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Introduction

Lanthanide(m) complexes of macrocyclic ligands derived
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Phosphorus chirality assignment and solution
dynamics of lanthanide(in) complexes of a
monomethylphosphinate analogue of Hidota:
a multinuclear NMR and DFT study

Adam Svitok, (2@ Carlos Platas-Iglesias, 2 Jan Kotek (22 and Petr Hermann () *
Analogues of Hdota form kinetically inert and thermodynamically stable complexes with lanthanide(in)
ions and they are used in many applications in biology and medicine, mostly as imaging or therapeutic
agents. Many properties of the complexes depend on their solution isomerism and dynamics which,
however, have not been so thoroughly studied for ligands with phosphinate-containing pendant arms. In
particular, the absolute chirality of the phosphorus atom in the diastereocisomers detected in solution by
NMR has not been assigned until now, and coordinated-noncoordinated oxygen atom exchange, a
process analogous to the "phosphonate rotation” in phosphonate-containing derivatives, was not studied.
Here, a model Hydota analogue with one methylphosphinate group was prepared, and its Ln" complexes
were studied by multinuclear (*H, 3C, Y0, 3!P) NMR and DFT calculations in solution and by X-ray diffrac-
tion in the solid state. Chiral pentavalent tetrahedral phosphorus atoms are present in a number of phos-
phorus acid derivatives. Here, we present the first method to determine the absolute P-chirality in solution
using the paramagnetic relaxation enhancement (PRE) of *C NMR signals of the Yb" complex. The
method allowed the assignment of two major diastereoisomers of the complexes as R-AMM./S-A5558
(v-TSA, vertical twisted-square antiprism) and R-A8888/S-AMM (v-SA, vertical square antiprism). The
assignment agrees with the solid-state structure and DFT calculations. This method enables absolute
P-chirality determination in Ln" complexes of various phosphorus acid Hydota analogues in solution and
can be also applied to other rigid systems. The “phosphinate rotation” process was observed by
YO/MH-TH EXSY NMR only for large Ln" ions and only in the TSA isomers. Its mechanism is analogous to
that of the “phosphonate rotation” investigated recently on complexes of the mono(phosphonate
monoester) Hydota analogue, but the “phosphinate rotation” is more sterically demanding in complexes
of smaller lanthanide(in) ions due to the higher bulkiness of the methyl group compared with the oxygen
in the ester derivatives.

imaging and therapy,” ® fluorescence probes,®'°™*?

protein paramagnetic tags.>™® Over the years, investigations
of various properties of Ln™ complexes of this type of ligands

or as

from H,dota (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid, Fig. 1) are usually kinetically inert and thermo-
dynamically stable. These properties efficiently decrease their
in vivo toxicity, leading to many biological/medicinal appli-
cations. Thus, they are used as gadolinium(m)-based MRI con-
trast agents (MRI CA’s),"® carriers of metal radioisotopes for
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have led to a better understanding of the chemistry and
physics behind these applications.

The properties of these complexes, important for the appli-
cations mentioned above, depend on their solution isomerism.
In the complexes, the Ln™ ions are sandwiched between the
N,-plane formed by the cyclen nitrogen atoms and the O,-
plane defined by the oxygen atoms of the coordinating
pendant arms.'®'” This coordination leads to two diastereo-
isomers differing in the conformations of the macrocycle and
pendant five-membered chelate rings. Thus, a combination of
two possible macrocycle chelate ring configurations, 6688 and
AMAA, and two possible pendant arms orientations, A and A,
gives two diastereoisomers traditionally labelled as twisted-
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Fig. 1 Structures of ligands discussed in the text.

square antiprism (TSA) and square antiprism (SA). Each dia-
stereoisomer consists of an enantiomeric pair (A8888/AAAAL
for TSA and A83388/AMAA for SA). In addition, an apically co-
ordinated water molecule may be present above the O,-plane,
leading to the coordination number nine (CN 9) for large Ln™
ions. If the complexes are non-aquated (i.e., having CN 8), the
isomers are labelled as TSA' and SA', respectively. The abun-
dance of the isomers in solution depends on Ln" size and
ligand structure.'®'” The TSA arrangement is preferred by
large Ln™ ions and bulky H,dota derivatives as the ligand
cavity in the TSA isomer is larger and more flexible than that
of the SA isomer. In solution, the TSA/SA isomers are in a
mutual dynamic exchange proceeding on a millisecond time
scale.'®'® The TSA/SA diastereoisomers interchange by
inverting the macrocycle chelate ring conformations or by re-
orienting the pendant arms. A combination of both move-
ments forms the other enantiomer of the diastereoisomer.
Another dynamic process, an exchange between coordinated
and non-coordinated carboxylate oxygen atoms of H,dota, was
observed by 'O NMR, and it also happens on a millisecond
time scale.'®> This “carboxylate rotation” exchanges the
oxygen atoms without the SA/TSA interchange.

Carboxylate group(s) in Hydota may be replaced with acidic
moieties derived from phosphoric, phosphonic or phosphinic
acid groups. Gradual substitution of carboxylates with bulkier
phosphorus acid groups increases the TSA abundance in
solution,”®® and Ln™ complexes of tetraphosphorus acid
H,dota analogues occur only as the TSA isomers over the
whole lanthanide series.>*”* If an oxygen atom of a tetrahedral
phosphinate or phosphonate monoester groups is coordinated
to a metal ion, the phosphorus atom become chiral (R/S),
leading to more diastereoisomers due to the combination of
three chirality elements. Thus, Ln"™ complexes of H,dota ana-
logues with only one phosphinic acid/phosphonic monoester
group have a maximum of four diastereoisomers (i.e. four
enantiomeric pairs), R/S-SA and R/S-TSA. A full set of diastereo-
isomers is observed in complexes of Hydota derivatives with
phosphonate monoesters (having the P-OR bond) or phosphi-
nates containing P-H/P-aryl bonds.**® For compounds with
P-alkyl bonds, one phosphorus atom configuration is highly
preferred which lowers the number of the observed diastereo-
isomers; a single diastereoisomer is detected for complexes of

m
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tetraphosphinate H,dota analogues.’*>**?® Commonly, all
isomers interchange but this isomerism in complexes of the
phosphorus acid derivatives has not been studied in detail.
Recently, we have studied these exchange processes on Ln™
complexes of monophosphorus acid analogues of H,dota,
H;do3ap and H,do3ap®™ (Fig. 1), by multinuclear NMR spec-
troscopy and DFT calculations.’”?® In the complexes of
Hsdo3ap, the pendant arm rotation (i.e., the A/A exchange)
was found to be faster than the macrocycle chelate ring
inversion (i.e., the AAM\/3888 exchange), and the pendant arm
movement was suggested to involve a transient bidentate
¥*>-0,0"-PO, coordination of the phosphonate group.*® This
coordination mode was later confirmed in a transition state
for the mutual exchange of coordinated/uncoordinated oxygen
atoms of the chiral phosphonate monoester group (“phospho-
nate rotation”) of H,do3ap®™ by multinuclear (*H, O and
*1p) NMR investigations and DFT calculations.’” However, the
absolute R/S configuration of the phosphorus atom in individ-
ual diastereoisomers could not be determined.

As mentioned above, one P-configuration is preferred in the
complexes of phosphinate H,dota analogues with P-alkyl
substituents.?>273132:3%36 Hawever, there has been no method
suggested for determination of the absolute P-configuration of
the diastereoisomer until now. Moreover, labelling the phos-
phinate group with 70O in a monophosphinate H,dota deriva-
tive offers a possibility to investigate the dynamics of the com-
plexes analogously to the mono(phosphonate monoester)
ligand.

Different pentavalent phosphorus acid derivatives (phos-
phoric acid esters, sulfur or nitrogen derivatives etc.) can also
contain a chiral tetrahedral phosphorus atom. These com-
pounds are inherently chiral or become chiral after their
coordination to a metal ion (e.g. in an enzyme active site) if
they contain the (>PO,)” fragment. They are present in nature
and their biological behaviour (e.g. ester hydrolysis) often
depends on the phosphorus atom chirality.>*™**> However, a
direct experimental determination of their absolute P-configuration
in solution is problematic.

In this work, we present a new method for the determi-
nation of the absolute configuration of the coordinated phos-
phorus atom in compounds with a tetrahedral phosphoryl
group. Thus, we prepared the '7O-labelled mono(methyl-
phosphinic acid) derivative H,do3ap™® (Fig. 1) and its Ln"
complexes, and we investigated the complexes by multinuclear
NMR and DFT calculations. Activation parameters for the co-
ordinated/non-coordinated oxygen atoms exchange of the
(>PO,)” group, “phosphinate rotation”, were determined for
the H,do3ap™® complexes and compared with those of the
“phosphonate rotation” in the H,do3ap®™" complexes.
Identifying the preferential orientation of the phosphorus
atom substituent(s) in the complexes can be useful to fine
tuning the physico-chemical properties of the macrocyclic
complexes. Furthermore, the (k*>-PO,)” coordination mode of
the tetrahedral oxophosphorus groups, involved in the isomer
interconversion, has been only sparingly experimentally or
theoretically investigated.**™*® Thus, the data presented here
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also contribute to a fundamental understanding of the coordi-
nation behaviour of the tetrahedral phosphorus acid anions.

For clarity reasons, in the following text and in the SI, the
coordinated water molecule is omitted in all formulae, labels
and pictures, and the complexes are denoted with general for-
mulae [Ln(ligand)]"".

Results and discussion
Synthesis of ligands and complexes

The non-labelled ligand H,do3ap™® was prepared by a
phospha-Mannich reaction of a macrocyclic precursor,
tBuzdo3a-HBr, with isopropyl methyl-H-phosphinate in anhy-
drous pyridine, catalysed by one equivalent of HBr. This pro-
cedure avoids the use of oxidation-prone free methyl-H-phos-
phinic acid in the Moedritzer-Irani variant?” of the phospha-
Mannich reaction in aqueous HCI. Next, the esters were hydro-
lysed to afford H,do3ap™® in an overall 73% isolated yield
(based on tBuzdo3a-HBr). It should be mentioned that the use
of methyl or ethyl esters of methyl-H-phosphinic acid in the
reaction led to significantly lower yields due to the competing
reductive N-methylation of tBusdo3a (coupled with the P-H
bond oxidation) and phosphinic ester hydrolysis (see also
below). The '"O-enriched H,do3ap™* was prepared (Scheme 1)
by a multi-step synthesis incorporating 7O in the first step, as
the phosphinate group cannot be enriched by heating with
H,"0 in acidic solutions, unlike the carboxylate group.*®
Methyl-dichlorophosphine was hydrolysed by '’O-enriched
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Scheme 1 Synthesis of YO-enriched H,do3ap™®: (i) H,Y’O (12% YO,
2.5 equiv.), anhydrous THF, 0 °C — room temperature (r.t.), 12 h; (ii)
[EtzOl[BF4] (2.6 equiv.), 2,6-lutidine (2 equiv.), anhydrous CH,Cl,, 0 °C —
r.t., 3 h; (iii) paraformaldehyde (4 equiv.), CH,Cl,/pyridine (1:2), 40 °C,
36 h; (iv) 1. TMSBr (12 equiv.), anhydrous CHCl, r.t., 72 h; 2. CH3OH, r.t.,
1h; 3. CH,ClL/TFA(1:1), r.t, 2 d.

This journal is © the Partner Organisations 2025

View Article Online

Research Article

water (approx. 12% '70) to get the '"O-enriched methyl-H-
phosphinic acid. To preserve the '”O isotope in the structure,
the acid was esterified by an alkylation with (Et;O)BF, in the
presence of 2,6-lutidine as a weak base to prevent an alkylation
of the phosphorus atom.*® The "O-enriched ethyl methyl-
H-phosphinate reacted with the macrocyclic precursor,
tBuzdo3a-HBr, similarly to the non-labelled compound.
Finally, the phosphorus ester groups were removed by TMS-Br,
preserving the *’O-labelling,’® and the tBu groups were cleaved
by anhydrous TFA. The overall isolated yield of the '”O-labelled
H,do3ap™*® was 17% (four steps; based on MePCl,). The low
yield can be attributed to the low stability of the required
7O-labelled ethyl H-phosphinate precursor, which is caused
mainly by oxidation of the P-H bond (connected with reductive
N-methylation of tBuzdo3a) and decomposition (ester hydro-
lysis) of the labelled ethyl methyl-H-phosphinate (see above).
Lanthanide(m) complexes of H,do3ap™® (both labelled and
non-labelled) were prepared by reacting LnCl; with a slight
ligand excess in aqueous solutions to ensure that free Ln" ions
were fully complexed in the final mixture. Solid-state structures
of the unlabelled H,do3ap™® ligand and the [Yb(do3ap™*)]”
complex were determined by X-ray diffraction and are dis-
cussed in SI and below (Fig. 5 and S1, S2).

Phosphorus atom absolute configuration and diastereoisomer
assignment

The [Ln(do3ap™€)]” complexes form up to four diastereo-
isomers, each consisting of an enantiomeric pair, by a combi-
nation of the macrocycle chelate ring conformations 5855/A\AA,
the pendant arms orientations A/A (leading to the SA or TSA
arrangements), and R/S configurations on the phosphorus
atom of coordinated phosphinic group (Fig. 2). Here for the
first time, it was possible to assign the absolute orientation of
the phosphorus atom substituents and to distinguish the
phosphorus-based isomers. In the following text, we will use
abbreviations “v-TSA/v-SA” and “h-TSA/h-SA” where “v” and “h”
denote “vertical” and “horizontal” positions of the P-substituents,
respectively. In the “vertical” isomer, the phosphorus substitu-
ent is directed approximately perpendicularly to the O, plane
of the complex. In the “horizontal” isomer, the phosphorus
substituent lies approximately horizontally to the O, plane of
the complex. Here, all four diastereoisomers could be detected
by NMR but signals of two minor diastereoisomers were often
unidentifiable due to a low signal intensity as a result of the
low abundance of the isomers (Fig. S4-S9).

In previous works on Ln™ complexes of cyclen-phosphinate
derivatives,>>?7:31:32:35,36,51,52 their TSA/SA geometry in solution
was easily assigned by their "H NMR spectra. However, it was
impossible to determine the orientation of the phosphorus
atom substituent (ie., the R/S configuration). For a better
interpretation of experimental and computational data here
(see below), it is advantageous to assign the R/S configuration
on the phosphorus atom in each diastereoisomer of the
[Ln(do3ap™*)]” complexes. Thus, we analysed the lanthanide-
induced paramagnetic relaxation enhancement (PRE) effect
on the >C NMR signals to determine experimentally the
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vertical

horizontal

R-AMJAL (v-TSA)

Fig. 2 Schematic representation of all possible isomers of [Ln(do3ap™®)]~ complexes; charges and the coordinated water molecule are omitted.
The upper row shows four diastereoisomers with their enantiomeric pair placed right below. The coloured structures (right) show orientation of the
P-bound methyl group in relation to the O4 plane in the vertical (v-) and the horizontal (h-) isomers.

P-substituent orientation in the different diastereoisomers. For
the experiment, the [Yb(do3ap™®)]” complex was selected due
to the abundance of only one major diastereoisomer (either
h-TSA', or v-TSA’), its slow dynamics and the knowledge of its
solid-state structure (see below). Theoretically, complexes of

11

any paramagnetic Ln" might be used but those with a larger

Fig. 3 The DFT-calculated structures of the v-TSA" (A) and h-TSA’
(B) diastereoisomers of [Yb(do3apM®)]~; colour code: carbon — grey,
hydrogen — white, nitrogen — blue, oxygen — red, phosphorus — orange
and ytterbium — green. Hydrogen atoms, except those at the methyl
group, are omitted for clarity. Visualised in VESTA software.>*

PRE are preferred. Here, the Yb" complex was selected due to
the difficulty of assigning NMR signals in complexes of Ln™
ions with larger PRE (for details, see Experimental part).
Structures of the diastereoisomers were calculated by DFT
and are shown in Fig. 3. The distances between the methyl
carbon atom and the Yb" ion, determined by the DFT calcu-
lations, differ significantly between the A-TSA’ and v-TSA’ dia-
stereoisomers (4.75 vs. 4.40 A, respectively) and, thus, can be
used to unambiguously assign the diastereoisomers. The dis-
tances determined from the *C NMR relaxation times
(Table S3), by DFT calculations and by X-ray diffraction are given
in Table 1. The "*C PRE method was first tested by determi-
nation of the distances between Yb"™ ion and the easily assign-
able (Fig. $10 and the accompanying text) carboxylate **C atoms.
The distances found in the solid state, determined by DFT calcu-
lations and by the PRE method, are all in good agreement.
Then, the same comparison was done for the P-bound methyl
carbon atom; its ">C NMR signal was assigned by a selective 'H
decoupling (Fig. S11). The experimental H;C---Yb distance deter-
mined by *C PRE is close to that found/calculated for the
R-AMOMS-A83B8, vertical-TSA (v-TSA), diastereoisomer (Fig. 3).
Previously, this method was used to determine the
Th/Dy/Ho---H distances in H,dota complexes.’® A similar

Table 1 The Yb---C distances (A) determined by X-ray diffraction, DFT or PRE for the v-TSA'/h-TSA’ diasterecisomers of the [Yb(do3ap™®)]~ complex

Distances, A

Isomer/method d,(OC---Yb) d,(OC---Yb) d5(OC---Yb) r(HsC---Yb)
R-AMAA/S-A8555 v-TSA’ (X-ray) 3.17 3.13 3.09 4.31
R-AMAMA/S-A858D v-TSA' (DFT) 3.15 3.14 3.13 4.40
S-AMM/R-ABSSS h-TSA' (DFT) 3.15 3.14 3.13 4.73

PRE 3.1 3.0 3.0 4.2
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method has been also used to determine the Ln---X distances.
The Tb/Nd/Sm---H distances were determined in complexes of
various ligands by comparing the paramagnetic relaxation
times of different "H atoms®> ™’ (see below) and Tb/Dy/Ho/Er/
Tm/Yb---F/P distances were determined from paramagnetic
Tim relaxation times determined at multiple magnetic
fields.>®*° Moreover, Gd---Y/C distances were obtained using
only the T\ of ®Y shortened by Gd", which is possible due
to the magnetic properties of the Gd™ ion.*°

The PRE method has some advantages and limitations. It
might be generally applied to determine Ln---X distances in
compounds where “X” is a non-quadrupolar NMR-active
nucleus and various paramagnetic lanthanide(ur) ions can be
used. The complex or system should be (semi)rigid on NMR
time scale. In chemistry of macrocyclic complexes, the method
may be used to define diastereoisomers, to assign NMR
signals or to determine the solution structure. In biochemistry,
it could be used if the compound of interest is locked (e.g.
inside a peptide) and the paramagnetic probe is bound at such
a distance that PRE of the “X” nucleus is measurable. The
main advantage of using lanthanide-induced relaxation is its
independence on the position/orientation of the magnetic axis
of the complex, unlike lanthanide-induced shifts (LIS).*!

The method utilizing the difference between relaxation
rates R, and R,, presented here, could be used for these pur-
poses with the advantage of not requiring multiple magnetic
fields, the knowledge of some Ln---X distance or a large dis-
tance from the Ln" ion in the case of Gd™. However, it requires
determination of the T, relaxation time and the rotational cor-
relation time ri. Nowadays, the method may be used in the
rapidly growing field of '°F MRI, where the Ln---'°F distance is
one of the most important parameters of potential contrast
agents. Due to the long T, relaxation times of '°F, paramag-
netic relaxation enhancement of '°F is advantageous and com-
plexes of various Ln™ are studied for this purpose. Both T; and
T, of '°F MRI in these contrast agents strongly depend on the
Ln--"°F distance which affects the '°F MRI signal intensity
and contrast.

The H;C---Yb distance can also be determined from the
ratio of paramagnetically enhanced R,y relaxation rates of the
carbonyl and methyl carbon atoms (Table S3). Average values
of d(HsC-+-Yb) = 4.40 and 4.45 A were determined at 0 °C and
5 °C, respectively, assigning the shorter distances to the faster
relaxation rates. These values agree well with the H;C---Yb dis-
tance in the vertical R-AMAMA/S-A8868 (v-TSA) diastereoisomer
(Table 1).

The R-AMAMA/S-A8888 (v-TSA) isomer is also energetically
favoured by DFT calculations, being ~4 kJ mol™ lower in
energy at 25 °C (Table S4) over the entire Ln" series. Based on
'H and *'P NMR spectra (Fig. S4-S6), the major diastereo-
isomers have the same phosphorus configuration for all
[Ln(do3ap™©)]” complexes. The h/v-SA diastereoisomers were
assigned based on "H-"H EXSY of the Eu" complex which dis-
tinguishes macrocycle inversion from pendant arms re-orien-
tation. The major v-TSA diastereoisomer interchanges with the
major SA diastereoisomer by macrocycle inversion (see Fig. 6
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below). Thus, the major SA diastereoisomer must be the
vertical-SA (v-SA). Based on DFT, the v-SA is also the energeti-
cally favoured SA diastereoisomer for all complexes (Table S4).

By comparing the relative "H chemical shifts with those of
the [Ln(do3ap®®)]” complexes studied previously (Fig. 4),*” the
major SA diastereoisomer is the same, vertical-SA (v-SA), as for
the title phosphinate complexes but the major TSA diastereo-
isomer is the other one: horizontal-TSA (h-TSA). This correlates
with '"H-"H EXSY data, which showed that the major TSA and
SA diastereoisomers of the H4d03apOEt complexes interchange
by pendant arms re-orientation,*” unlike the major diastereo-
isomers of [Ln(do3ap™€)]”. Thus, if the major SA isomer of
[Ln(do3ap®™)]” is the v-SA, the major TSA diastereoisomer of
[Ln(do3ap®®")]” must be the A-TSA.*”

For the [Ln(do3ap™)]” complexes, abundances of the
SA/TSA diastereoisomers were determined from relative
intensities (as the sum of the v-SA + A-SA and v-TSA/v-TSA' +
h-TSA/h-TSA’ signal integrals, respectively) of their 'H and
3P NMR signals at 5 °C (Fig. $13). The abundances depend on
the Ln™ size similarly to complexes of other H,dota derivatives
- SA abundance increases with decreasing Ln" size to Dy" and
then decreases after this Ln™ ion. The trend originates from a
smaller ligand cavity of the SA isomers vs. TSA isomers and
from an even smaller ligand cavity of the TSA’ isomers, better
accommodating the smallest Ln™ ions.>»®* Energies deter-
mined by DFT also follow this trend (Table S4). Analogously to
the [Ln(do3ap®™)]~ complexes, the abundances of the TSA dia-
stereoisomers increase with a higher temperature but ratios of
the vertical/horizontal diastereoisomers remain nearly constant
for all v/h-TSA, v/h-SA and v/h-TSA' pairs at all measured tem-
peratures (Fig. S13 and Table S5). Moreover, the relative ratios
of vertical/horizontal diastereoisomers are independent of Ln™
ions, and they are approximately 96%, 90% and 95% for
V-SA: h-SA, v-TSA: h-TSA and v-TSA’: h-TSA' ratios, respectively
(Table S6). Based on DFT, these ratios slightly vary, but the cal-
culated energy differences are negligible, especially when com-
pared with calculated differences in the TSA/SA ratio (Fig. S4).
For the [Ln(do3ap®®)]” complexes, these ratios are also
independent of Ln™ and temperature but the mixtures contain
only approximately 65% of the major diastereoisomer (v-SA,
h-TSA or h-TSA') for all of v-SA:h-SA, A-TSA:v-TSA and
h-TSA’ : v-TSA' ratios.®” Accordingly, energy differences of dia-

m

[Eu(do3ap)]”

42 40 38 36 34 32 30 2 24 22 20 18 16 14 12 10

8 26
5 {ppm]
O v-SA W h-SA Oh-TSA @ v-TSA

Fig.4 A comparison of 'H NMR spectra of the axial protons of
[Eu(do3ap™)]~ (top) and [Eu(do3ap®tY]~ (bottom, data from ref. 37)
complexes at 5 °C and v(*H) = 600 MHz.
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stereoisomers in these pairs calculated by DFT are minimal for
[Ln(do3ap®™)]” and do not even allow for predicting the more
stable phosphorus configuration (Fig. S4). Thus, the character
and abundance of major diastereoisomeric species in solution
differ for various phosphorus substituents. This agrees with
previous studies of solutions of complexes of tetraphosphorus
H,dota derivatives (see below).

To gain more insight on the influence which the nature of
P-substituent has on the relative energy of the isomers, we
carried out additional DFT calculations on [Eu(do3ap™)]” com-
plexes, where R = H (the smallest substituent, a full isomer set
is generally observed in solution) or the unknown analogue
with R = ¢Bu (a bulky substituent; a preference for the vertical
isomer is expected). The relative energies of the isomers in
this series of phosphorylated derivatives (R = H, OEt, Me and
tBu) were subsequently compared. If the P-bound atom/group
is small (R = H or OEt), the energy differences between the
vertical and horizontal isomers are small (~1 kJ mol™"), with
the lowest-energy isomers being the horizontal ones. For
bulkier groups (R = Me or tBu), the differences were more sig-
nificant (~3-8 kJ mol™") and these differences were more pro-
nounced for the bulky ¢tBu group. The vertical isomers were
strongly preferred for the latter complexes, indicating that
steric requirements probably impose the isomer preferences.

Solid-state structures

The of the [Yb(do3ap™)]”
[Yb(do3ap®™)]~ complexes (Fig. 5) were studied to determine
the phosphorus atom configuration and compare the struc-
tures with the solution data (Fig. S3 and Table S1). The solid-
state structure of [Li(H,0);][Yb(do3ap™€)]-H,O contains two
complex enantiomers R-AMM and S-Add85 corresponding
with the »-TSA’ isomer while the [Li(H,0);][Yb(do3ap®®")]-H,O
structure contains the two enantiomers S-AMAA and R-A3555
corresponding with the 74-TSA’' isomer, analogously to the
h-TSA’ isomers of the [Ho/Er(do3ap®™)]™ anions found in the
solid state previously.>” The trans-O-Yb-O opening angles of
119.7° and 130.1° for [Yb(do3ap™*)]”, and of 121.5° and 129.4°
for [Yb(do3ap®™)]™ are lower than the limiting value of ~135°
for the TSA isomers to accommodate a coordinated water

solid-state structures and

Fig. 5 Molecular structures of [Yb(do3ap™®)]~ (v-TSA' isomer, A) and
[Yb(do3ap®FY)]~ (h-TSA" isomer, B) anions found in the solid state.
Macrocycle and pendant arm hydrogen atoms are omitted. Colour
codes: carbon — grey, hydrogen — white, nitrogen — blue, oxygen — red,
phosphorus — orange and ytterbium — green; numbering scheme is
given in SI (Fig. S3).
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molecule.?*%*%* Thus, the structures are better labelled as
v/h-TSA’, which is further supported by the twist angles
between the O, and N, planes of 26.2-27.4° and 27.6-28.9° for
[Yb(do3ap™¥/°F)]", respectively.?***** The v-TSA’ and A-TSA’
diastereoisomers found for the [Yb(do3ap™“°®)]” complexes,
respectively, correspond to the major diastereoisomers
observed in solutions of these complexes (see above) and with
the major diastereoisomers predicted by DFT (Table S4).

The solid-state structures of complexes of H,dota deriva-
tives with one (4-nitro-benzyl)- or (dibenzylamino)methyl-
phosphinate pendant arm also contain only the v-TSA
isomer.””**% In solution, Ln™ complexes of these and all
other monophosphinic acid H,dota analogues (DO3AP®
ligands) have only one major TSA diastereoisomer (>95%),
similarly to the title [Ln(do3ap™®)]” complex.>>>7:69-66
Complexes of tetra(alkylphosphinic acid) Hydota analogues
(DOTPR ligands, R = Me, Et, Bn, CH,OH etc.) were found in the
solid state also exclusively as the v-TSA isomers®*"*> and only
one major TSA diastereoisomer was observed for their com-
plexes in solution.?*23%36:5167 On the other hand, complexes
of ligands with phenyl-phosphinate, H-phosphinate or
phosphonate monoester pendants contain the #A-TSA
species®****7%8 or a mixture of 1-TSA and A-TSA isomers® in
their solid-state structures. Similarly to the [Ln(do3ap®®)]
complexes,”®?” solutions of complexes of these ligands always
contain a mixture of all possible diastereoisomers, ie., four
h/v-SA and h/v-TSA isomers. For complexes of these tetrapho-
sphorus acid derivatives, mixtures of diastereoisomers have
been observed (up to eight isomers; they are only present as
TSA species).>* 3¢

Comparison of the solid-state structures with the solution
isomer speciation allows a general assessment of about the
influence of the P-substituents in phosphorus acid pendant
arms of polyaza-macrocyclic ligands on the stereochemistry of
their complexes. Preferential orientation of the phosphorus
atom substituents and, thus, abundances of diastereoisomers
of the complexes depend on the substituents, and two types of
substituents can be distinguished. (i) Phosphinate groups with
P-alkyl substituents form predominantly complexes with the
“vertical” orientation of the substituent(s) in both TSA/SA
species. This leads to two major diastereoisomers (in sum
>95%), v-TSA and v-SA, for the Ln™ complexes of DO3AP®
derivatives and to one major (>90%) v-TSA diastereoisomer for
complexes of DOTP® derivatives, as all phosphorus atoms have
the same configuration. (ii) Phosphonate monoester groups, or
phosphinates substituted with a phenyl group or with a P-H
bond (R = OR/, aryl, H) form complexes which are present in
solution as a mixture of (all) possible diastereoisomers.
Complexes of these DO3AP® derivatives exhibit two major dia-
stereoisomers (approx. 60-70%) in solution. The relatively low
excess of the major isomers agrees well with DFT calculations
(Table S4) as relative energy differences between all isomeric
complexes of H,do3ap®® are smaller than relative energy
differences between isomers of H,do3ap™® complexes. Based
on the data above and those in the literature, we can state that
major isomers of complexes of these DO3AP® derivatives
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should have the A-TSA and v-SA arrangements. For complexes
of DOTPR ligands with these P-substituents (forming only the
TSA isomers), up to all eight possible phosphorus-based dia-
stereoisomers have been observed in solution. In both cat-
egories, preference for the phosphorus atom configuration
does not depend on the size of Ln" ions (see also above).

The configuration on the coordinated phosphorus acid
groups induced by the character of the P-substituents can also
be extended to complexes of other trivalent metal ions with
tris-phosphorus acid analogues of Hjnota; these hexacoordi-
nated complexes exhibit stereochemistry analogous to the SA/
TSA isomerism of Hydota complexes and contain chiral phos-
phorus atoms. In the solid state, they have an SA-like combi-
nation of ring- and pendant arm-based chiralities (A114/A856).
The solid-state structures of Fe", Co", Ga™ and In" complexes
with tris(phenyl-phosphinic acid) analogue of Hznota have
three vertical P-substituents, in agreement with the preferences
given above for the SA isomers.®® Similarly, the Ga™ complex
of the ligand with R = CH,CH,CO,H has three vertical
P-substituents in the solid state.”” However, in solution,
gallium(m) complexes of tris(R-phosphinic acid) Hznota ana-
logues with R = CH,CH,CO,H or CH,OH are present as one
major (>90%) isomer but the complex of the ligand with R =H
has at least four diastereoisomers.””’" Thus, phosphorus
stereochemistry in complexes of macrocyclic ligands controlled
by the P-substituents seems to be a general phenomenon and
might be used for a prediction of the phosphorus-based stereo-
chemistry in systems where a detailed analysis suggested here
cannot be carried out.

Dynamic processes

Dynamic processes were investigated on the [Eu(do3ap™®)]”
complex whose EXSY spectra are measurable and evaluable
due to the relatively low PRE of the Eu" ion. Signals of the
axial (ax) protons (for their definition, see SI in ref. 37) were
assigned by analogy with the [Eu(dota)]” and [Eu(do3ap)]*~
complexes.*®”> Signals of the equatorial (eq) protons were
assigned by 2D 'H-'H EXSY (Fig. S15) and 'H-'H COSY
(Fig. S16) experiments. In the 2D "H-"H EXSY spectrum, cross-
peaks relating the axial and equatorial protons of v»-TSA/v-SA
and A-TSA/h-SA pairs confirm the interchange by the macro-
cycle inversion. Cross-peaks of both axial or both equatorial
protons of A-TSA/h-SA and v-TSA/v-SA pairs confirm exchange
by the pendant arms re-orientation. Moreover, detected cross-
peaks of A-TSA/v-TSA exchange correspond to a phosphinate
rotation. Similarly to the phosphonate rotation in the
[Eu(do3ap®™)]” complex,”” a phosphinate rotation intercon-
verting h-SA/v-SA was not detected, as seen from the absence
of cross-peaks of the axial #2-SA/v-SA protons (Fig. 6).

Next, rates of the dynamic processes were determined using
2D *'p-*'P EXSY spectra (Fig. S17) as the signals of the
isomers overlap in 2D '"H-'"H EXSY spectra. The 1D 'H EXSY
spectra applied for this purpose previously’”*® could not be
used here due to the low signal intensities of the minor dia-
stereoisomers. The rate constants for all processes were calcu-
lated from integral intensities of the cross- and diagonal peaks

This journal is © the Partner Organisations 2025
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Fig. 6 A part of the H-'H EXSY spectrum of the [Eu(do3ap™®)]~
complex at 5 °C and z,, = 15 ms (600 MHz) showing cross-peaks
between signals of axial protons corresponding to processes not
inverting macrocycle conformation: red — pendant arms re-orientation,
green — phosphonate rotation. The empty blue circles show positions of
hypothetical cross-peaks for a combined phosphinate rotation and
pendant arms re-orientation. The diagonal peaks are black.

as averages at multiple mixing times (Table S7), and their
values were checked by comparison of values of equilibrium
constants calculated from these rate constants and from the
*1p signal intensities (Table S8). To compare rates of the pro-
cesses, values weighted by the isomer abundances were used
(Table 2).

The rate of macrocycle inversion for the [Eu(do3ap™€)]”
complex is approximately the same as for the Eu™ complexes
of other H,dota derivatives, consistent with the fact that
macrocycle inversion is generally independent of the pendant
arms substitution.”*’* However, the pendant arms re-
orientation is slower than the macrocycle inversion in the
[Eu(do3ap™©)]” complex while it is faster in the complexes of
derivatives with phosphonate groups or carboxamide pendant
arms.?”*%7%76 Rate of pendant arms re-orientation is generally
very sensitive to the pendant arms substitution, being the
fastest for complexes with carboxamide pendant arms like
DOTAM and slowed down with an increase in pendant arms
bulkiness. Substitution on a-carbon atoms of pendant arm
acetates completely halts the process. The pendant arms re-
orientation rate in the [Eu(do3ap™®)]” anion is the slowest
among the complexes with non-a-substituted acetates which is
likely caused by the steric requirements of the tetrahedral
methyl group (if compared with an oxygen atom, e.g., in the
phosphonate monoesters) and/or by different electronic effects
of the electron-donating methyl group if compared with elec-
tron-withdrawing OH/OEt groups. This effect is likely similar to
the decrease of pendant arms re-orientation rate by substituting
the amine on carboxamide pendant arms, as seen by the drastic
difference in the process rates between DOTAM and DTMA.”>”®

Phosphinate rotation

The 'H-'H EXSY confirmed the phosphinate rotation inter-
changing »-TSA and A-TSA. Previously, two possible mecha-
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Table 2 Weighted averages of rate constants (5 °C) for dynamic processes in Eu" complexes of Hsdo3ap™® and analogous ligands (ligand structures

are shown in Fig. 1). Charges of the species are omitted

Rate constant k [s™"] for the [Eu(L)] complexes of the ligands

Exchanging isomers Process” do3ap™® do3ap®™ Hdo3ap/do3ap” dota dotam® dtma® dotmam®
h-TSA/h-SA Cycle 17.1 11.4% 21.2/17.87% 17.8738 e7s 23770 4197°
v-TSA/V-SA Cycle 13.3 10.6 %7

h-TSA/v-SA Arms 1.73 32.4%7 24/83.3738 9.1938 592775 17277¢ e76
V-TSA/R-SA Arms 7.41 11.4%7

h-TSA/v-TSA Phos 2.54 6.4°7 —f —f —f — —

“ Process abbreviations: cycle = macrocycle inversion, arms = pendant arms re-orientation and phos = phosphinate/phosphonate rotation. ? Data
for monoprotonated (L = Hdo3ap) and deprotonated (L = do3ap, as dianion) complexes. ° Rate constants were calculated from the published acti-
vation parameters. ¢ Only one SA and one TSA isomer are present in these complexes containing non-chiral/no phosphorus atom. ¢ The process is

very slow./ Not applicable to this systems.

nisms not involving a decoordination of the phosphorus acid
group were proposed:*’ (i) Phosphorus group rotation chan-
ging only the phosphorus atom configuration, i.e., v-TSA/A-TSA
or v-SA/h-SA interchange, and (ii) a simultaneous phosphorus
group rotation and pendant arms re-orientation, i.e., h-TSA/
h-SA or v-TSA/v-SA interchange. Based on the presence of
cross-peaks between the v-TSA/h-TSA axial protons and the
lack of the h-TSA/h-SA or v-TSA/v-SA axial protons cross-peaks
in the "H-"H EXSY spectrum of the Eu" complex (Fig. 4), the
mechanism of phosphinate rotation is the same as that of
phosphonate rotation, ie., proceeding through a simple
rotation of the phosphinate group changing the phosphorus
atom configuration but preserving the pendant arms
orientation.

Furthermore, this mechanism was confirmed combining
DFT calculations and variable-temperature (VT) 7O NMR
(Table S4, Fig. S18 and $19). In principle, up to eight signals
are observable by 7O NMR for the title complexes (signals of
the coordinated and non-coordinated oxygen atoms of four
diastereoisomers) but signals of different diastereoisomers are
often indistinguishable due to mutual overlap. At low tempera-
tures, signals of coordinated and non-coordinated oxygen
atoms were well separated for all paramagnetic complexes.

Signals of non-coordinated oxygen atoms, but not those of co-
ordinated oxygen atoms, could be detected even for the Gd™
complex, analogously to the Gd" complexes of H,dota and
H,do3ap®®.?**” Usually, NMR signals are undetectable for
Gd™ complexes due to the fast relaxation, with 7O NMR
signals of non-coordinated oxygen atoms being the notable
exception.””?” With temperature increase, signals of co-
ordinated oxygen atoms of different diastereoisomers coalesce
first, and the same applies to signals of non-coordinated
oxygens of different diastereoisomers. Then, the coordinated
and non-coordinated phosphinate oxygen atoms, each rep-
resented by a coalesced signal consisting of up to four signals
of different diastereoisomers, interchange with an increase in
signal linewidths. These processes are detectable for com-
plexes of Ln™ ions larger than Gd™. Thus, the variable-temp-
erature (VT) 7O NMR spectra were evaluated as an interchange
between two equally populated sites, as the oxygen atoms of
the same type (coordinated or non-coordinated) but originat-
ing from different diastereoisomers of the studied Ln™
(La-Sm) complexes coalesce at a lower temperature than the
lowest experimental temperature. The determined rate con-
stants (Table S9) were used to calculate activation parameters
with the Eyring equation (Table 3, Table S10 and Fig. S20). The

Table 3 Free energies of activation and the corresponding rate constants for the h-TSA/v-TSA phosphinate/phosphonate rotations determined
from VT O NMR and by DFT calculations for the [Ln(do3ap™®)]~ and [Ln(do3ap®)]~ complexes. Free energies of activation for theoretical h-SA/
v-SA and h-TSA'/v-TSA' phosphinate rotations predicted by DFT are also shown

[Ln(do3ap™€)] ™

[Ln(do3ap®™]~*

Ln" Ay mol ] *PAGE, (TSA) [T mol™]  kone (5°C) [s™']  **°AGL (SA) [ mol™]  **AGH [ mol™"]  *°GE, [k mol™']
La 57.7 28.8 2.52 x10° 37.8 51.8 52/36.0°

Ce 50.9 31.9 1.60 x 10° 41.2 52.9 55.6

Pr 54.3 37.4 3.68 x 10> 45.6 55.7 58

Nd 56 42.7 1.77 x 102 49.7 57.1 61.2

Sm  63.5 49.6 6.89 58.3 64 69

Eu — 52.9 2.54° 62.7 61 71.5/59.7°

Yb — 107.8 (TSA'¥ —f — — —

“This work. ? Values from the literature (ref. 37). Values for hypothetical ~-SA/v-SA exchange. “It could not be determined due to the influence
of TSA/SA exchange processes. ¢ Value from 2D *'P-*>'P EXSY./ Exchange was not detected experimentally. ¢ Value for hypothetical 2-TSA'/v-TSA’

exchange. " Not calculated.
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298AG* values for the phosphinate rotation have the same mag-
nitude as that for the phosphonate rotation,>” pendant arms
re-orientation and the macrocycle inversion®®”*"®? in Ln™ com-
plexes of Hydota and its amide or phosphonate derivatives but
they are much lower than those for the carboxylate rotation
(Table $11).'°?' Activation energies increase with decreasing
Ln™ ion size, and the trend is similar for the phosphonate,
phosphinate and carboxylate rotations (Fig. 7)."*"*’

Here, the activation energies of pendant arms re-orientation
and the macrocycle inversion in complexes of large Ln" ions
follow the same trend as in complexes of H,dota-like ligands,
and are similar to those for the phosphinate rotation in the
H,do3ap™® complexes (Table $11).”*%' These trends are
usually caused by an increase in charge density for the smaller
Ln™ ions but are much more profound for the phosphinate,
phosphonate and carboxylate rotations due to steric effects.
The Ln™ ions are localised progressively deeper in the ligand
cavity with the decreasing ion size,>*®** making their transition
states with the k>-PO,/x*-CO, bidentate binding progressively
less favourable. While the phosphonate rotation was detected
in [Ln(do3ap®®)]” complexes for La-Tb, the phosphinate
rotation was observed in [Ln(do3ap™€)]” complexes only for
La-Eu (Table 3). The phosphinate rotation is also slower in the
[Eu(do3ap™€)]” complex than in the [Eu(do3ap®™)]”~ anion
based on 'H-'H EXSY data (Table 2). This is likely due to
the same steric effect as the decrease in the rate of pendant
arms re-orientation if comparing re-orientation in the
[Eu(do3ap®™)]~ complex and that in other Eu" complexes (see
above). The comparison also indicates that the P-methyl group
with a “branched” -CH; group is bulkier than the phospho-
nate group(s) where the first phosphorus-bound atom is a
“non-branched” oxygen atom. However, the activation free
energies of both rotations are nearly the same in complexes of
La™-Sm" ions. Thus, the steric effect of the phosphorus substi-
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¥ [Ln(do3ap®®)]~ (exp)
@ [Ln(dota)]™ (exp)

A-[Ln(do3ap"€)]~ (DFT)
O [Ln(dota)]” (DFT)

Fig. 7 Activation free energies °®AG determined by VT O NMR or
DFT for phosphinate/phosphonate rotation in the [Ln(do3ap™e/©%Y]~
complexes and for carboxylate rotation in [Ln(dota)]”. Data for the com-
plexes of Hydota and H,do3ap©t were taken from literature.’®?*%7 Lines
are included only as guides for the eyes.
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tuent seems to affect the processes only if the Ln™ ion is loca-
lised deeper in the ligand cavity.

The phosphinate rotation was confirmed by DFT calcu-
lations. Relative energies of all diastereoisomers of complexes
of large Ln"™ ions and of the Yb™ ion, energies of the corres-
ponding transition states for the exchanges between A-SA/v-SA
and h-TSA/v-TSA were calculated (Table S4). The calculated
activation Gibbs energies for the v-TSA/A-TSA exchange are
shown in Fig. 7 and Table 3, and they agree with the trend in
experimental values determined from VT 7O NMR, but are
somewhat lower. This is likely due to the difficulties of model-
ling solvent effects by DFT using polarized continuum models.
In particular, our calculations appear to over-stabilize the tran-
sition state responsible for the v-TSA/A-TSA exchange, which
displays a bidentate k*>-PO, coordination. This group is prob-
ably forming rather strong hydrogen bonds with water mole-
cules in solution. These directional interactions are not well
described by PCM,** resulting in an overestimation of the
interaction between the metal ion and the bidentate k>-PO,
group. These limitations of PCM were evidenced previously
while investigating the rotation of acetate groups in DOTA
derivatives."

The theoretical activation energies for the 1»-SA/A-SA exchange
are higher than those for the v-TSA/A-TSA exchange for all Ln"
ions. This, together with the absence of cross-peaks corres-
ponding to this exchange in 'H-'"H EXSY spectrum of the Eu"
complex, shows that the v»-SA and 4-SA isomers do not intercon-
vert by phosphinate rotation. The same behaviour was observed
for the phosphonate rotation in the [Ln(do3ap®™)]” complexes.*”
Based on the experimental data, the phosphinate rotation was also
not detected for the “anhydrous” v-TSA'/h-TSA’ isomers, in line
with the very large theoretical value of G, = 107.8 kJ mol™*
calculated for this process. Thus, the phosphinate rotation
was confirmed only in the TSA diastereoisomers of the
[Ln(do3ap™€)]” complexes for Ln = La-Eu. The phosphinate
rotation proceeds by a mechanism analogous to that of the phos-
phonate rotation, and both exchange processes have similar rates.

In the complexes investigated here, all isomers are in a
dynamic equilibrium and pure isomers cannot be present in
solution. Thus, properties of an individual isomer cannot be
directly determined. However, even a small abundance of one
isomer can influence the macroscopic properties of such com-
plexes in solution. A classical example of this behaviour is the
different water exchange dynamics of the SA and TSA isomers
of DOTA derivatives which influences their properties as MRI
CA’s.'®757¢ For the vertical/horizontal isomers, the structures
of the first coordination sphere are very similar each other,
according to the X-ray data, but differences in the second
hydration sphere may be expected. This is relevant for the
design of MRI CAs. Thus, we performed DFT calculations with
one coordinated and four second-sphere water molecules for
all four isomers of the [Gd(H,0)(do3ap™)]” complex. The
calculations showed (Fig. S21) that the second-sphere water
molecules are more ordered in both horizontal isomers. The
Gd" coordinated water distance, Gd-O,,, is similar in both SA
isomers (2.583 and 2.617 A for v-SA and h-SA, respectively) but

i
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significantly different in the TSA isomers (2.718 and 2.629 A
for v-TSA and A-TSA, respectively). Thus, the v-TSA isomer
might exchange the coordinated water molecule significantly
faster than the other isomers. On the other hand, the more
ordered second-sphere hydration in the horizontal isomers
might influence the bulk water relaxation or fluorescence
quenching more than that in vertical isomers. To test these
hypotheses, complexes with a defined configurationally stable
arrangement on phosphorus atom(s) have to be prepared. This
can be, in principle, achieved with optically active phosphine
oxide pendant arm(s), or perhaps by locking a given configur-
ation of the complex by ligand C-functionalization.®®

Conclusions

In this work, we introduced a new method for the determi-
nation of the absolute configuration on a chiral tetrahedral
phosphorus atom in solution. The method is suitable for rigid
systems and a paramagnetic metal has to be used as probe/
label. A combination of DFT calculations and **C PRE allows
identification of the location of the substituents on the phos-
phorus atom. Here, the defined spatial arrangement was
assured by a coordination of the phosphorus group to a metal
ion. In general, the method can be used for other (semi)rigid
complexes/systems where the Ln---X distances in solution are
fixed and the necessary NMR data can be obtained in a pres-
ence of the paramagnetic probe located at a close distance to
alter the relaxation times of the measured nucleus. In prin-
ciple, the method might be used in systems with any paramag-
netic Ln" ion as a probe and for atoms of any non-quadrupolar
NMR-active nuclei.

The lanthanide(m) complexes of the title ligand,
H,do3ap™®, can be present as four diastereoisomers. All
expected diastereoisomers v-TSA, A-TSA, v-SA and h-SA were
identified, but with a low abundance of the minor diastereo-
isomers, h-TSA and h-SA. The method presented here enables
us to assign the observed NMR signals to the vertical/horizontal
diastereoisomers for complexes of this type for the first time.
Thus, they were experimentally attributed by determining the
distances between the Yb™ ion and the P-bound methyl **C
atoms in the [Yb(do3ap™©)]” complex from NMR data. These
distances were compared with those obtained by DFT calcu-
lations and X-ray diffraction data. Through comparison with
previously published data, the orientation of a phosphorus
substituent in complexes of other phosphorus acid H,dota
analogues was also assigned.

Isomerism and dynamics of Ln™ complexes of H,do3ap™®,
were investigated by multinuclear NMR and DFT calculations.
The diastereoisomers are in mutual exchange, observable by
NMR. The interchange of the diastereoisomers was confirmed
by "H-"H EXSY experiments and proceeds by the expected pro-
cesses, i.e., pendant arms re-orientation, macrocycle inversion
and phosphinate rotation. The phosphinate rotation is fully
analogous to the recently reported phosphonate rotation, but
it was confirmed for a phosphinate group for the first time

it
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here. The phosphinate and phosphonate rotations proceed by
analogous mechanisms through an intermediate with biden-
tate k?-PO, coordination. Based on VI NMR and DFT calcu-
lations, the phosphinate rotation occurs only in complexes of
large Ln"™ ions (La"-Eu") and only in diastereoisomers with
TSA geometry, analogously to the monophosphonate com-
plexes. The data point to somewhat higher bulkiness of the
P-CH; moiety compared with a phosphonate monoester frag-
ment, P-O-R. Thus, on the basis of our data, a prediction on
isomer preferences in complexes of macrocyclic ligands is now
possible. For instance, in complexes of phosphinate H,dota
derivatives, the very bulky phosphorus substituent should
induce an exclusive preference for the vertical isomers.

These findings contribute to further elucidation of the solu-
tion isomerism/dynamics of Ln"™ complexes of phosphorus
acid derivatives of H,dota, which will help in the design of
new complexes for specific applications. The position of the
phosphorus substituent subtly alters the arrangement of the
ligand in the complexes, which could be employed in the
design of Ln"™ complexes with tailored properties.

The scope of “a phosphorus group rotation” was confirmed
to be wider than just in phosphonate complexes and seems to
be a general feature, expected to take place even in coordinated
phosphates in biochemistry. Thus, the methods presented
here may be applied to areas across the chemistry of phos-
phorus acid derivatives.

Experimental

The general experimental methods, synthesis of the unlabelled
H,do3ap™®, the "O-labelled ethyl methylphosphinate and the
H,do3ap™® complexes, and experimental information for the
X-ray crystal structure determination are in the Experimental
Details section of the SI. The NMR spectra of all complexes
were measured in D,O at pD ~6.5 adjusted by diluted LiOD/
D,O0 or DCI/D,0 solutions at 14.1 T (i.e. at 600 MHz for 'H).

Synthesis of '”O-labelled H,do3ap™*

The "O-labelled (approx. 12% enrichment on each phosphi-
nate oxygen atom) title ligand was prepared following
Scheme 1 from the tBuzdo3a-HBr and '’O-labelled ethyl
methyl-H-phosphinate which was prepared from methyl-
dichlorophosphine and *’O-enriched water (see SI).

Compound 4

The tBuzdo3a-HBr 1 (4.87 g, 8.2 mmol) was dissolved in anhy-
drous pyridine (40 ml). The freshly prepared solution of ethyl
methyl-H-phosphinate (7.3 mmol) in CH,Cl, (20 ml) and par-
aformaldehyde (0.90 g, 30 mmol) were added to this mixture.
The mixture was stirred at 40 °C for 36 h. The volatiles were
evaporated from the reaction mixture in vacuo. The residue was
partially dissolved in CH,Cl, (100 ml) and washed with 20%
(w/w) ag. K,CO; (100 ml) and water (100 ml). The organic phase
was dried with Na,SO,, the drying agent was filtered off on a
glass frit and washed with CH,Cl, (approx. 50 ml). After evapor-
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ation of volatiles from the filtrate at reduced pressure, the
mixture of compound 4 (approx. 50 molar%), tBuzdo3a and a
by-product, N-methylated tBuzdo3a, was obtained. This mixture
was used in the subsequent reaction without further purifi-
cation. *'P NMR (162 MHz, CDCl;) &: 52.5-52.9 (m). 7O NMR
(54 MHz, CDCl;) é: 97 (bs, 10, CH,P(O)(CH3)OEt), 101 (bs, 10,
CH,P(0)(CH;)(OEt)). MS (ESI*): m/z = 635.7 [M(*°0) + HJ", 636.5
[M(*’0) + HJ". TLC (EtOH-conc. aq. NH; 20:1): R¢ = 0.7.

70O-labelled H,do3ap™®

The mixture containing compound 4 from the previous step
was dissolved in anhydrous CHCl; (~200 ml), and excess
TMSBr (12 ml, 91 mmol) was slowly added. The mixture was
stirred at room temperature in the dark for 72 h, and volatiles
were evaporated in vacuo. The residue was dissolved in CH;OH
(~200 ml), the solution was stirred for 1 h, and volatiles were
evaporated in vacuo. The residue was dissolved in a
CH,Cl,—TFA mixture (1:1, 200 ml) and the solution was
stirred at room temperature for 2 d. Volatiles were evaporated
at reduced pressure, and the residual TFA was co-evaporated
with CH3;O0H (50 ml) in vacuo. The residue was dissolved in a
minimal amount of water, and the solution was passed
through an Amberlite CG50 weak cation exchange resin (H'-
cycle, 6 x 4 cm, the resin was washed with approx. 400 ml of
water). Volatiles from the eluate were evaporated in vacuo, the
residue was re-dissolved in a minimal amount of water, and
further purified on a Dowex-50 Wx4 strong cation-exchange
resin (H'-cycle, 5 x 40 cm). The resin was washed with water until
the eluate pH was neutral. The product was eluted with 10% aq.
pyridine (approx. 400 ml). Volatiles were evaporated at reduced
pressure. The residue was dissolved in a minimal amount of
water and further purified by chromatography on Amberlite
CG50 weak cation exchanger (H'-cycle, 5 x 40 cm, elution by
water). Volatiles were evaporated from the combined product-con-
taining fractions. The residue was dissolved in MeOH (approx.
10 ml) with a few drops of water, and the product was precipi-
tated by a slow addition of EtOH (approx. 30 ml) followed by a
slow addition of Et,O (approx. 30 ml). The precipitate was filtered
on a fine glass frit, washed with Et,O (3 x 30 ml) and dried in an
oven (90 °C, 15 min). The product was isolated as a white powder
comprised of the zwitter-ionic (*’0)H,do3ap™*-2H,0 (0.7 g, 17%
based on Me-PCl,, ~12% O at each oxygen atom of the phos-
phinate group). 7O NMR (54 MHz, D,0/CsOD, 85 °C, pD ~ 14) &;
121 (d, Yop 109 Hz). MS (EST"): m/z 439.3 [M(*°0) + H]', 440.4
[M(70) + HJ', 461.3 [M(*°0) + NaJ", 462.3 [M(*70) + Na]". The 'H,
3C and *'P NMR spectra and TLC data are the same as those of
the non-labelled H,do3ap™* (see SI).

Determination of >*C NMR relaxation times

The C T,, NMR relaxation times of the paramagnetic
[Yb(do3ap™©)]” complex were determined at 5 °C (see SI),
where dynamic processes are slow and have negligible effects
on the relaxation rates. Paramagnetic T; v and T, \ were calcu-
lated from these values by subtracting the T} and T, values for
the analogous signals in the diamagnetic [Lu(do3ap™*)]”
complex determined by the same methods. Differences in
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paramagnetic relaxation times were used to determine the
Yb-"*C distances in the complex. First, value of the rotational
correlation time g was determined from '°C T, values and
NOE factors of the CH, signals of a diamagnetic complex; the
same approximation was successfully used for complexes of
H,dota before.*® The NOE factor was determined by compar-
ing the signal intensities in two '*C NMR experiments, one
with and one without "H NOE, measured by the standard
pulse-acquire sequence with relaxation delay of d; ~ 10T;.
Then, the 7z was approximated by eqn (1) and (2) where
R, is the "C longitudinal relaxation rate, RPP is the
dipolar *C longitudinal relaxation rate, NOE is the NOE
enhancement factor, rcy is the CH, carbon-proton distance
taken as 1.09 A based on the DFT-optimized structure, Ny is
the number of hydrogen atoms bonded to the carbon atom,
Y = 2.675 x 10%/yc = 6.728 x 10% rad s™* T™! are the 'H and *3*C
magnetogyric ratios, respectively, and 7 = 1.0546 x 107>* J s is
the reduced Planck constant.

NOE

RPP =R 1
1 11.988 (1)
RDDr6
=L o (2)
Nuyu?rc?h

In this way, the value of rotational correlation time,
7r ~ 138 ps, was determined from "*C NMR relaxation times of
the pendant arm and macrocycle CH, groups of the diamag-
netic [Lu(do3ap™©)]” complex (Table S2). This rotational corre-
lation time was used to determine Yb-C distance using Yb™ as
a paramagnetic probe. Paramagnetic enhancements of longi-
tudinal T,y and transverse T, relaxation times of NMR
signals of nuclei in Ln"™ complexes consist of contact T;.,
dipolar T, and Curie T;, (i = 1,2) contributions.®" The contact
contribution, Tj., is usually negligible for Ln # Gd and for
nuclei not directly bound to the Ln™ ion. The dipolar and
Curie contributions, T;, and T;,, were separated as dipolar
relaxation times Ty, and T, are very similar for Ln # Gd.
Thus, the Curie contribution of the Yb™ complex atoms not
directly bound to Yb™ could be separated from the difference
between Tj y and T, .>* This difference depends only on the
distance of the nucleus from the Yb™ ion and on the rotational
correlation time 7y of the complex. Thus, ">*C NMR PRE of the
P-methyl group could be used for the phosphorus atom con-
figuration assignment. The *C NMR relaxation times used for
the determination of Yb-C distances in the [Yb(do3ap™©)]”
complex were determined at 5 °C where dynamic processes are
slow and have negligible effects on the NMR relaxation times.
The Yb-C distances r were then computed from the difference
of the paramagnetic Ty v and T,y relaxation times of the par-
ticular **C nuclei as defined by eqn (3).°

3TR
— 3
1 +O)CZTR2> ( )

11 :1(@>27C2ﬂeff4H02( .
Tom Tim  5\4n/  (3kT)*r6

Here, (uo/4m) = 1077 N A2 is the magnetic permeability
of vacuum, y¢ is the "*C magnetogyric ratio (see above),
Hegt = 4.173 x 107> J T™' is the effective magnetic moment
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of Yb™, H, [in T] is the external magnetic field strength,
k =1.381 x 1072* J K™' is the Boltzmann constant, T is the
thermodynamic temperature, wc is the Larmor frequency of
3C and 7y, is the rotational correlation time of the complex.

To determine the H;C---Yb distance, the ratio of paramag-
netically enhanced R;y; relaxation rates of the carbonyl and
methyl carbon atoms at 0 and 5 °C can also be used. Here, the
Yb---'*C distance is the only parameter that changes values of
Ry for different "*C sites. Then, the H;C---Yb distance can be
calculated according to eqn (4)°" where dy are distances of the
nuclei and Ry x are the corresponding transverse relaxation
rates.

@ _ RimB (4)
dg Rima

Quantitative EXSY spectra

The 2D *'P EXSY was used to determine the rate constants of
dynamic processes. Integral intensities of all *'P EXSY signals
were determined by signal deconvolution in Topspin® after
phase and baseline corrections. Rate constants and relaxation
times of signals were calculated at each mixing time 7, in
Matlab® by the eqn (5)*”%® describing a dependence between
rate constants and integral intensities of the signals. Here, R is
a 4 x 4 matrix containing the rate constants of all dynamic pro-
cesses and R; relaxation rates of signals of all four diastereo-
isomers, and A is a 4 x 4 matrix containing integral intensities
of signals divided by initial integral intensities I, (for defi-
nition of R and A, see SI).

(5)

Initial integral intensities I, were interpolated from the *'P
EXSY spectra measured at short mixing times (z,;, = 0.001, 0.01
and 0.1 s). After the calculation, outliers (defined as three
scaled median absolute deviations from the median) were
removed from the calculated parameters, and the rate con-
stants and relaxation times were calculated as the mean of the
remaining values.

DFT calculations

All calculations in this work were performed in ORCA 6.0 %
using DFT with the wB97X functional and Grimme’s D4 dis-
persion correction.’®°* All calculations were performed with a
large integration grid (DEFGRID3),”* a tight SCF energy conver-
gence threshold and RIJCOSX approximation.’**® Geometry
optimizations for all diastereoisomers and transition states
of the [Ln(do3ap™* /™"~ complexes were performed
employing the large core effective core potentials of the
Stuttgart type for all Ln™,°” ECP(46 + n)MWB which include
46 + Af" electrons in the core, with the corresponding
(6s6p5d)/[4s4p4d] + 2s1pld basis sets for the valence space.
For all remaining atoms, the def2tzvp basis set was used.”®?°
For transition states, the Hessian was calculated before the
geometric optimisation and then after each five steps. For
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complexes of large Ln™ (La-Eu), models with one coordinated
water molecule were used. For complexes of smaller Yb", no
explicit water molecule was used. Bulk solvent effects of water
were accounted for by the conductor-like polarisation conti-
nuum model."® To study the second coordination sphere in
Gd"™ complexes, models with one coordinated and four more
explicit water molecules were used. All optimised structures
were tested by the frequency analysis at the same compu-
tational level. Relative free energies (zero-point energies and
thermal terms at 25 °C) were also obtained by frequency
analysis.

Variable-temperature NMR

The VT NMR data were processed in Mestrenova® where phase
and baseline were corrected. Diastereoisomer ratios were deter-
mined from the signals integrated or deconvoluted to a
Lorentzian-Gaussian shape (for overlapping signals). Kinetic
parameters of the oxygen atom exchange were determined
from these pre-processed spectra in Asymexfit'®! as the best fit
to the analytical solution of Bloch-McConnel equations, analo-
gously to the approach used previously for the phosphonate
rotation®” (for details, see SI). Activation parameters, AH*, AS*
and AG*, of the phosphinate rotation were determined by
fitting the temperature dependence of the rate constants to the
Eyring law, eqn (6) and (7). Here, kg, & and R are the
Boltzmann, Planck and universal gas constant, respectively.
The AH* and AS* were considered temperature-independent.

AHY Ast
y P~ | &P (6)

AGY = AH? — TAS? (7)
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