma Aldrich (Germany). The
metal-ligand complex is formed by adding the respective Ln* salt to a solution of PQQ-15c5
(acetonitrile, 0.5 mmol/l, 1:1 ratio).

Results and discussion:

Upon electrospray ionization of a solution of PQQH3 in DMSO (with 1%v/v H,0 and MeOH) we obtain
in negative mode [PQQH,];, [PQQH,+H,0]’, and [PQQH,+MeOH]". The corresponding mobilograms are
shown in figure 1.

[PQQH,] [PQQH,+H,0]"  [PQQH,+MeOH]

Intensity [a.u.]

155 160 165 170 175
TlMSCCSNZ [AZ]

Figure 1: Typical mobilograms of [PQQH2], [PQQH2+H20] and [PQQH2+MeOH]".

In all cases we observe one narrow peak with a peak width corresponding to the instrumental
resolution of ca. 200. This can be interpreted in three ways: 1) Only one isomer ion is created upon ESI,
or 2) Several isomers are present, but their CCS differ by less than 0.5 % (ca. 1 A2). 3) Several isomers
with larger CCS differences are present, but they interconvert much faster than the timescale of the
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experiment (100ms). To shed more light into this issue we calculated theoretical CCS ('*°CCSy;) based
on DFT optimized structures (see figure 2) and Mulliken charges. The results are summarized in table
1.

[PQQH.]": The experimental ™SCCSyzis 159.5 + 0.5 A2. In the lowest energy candidate structure that
we obtain (structure 1a) N1 is deprotonated, all three carboxylic acid groups remain protonated, and
there are two hydrogen bonds to N1 and N6 (for the numbering of the respective atoms see scheme
1). This structure has a "®°CCSy, of 161.3 A2 which is ca. 1% above the experimental value. Structure
1bis a conformer thereof with the hydrogen of the carboxylic group at C2 rotated (see figure 2, arrow).
Both energy (+0.02 eV) and CCS (160.9 A?) are basically unchanged. Structure 1c is another conformer
of 1a, the carboxylic group at C7 is rotated and therefore there is no hydrogen bond to N6 (see figure
2, arrow). This increases the energy by 0.35 eV, the °°CCSy; is increases slightly to 162.4 A2. Based on
CCS alone we cannot distinguish between these structures. Regarding structures 1a to 1c, it might be
counterintuitive that N1 is deprotonated instead of the carboxylic acid function at C9 (note, that the
latter is more acidic in condensed phase). This reflects the fact that in agueous solution a COO™-function
can be stabilized more efficiently by solvent molecules. This stabilization is missing in gas phase. In
order to shed more light into this issue we performed some geometry-restricted DFT-calculations. We
increased the O-H distance from its optimized value of 1.07 A (with a corresponding N-H distance of
1.46 A) up to 1.5 A and optimized the remaining degrees of freedom. The corresponding N-H distance
decreases to ca. 1.1 A (consistent with a covalent bond) but the energy increases by ca. 0.14 eV (see
figure S1). A similar discrepancy between the preferred protonation sites (O vs. N) in both liquid phase
and gas phase is already known in the literature.®® In structure 2 the C7 carboxylic group is
deprotonated and N6 protonated. This structure is 0.55 eV higher in energy and has a cross section of
164.7 A2, i.e. ca. 3% above the experimental value. Again, there is an isoenergetic conformer with the
C2-carboxylic group rotated, analogous to structure 1a vs 1b (not shown). For a C7 carboxylic group-
H-N6 distance variation by a geometry-restricted DFT calculation see figure S2. Other structures are
even higher in energy, such as structure 3, +0.93 eV (carboxylic acid group at C2 deprotonated) and
have significantly larger CCS: 169.9 A%, ca. 7% above experiment. Therefore, such protomers can be
ruled out based on relative energy and CCS. (Compare a similar combined IMS, cryo-IR, DFT study on
biliverdin, where only conformers within 0.2 eV to the lowest are observed in experiment).!®> To
summarize, with the combination of DFT based geometry optimization and trajectory calculations we
can reproduce the experimental CCS for [PQQH,]" within 1% if we take only the lowest energy
structures calculated (1a and 1b) into account. This validates the method and the choice of input
parameters (LJ-parameters, Mulliken charges, see above).

Table 1: Comparison of calculated and experimental CCS for [PQQH:]".

TMSCCSy, [A%) Structure theoCCSy, [A2] relative Energy [eV]
1a 161.3 0
1b 160.9 0.02
[PQQH2] 159.5+0.5 1c 162.4 0.35
2 164.7 0.55
3 169.9 0.93




Structure 1a Structure 1b Structure 1c Structure 2 . Structure 3 ;
TheeCCSy, 161.3 A TheoCCS,, 160.9 A TheoCCSy, 162.4 A2 TheaCCSy, 164.7 A2 TheeCCS,,; 169.9 A?
Rel. Energy 0eV Rel. Energy 0.02 eV Rel. Energy 0.35eV Rel. Energy 0.55 eV Rel. Energy 0.93 eV

Figure 2: Calculated structures, relative energies and calculated collision cross sections for [PQQH2]". The blue
arrows highlight the differences between structures 1a, 1b, 1c and 2

[PQQH:+H;0]° and [PQQH»+MeOH]: In a second step we investigated the formation of
solvent/reactant adducts with PQQH;s by adding small amounts of water and methanol (1% v/v) to the
solution of PQQHs in DMSO, respectively. In both cases the adducts are formed in intensities sufficient
to measure their CCS. On first sight this is surprising since the ions have to pass the desolvation region
and transfer capillary heated to 300°C (the high temperature is necessary to remove the DMSO). The
resulting [PQQH,+H,0]" anion has a ™SCCSy, of 164.7 A2, Compared with the 159.5 A? for the bare
[PQQH,] anion, this is an increase of only 3%, although the overall number of atoms in the ion
increases by 10%, from 29 to 32. This implies a rather compact structure of the water adduct. From
condensed phase NMR measurements it is known that the carbonyl group at C5 readily adds water to
form a geminal diol.>**! The C4 group can also be attacked by nucleophiles as was shown by Itoh et al.
13 We performed DFT-optimizations for various protomers of both C5-dioles but also for non-covalently
bound water adducts. The results are summarized in table 2 and figure 3. The lowest energy structure
is a C5-diol (structure 1) with a cross section of 163.8 eV, slightly below the experimental value of 164.7
A2, A conformer thereof (structure 2, protonated carboxylic group at C7 rotated) has one hydrogen
bond less, is therefore 0.36 eV higher in energy and has a ™5CCSy, of 165.6 A% slightly above the
experimental value. It is likely that the two conformers can interconvert by rotation around the C7-C7’
single bond on the timescale of the CCS-measurement and we therefore measure a time average. A
C4-diol, as proposed by Itoh et al. * (structure 3) has a very similar CCS (164.4 A?), but it is 0.27 eV
above structure 1. Non-covalently bound water adducts (structures 4 and 5) come very close in energy
to structure 1 (+0.06 eV and +0.14 eV). Taking their uncertainty into account, we cannot distinguish
between covalently and non-covalently bound adducts on the basis of DFT-based energies alone.
However, the "™SCCSy; of the non-covalently bound water adducts are significantly larger, 169.0 A2
and 169.1 A2, and therefore structures 4 and 5 can be ruled out.

Table 2: Comparison of calculated and experimental CCS for [PQQH»+H20]".

TMSCCSy, [A2] Structure theoCCSy, [A%] relative Energy [eV]
1 163.8 0
2 165.6 0.36
[PQQH,+H,0] | 164.7 +0.5 3 164.4 0.27
4 169.0 0.06
5 169.1 0.14




Structurel Structure2 Structure 3 Structure 4 Structure 5
TheeCCSy, 163.8 A? TheaCCSy, 165.6 A TheoCCSy, 164.4 A2 Theo((CSy, 169.1 A2 TheoCCS,, 169.0 A2
Rel. Energy 0OeV Rel. Energy 0.36eV Rel. Energy 0.27 eV Rel. Energy 0.06 eV Rel. Energy 0.14 eV

Figure 3: Calculated structures, relative energies and calculated collision cross sections for [PQQH2+H20]".

For [PQQH.+MeOH] as well we obtain a single, narrow peak corresponding to an experimental CCS of
170.1 A2, see figure 1. As for the PQQ-water adducts, we take both covalently (at C5 and C4) and non-
covalently bound structures into account in our DFT geometry optimizations. The results are
summarized in table 3 and figure 4. Interestingly, in this case the non-covalently bound adduct with
the methanol molecule associated with the C9’ carbonyl group by a hydrogen bond (structure 4) turns
out to be lowest in energy. Within 0.1 eV we find two other isomers: structure 5 (+0.05 eV), another
non-covalently bound adduct (MeOH hydrogen bonded to 04’) and structure 1 (+0.09 eV) with the
methanol covalently bound to the carbonyl group at C5 as a hemiketal. A C4 hemiketal (structure 3) is
significantly higher in energy by 0.25 eV. Structure 2 (+0.43 eV) is a conformer of structure 1 with one
hydrogen bond less. Based on the ion mobility data we rule out the non-covalently bound isomers
(the°CCSn, = 175.7 A? and 176.0 A?, respectively versus ™SCCSy, = 170.1 A?). On the other hand, we
confirm the covalently bound structures, since their CCS agree within the experimental uncertainty
with the measurement. Among these, structure 1 is clearly favoured based on energy and CCS.

Table 3: Comparison of calculated and experimental CCS for [PQQH2+MeOH].

TIMSCCSy, [A%] Structure | the°CCSy, [A%] relative Energy [eV]
1 169.9 0.09
2 171.1 0.43
[PQQH>+MeOH] | 170.1 £ 0.5 3 171.8 0.25
4 175.7 0
5 176.0 0.05

*&‘?@ﬁﬁ&*&‘

Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
Theo(CS,, 169.9 A2 Theo(CSy, 171.1 A2 Theo(CSy, 171.8 A2 Theo(CS,, 175.7 A2 Theo(CS,, 176.0 A?
Rel. Energy 0.09 eV Rel. Energy 0.43 eV Rel. Energy 0.25eV Rel. Energy 0eV Rel. Energy 0.05eV

Figure 4: Calculated structures (top and side views), relative energies and calculated collision cross sections for
[PQQH2+MeOH]".



[PQQ-15c5+H]*: The mobilogram of [PQQ-15c5+H]* consists of three distinct peaks, the largest
centered at 225.2 A2and two smaller peaks at 222.4 A2 and 228.2 A2, respectively, see figure 5 and
table 4. This implies that there are at least three protomers/conformers that do not interconvert on
the timescale of our ion mobility measurement, i.e. within ca. 0.5 s. We performed a series of geometry
optimizations and found a total of 15 different structures within 1 eV. In the lowest energy structure
(figure 6, structure 1) the extra proton is bound to the pyridine-nitrogen N6 and via a hydrogen bridge
to Oa on the crown ether group (cf. scheme 1). The arrangement is such that the PQQ and crown ether
units are slightly tilted. The ™¢°CCSy; of this structure is 229.0 A2, which is ca. 2% below the main peak
in the mobilogram. Structure 2 is a variant thereof with a hydrogen bridge to Og instead. Both relative
energy (+0.1 eV) and CCS (228.8 A?) are similar to structure 1. We find several conformers (=local
minima) in our geometry optimizations that differ by the relative orientations of the methyl ester
groups. Their CCS are close to 229 A% Somewhat higher in energy (+0.43 eV) we find a structure (3)
with the extra proton between Og and O5. As a consequence, this structure is rather flat and therefore
has a somewhat larger CCS of 233.3 A2, This structure could be responsible for the third peak (at 228.2
A?) in the mobilogram, if we accept a deviation of ca. 2%. A more compact geometry (structure 4, 226.4
A?) is obtained by protonation at N6 and hydrogen bond to Oa. As a consequence, the crown ether is
folded back to the PQQ-unit with an angle of ca. 60°, see figure 6. This structure can explain the first
peak in the mobilogram if we accept a 2% deviation between experiment and calculation, as before.
However, this structure is ca. 0.55 eV higher in energy. To summarize, due to the rather flexible crown
ether function a series of non-interconverting structures with similar energy but different CCS is
feasible and obviously realized in the experiment as can be seen by the trimodal mobilogram. The
calculations can reproduce the main features. A temperature-dependent NMR experiment of PQQ-
15c¢5 in acetonitrile supports the high flexibility of the aza-crown moiety (Figure S3).

Intensity [a.u.]

[PQQ-15¢5+H]*

218 220 222 224 226 228 230 232 234
TIMSCCSN2 [A2]

Figure 5: Typical mobilogram of [PQQ-15c5+H]".



Table 4: Comparison of calculated and experimental CCS for [PQQ-15c5+H]*.

TIMSCCSy, [A?] Structure | the°CCSy, [A?] relative Energy [eV]
222.4+0.5 1 229.0 0
2 228.8 0.1
(PQQ-15cS+H] | 2252205 3 233.3 0.43
228.2+0.5 4 226.4 0.55

Structure 1 Structure 2 Structure 3 Structure 4
TheoCCS,, 229.0 A2 TheoCCS,,, 228.8 A2 TheoCCS,,, 233.3 A2 TheoCCS,, 226.4 A2
Rel. Energy 0eV Rel. Energy 0.1eV Rel. Energy 0.43 eV Rel. Energy 0.55eV

Figure 6: Calculated structures (top and side views), relative energies and calculated collision cross sections for
[PQQ-15¢5+H]*. The blue circle indicates the protonation site.

[PQQ-15c¢5+Ln+NOs]**: PQQ-15c¢5 easily forms metal complexes upon addition of M" or M salts. With
lanthanide(lll) nitrates we observe upon electrospray ionisation the formation of complexes of the
form [PQQ-15c5+Ln+NO3]*. The nitrate counterion is strongly bound: upon collision induced
dissociation no NO3% or NO,% loss is observed.’* We see instead predominantly loss of MeOH, most
likely from one of the ester functions in PQQ-15c5. Furthermore, we do not observe the complex ion
without counterion, i.e. [PQQ-15c5+Ln]*". The mobilograms of all [PQQ-15¢5+Ln+N0O3]* complexes are
rather simple with one narrow peak (figure 7). For La we obtain a "™°CCSy, of 281.8 + 1.5 A2, There is a
clear trend to smaller CCS when going from Ln to La, in line with the well-known lanthanide
contraction. For Lu we obtain 278.7 + 1.5 A2, see figure 8. Note that the 1.5 A% uncertainty contains
both calibration and statistical errors. Since we determine the CCS of all [PQQ-15c5+Ln+NOs]?* ions
(Ln=La to Lu — excepting Pm) under identical conditions, the relative uncertainties are well below 1 A2
We expect the lanthanide ion to interact with the electronegative oxygen and nitrogen atoms of the
PQQ- or crown ether moiety, and nitrate counterions. To determine the dominating geometry, we
performed DFT-based geometry optimizations with the formalism described above. The results are
summarized in figure 9 with lanthanum as an example. The other lanthanides show very similar,
isostructural geometries. In the lowest energy structure (structure 1, figure 8, 9 and table 5), Ln is 9-
coordinate with PQQ-15c5 acting as a heptadentate ligand (five donors of the aza-crown ether,
pyridine nitrogen N6, quinone-oxygen at C5) and a chelating nitrate binding in bidentate fashion. In
order to get a more quantitative idea about the coordination geometry and the trends along the
lanthanide series, the DFT-optimized structures of all lanthanide complexes were investigated with a
continuous shape measure (CShM) approach*>%*4* using the computer program SHAPE 2.1.% All 13
idealized reference geometries implemented in SHAPE 2.1 for coordination number 9 were taken into
account and the corresponding numerical value S for the CShM was calculated.*®*” S can theoretically
range between 0 (perfect fit to the ideal reference geometry) and 100 (no geometric similarity).
Smaller S indicates smaller average deviation from the reference geometry. Table S1 in the Supporting
Information shows the CShM values S for the 7 reference geometries with the S smallest values.
According to the analysis, the coordination geometries are relatively irregular and cannot be well
described as being close to a particular ideal polyhedron. The smallest S (values for all lanthanides are
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found for the capped square-antiprismatic (CSAPR-9: 4.79 > S > 2.81) and the muffin-shaped (MFF-9:
4.48 > S > 2.68) geometries.*®* |n addition, the distances Ln-X (X=0, N) in the inner coordination
spheres of the lanthanides decrease as expected by 6.5% and 9.1% for individual bond lengths. This
manifestation of the lanthanide contraction is perfectly within the normal range of trends found in the
crystal structures of isostructural lanthanide complex series*® %>, which is a very good indicator of the
quality of the DFT qualculations.

Structure 1 of [PQQ-15c5+La]** has a M'*°CCSy, of 282.7 A? which is within 1 A? (0.3%) of the
experimental value of 281.8 A2. We performed similar geometry optimizations for all lanthanides. In
each case this structural motif is far more stable than other isomers (by more than 0.5 eV) . Calculated
and experimental CCS deviate by less than 1% (except for Sm, 1.2 % and Gd, 1.2%), see figure 8 and
table 5.

[PQQ-15c5+Gd+NO,]2

Intensity [a.u.]

275 280 285 290 295
TIMSCCSN2 [AZ]

Figure 7: Typical mobilogram of [PQQ-15¢c5+Ln+N0O3]%*, shown for Ln=Gd. Only one narrow peak is observable
close to the instrumental resolution. Basically, the same mobilograms (one narrow peak) is obtained for all Ln =
La to Lu.
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La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

—e— experiment *— structure 1 structure 2 structure 3 <— structure 4 structure 5

Figure 8, left: Experimental and calculated CCS of [PQQ-15¢5+Ln+NOs)?* for Ln=La to Lu. Black circles:
Measurement. The error bars (£0.5%) comprise statistical and calibration errors. Since all measurements were
performed at identical conditions (temperature, voltages across the TIMS-tunnel, ramp speed), we expect the
relative errors to be even smaller, ca. 0.3%. The red circles correspond to the structure that has been found to
be lowest in energy. The other symbols correspond to structures with higher energies. Right: relative energies of
DFT optimized structures.
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Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
TheoCCS,,, 282.7 A2 TheoCCS,,, 279.4 A2 TheoCCS,,, 278.5 A? TheoCCS,,, 288.7 A2 TheoCCSy, 276.2 A2
Rel. Energy 0OeV Rel. Energy 1.20 eV Rel. Energy 0.95 eV Rel. Energy 1.66 eV Rel. Energy 2.45 eV

Figure 9: Calculated structures (top and side views), relative energies and calculated collision cross sections for
[PQQ-15c5+La+N0Os]*. The nitrate group is marked in yellow, lanthanide light blue.

Table 5: Comparison of calculated and experimental CCS for [PQQ-15¢5+Ln+NOs]?*.

exp structure 1 structure 2 structure 3 structure 4 structure 5

CCs[A?2] | ccs[A?] AE[ev] | €CS[A?] AE[eV] | ccS[A?] AE[eV] | CCS[A?] AE[eV] | CCS[A?] AE[eV]
La | 281.8 2827 | 0 279.4 | 1.20 278.5 | 0.95 288.7 | 1.66 276.2 | 2.45
Ce | 2826 280.7 | O 279.1 | 0.96 276.7 | 1.13 286.9 | 1.70 275.3 | 2.45
Pr | 282.2 2804 | 0 278.0 | 1.04 278.6 | 1.18 286.4 | 1.59 2742 | 2.55
Nd | 281.8 2799 |0 280.1 | 1.10 275.8 | 1.38 287.2 | 1.56 273.2 | 2.77
Pm 2804 | 0 277.8 | 0.93 2774 | 1.16 285.8 | 1.46 2736 | 2.41
Sm | 281.4 2782 | 0 2775 | 0.84 2749 | 1.11 285.0 | 1.46 275.1 | 2.38
Eu | 280.2 2790 | 0 276.5 | 0.80 2739 | 1.05 284.8 | 1.28 276.6 | 2.17
Gd | 2814 2780 | 0 277.7 | 0.86 2739 | 1.16 285.0 | 1.34 2747 | 2.33
Tb | 281.2 2785 | 0 278.5 | 0.80 2759 | 1.37 2849 | 1.42 273.4 | 2.50
Dy | 279.9 279.8 | 0 277.7 | 0.72 275.2 | 1.30 286.0 | 1.31 273.2 | 2.37
Ho | 280.4 2798 | 0 276.5 | 0.89 2770 | 1.55 283.7 | 1.23 2744 | 2.42
Er | 279.8 2784 | 0 2773 | 0.72 2750 | 1.41 2849 | 1.36 2739 | 2.58
Tm | 279.9 2783 | 0 277.7 | 0.82 273.0 | 1.40 284.0 | 1.19 2740 | 2.39
Yb | 279.1 2788 | 0 275.7 | 0.61 2733 | 1.28 282.7 | 1.11 2739 | 2.18
Lu | 278.7 2773 | 0 276.8 | 0.55 2748 | 1.33 283.7 | 1.24 2735 | 2.56

Besides this structure we found four other energy minima: Structures 2 and 3 are similar to structure
1, inasmuch as the metal atom is coordinated to the four crown ether oxygens as well as to N6 and the
neighbouring quinone-oxygen, and the nitrate counterion, but in a different relative orientation, see
figure 9. In structure 2 the nitrate and PQQ group are almost coplanar and on opposite sides of the
metal atom, separated by the crown ether group. This structure is between 1.20 eV (La) and 0.55 eV
(Lu) higher in energy than structure 1. Its calculated CCS deviates more (between 0.9 and 1.5%) from
experiment than what we observe for structure 1. In structure 3 both nitrate and the PQQ unit cover
one side of the metal center, and the crown ether the other side. Depending on the lanthanide, this
structure is between 1.1 eV (Yb) and 1.7 eV (Ce) higher in energy than structure 1. Its cross section is
on average ca. 2% below the experimental value. In structure 4 the metal center is not bound to N6
and the quinone-oxygen, i.e. it is here only complexed by the crown ether and the nitrate. This
structure can be clearly ruled out: it is always more than 1.1 eV above structure 1, and its cross section
on average ca. 2% above the experimental values (see table 5). We found a fifth structure with the
metal center coordinated to both quinone-oxygens and only two of the oxygens of the crown ether.
For all lanthanides it is more than 2 eV higher in energy, its cross section is more than 2% below the
experiment can therefore be ruled out as well. To summarize, both on the basis of relative energy and
cross section structure 1 is clearly favoured.
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Conclusions

By a combination of ion mobility measurements and quantum chemical calculations we were able to
identify the relevant gas phase structures of different PQQ derivatives and their complexes with
solvent molecules, lanthanide(lll) ions and nitrate counterions. To the best of our knowledge, this is
the first ion mobility measurement across the complete series of complexes with lanthanide metal
centers (except promethium). Even though there is only one lanthanide atom in the complexes
comprising a total of 74 atoms, the trend to smaller CCS across the series is clearly observable (both
experimentally and in the DFT-based geometry optimizations), in line with the well-known lanthanide
contraction. PQQ is a notoriously difficult ligand to study, as it is reacts readily with a number of
nucleophiles and shows complex speciation (including its different redox and protonation states) in
solution. Here, we confirm the high reactivity of C5 towards nucleophiles (H,O and MeOH) in the gas
phase and assign structures that are in line with the reported solution models. In a second step, we
investigated lanthanide complexes of a PQQ-inspired ligand that has previously been used as a
biomimetic model for the alcohol oxidation in methanol dehydrogenases.’* To evolve highly specific
and well-defined lanthanide and quinone-based catalysts it is pivotal to understand different species,
isomers and structures that may arise during catalysis. Here, we develop a benchmark for the study of
such model systems and catalysts in the gas phase which can give hints into the function and optimal
design of future biomimetic catalyst systems.

Supporting Information

Geometry restricted DFT calculations, temperature dependent NMR, CSM. All DFT-optimized
structures are available as xyz-files in the supporting information
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