
rsc.li/crystengcomm

 CrystEngComm

rsc.li/crystengcomm

PAPER
Yuan Zhuang et al. 
Structural study on PVA assisted self-assembled 3D 
hierarchical iron (hydr)oxides

Volume 20
Number 15
21 April 2018
Pages 2071-2202

 CrystEngComm

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  Y. Navarro, S. S. Y.

J. Soriano, H. C. Silva Junior, M. J. Iglesias, G. P. Guedes and F. López-Ortiz, CrystEngComm, 2026, DOI:

10.1039/D5CE01150G.

http://rsc.li/crystengcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5ce01150g
https://pubs.rsc.org/en/journals/journal/CE
http://crossmark.crossref.org/dialog/?doi=10.1039/D5CE01150G&domain=pdf&date_stamp=2026-02-19


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Coordination compounds based on a phosphonic diamide-TEMPO 
diradical and CuII, NdIII, EuIII and TbIII ions: synthesis, magnetic 
properties and application in the aerobic oxidation of allylic and 
benzylic alcohols 
Yolanda Navarro,a Stéphane Soriano,c Henrique de Castro Silva Jr.,b,d María José Iglesias,a Guilherme 
P. Guedes,*b and Fernando López Ortiz*a

The synthesis and structure of a novel phenylphosphonic diamide bis-TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) 
diradical (ppdATEMPO) and of four M(hfac)n (hfac = hexafluoroacetylacetonate; M = CuII, NdIII, EuIII or TbIII; n = 2, 3) complexes 
are reported herein. The X-ray diffraction studies revealed that the compounds consist of five-coordinated 
[Cu(ppdATEMPO)(hfac)2] and eight-coordinated [Ln(ppdATEMPO)2(hfac)3] (Ln = NdIII, EuIII, TbIII) complexes due to the 
exclusive binding of the P=O group of the ligand to the metal ions. Two-dimensional (2D) supramolecular networks are 
formed through intermolecular N–O···H–N(P) hydrogen bonding interactions. In the case of the free diradical, the multilayer 
supramolecular structure is additionally supported by P=O···H–N and N–O···H–C inter-chain interactions. A DFT study 
confirmed the exclusive coordination of ppdATEMPO to all metal cations investigated via the oxygen atom of the P=O group. 
This is attributed to the greater donor ability and steric accessibility of the P=O group in comparison with the two nitroxide 
moieties. The magnetic measurements of the complexes indicated the presence of weak intermolecular antiferromagnetic 
interactions. The behaviour of the copper complex as a catalysts in the aerobic oxidation of alcohols has been also 
investigated.

Introduction 
Nitroxyl radicals are a highly valuable class of open-shell 
compound, with a wide range of applications across various 
fields, including catalysis,1 molecular biology and medicine,2 
energy storage systems3 or materials science.4 Radicals of the 
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) family play a key 
role as they can be easily functionalised in the 4-position, 
thereby expanding the range of applications.5 Stable organic 
diradicals are currently the focus of great attention. The 
presence of two unpaired electrons in these molecules endows 
them with properties that are distinct from, or superior to, 
those of monoradicals due to their spin-related characteristics.6 
These multi-spin systems have numerous applications. 
Including use in organic magnets,6,7 components in spintronic,8 
and optical devices,9 building blocks for energy harvesting and 
storage systems,6b,8b,10 polymerization initiators,11 contrast 
agents for magnetic resonance imaging,12 polarising agents in 
DNP-NMR (Dynamic Nuclear Polarization-Nuclear Magnetic 

Resonance) spectroscopy,13 probes for the investigation of 
cellular processes,14 and bioactive molecules.6d,15 A large variety 
of bis(ATEMPO) diradicals have been synthesised by connecting 
two ATEMPO units. The properties of these molecules can be 
tuned by adjusting the various structural parameters, like the 
length, flexibility and functional groups present in the linker.6,16 
The heteroatoms present within the linker may function as 
additional coordination sites for metal cations, leading to the 
formation of heterospin systems, which exhibit unique 
architectures and physicochemical properties. The topology 
and conformation adopted by the diradical will determine the 
possible spin-spin intra- and intermolecular interactions. 
Additionally, metal ion complexation can result in altered 
coupling pathways.17

Notwithstanding the favourable outlook, a modest number 
of complexes of bis(ATEMPO) derivatives with transition metals 
have been characterised at the molecular level. In most cases, 
these complexes do not show coordination between the metal 
ion and the nitroxyl group. Thus, the ligand 1 (Fig. 1), with its 
ATEMPO units connected by an ethylene bridge, forms a 1:1 
complex upon reaction with Mn(hfac)2 (hfac = 
hexafluoroacetylacetonate) through metal cation binding to the 
ethylenediamine moiety, which has shown very weak 
antiferromagnetic interactions (estimated J = −2.5 K).18 
Similarly, the diradical 2 obtained by amide formation between 
two ATEMPOs and [2,2'-bipyridine]-5,5'-dicarbonyl dichloride, 
results in the formation of a dimeric Cu(II) complex with CuCl2 
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via metal ion chelation by the bipyridine heterocycle.19 The 
compound has been shown to be an effective catalysts in the 
aerobic oxidation of primary alcohols.
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Fig. 1 Bis(ATEMPO) diradicals 1-5.

A higher structural complexity was observed in the 
complexation of 3a (R = H) with CuBr2. A cluster was formed 
consisting of four Cu(I) and four Cu(II) ions, and two ligands 
acting as tridentate coordinating agents by binding through the 
nitrogen atoms of the pyridinebis(imine) moiety to two Cu(II) 
ions.20 The mixed Cu(I)/Cu(II) complex exhibited 
antiferromagnetic behaviour assigned to intermolecular 
nitroxide···nitroxide (2J/KB = −25.6 ± 0.6 K) and intramolecular 
copper(II)···copper(II) interactions (estimated 2J/KB = −85 ± 2 K). 
By contrast, the methyl derivative 3b reacts with 
[NiII(CH3CN)5](BF4)2 to give a dicationic Ni(II) complex with a 
more simple architecture. The Ni(II) ion is N,N,N-tricoordinated 
to 3b and completes the pseudo-octahedral geometry by 
binding to three acetonitrile molecules.21 The diradical 4, having 
a bisamide bridge, is the precursor of a dinuclear Pd(II) complex, 
in which the metal ions are N,O-chelated by the bisamide 
linker.22 A number of examples of bis(ATEMPO) complexes have 
been synthesised by derivatisation of suitably functionalised 
metal complexes, typically through amide linkages. The metal-
complex scaffolds include ferrocene- and cobaltocene-
bridges,23 cyclometallated iridium derivatives,15c and boron-
containing iron(II) clathrochelates.24

Complexation by metal ion binding to the oxygen atom of 
the N-O· groups of bis(ATEMPO) diradicals has only been 
observed for the reaction of ligand 5 with an excess of 
Mn(hfac)2.18 The value of the Curie constant in the dinuclear 
complex formed is lower than expected due to the cancellation 
of one of the spins of each Mn atom with the TEMPO radical. 
The estimated exchange constant J = -424 K is indicative of the 
existence of strong antiferromagnetic spin interactions.

It has been shown that the substituents present in the C-4 
position of TEMPO-type nitroxides can have a considerable 
impact on their physicochemical properties. This phenomenon 

is associated to the electronic nature of these substituents, 
despite the absence of -conjugation between the radical and 
the substituent in these molecules.15b,25 P-containing 4-amino-
TEMPO (ATEMPO) stable mononitroxyl radicals have proven to 
be particularly interesting. They can be readily synthesised via 
P-N bond-forming reactions. To date, numerous compounds 
have been prepared including, phosphoramidates, 
thiophosphoramidates, phosphorodiamidates, phosphorodia-
midic acids, phosphoric acid triamides, thiophosphoric acid 
triamides or cyclotriphosphazenes, among others.26 In recent 
years, our research group has described several examples of 
phosphinic amide, thiophosphinic amide and selenophosphinic 
amide27 ATEMPO radicals, and their application in molecular 
magnetism. Radical 6 (dppnTEMPO) has been used as building 
block for the construction of coordination compounds of first 
row metal ions 7 (CuII, CoII, MnII), acting as a mono or bidentate 
ligand through the P=O and N-O· groups (Fig. 2).28 However, 
complexes with the rare earth metals GdIII, TbIII and DyIII, 8, 
exhibited monodimensional polymeric chains, with the ligand 
functioning as a bridge between paramagnetic sites (Fig. 2).29 A 
magnetic inequivalence has been identified between 
lanthanide ions in the TbIII and DyIII complexes. Interestingly, the 
ATEMPO radical has also been introduced into a P-stereogenic 
phosphinamide 9. The coordination behaviour of radical 9 with 
CuII gave rise to a chiral complex 10 with a singular polymeric 
helicate chain where the radical acts again as a bridge between 
copper atoms through the P=O and N-O· groups. The 
enantiopure compounds show weak antiferromagnetic 
interactions for the ligand, while ferro- and antiferromagnetic 
properties are present in complex 10 due to the direct 
coordination of the nitroxide and copper paramagnetic sites.30
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Fig. 2. Structures of P-containing ATEMPO mononitroxides 6, 9 and 
bis(ATEMPO) diradicals 11 and 12.

In contrast to prevailing expectations, the number of 
reported P-containing TEMPO bis(nitroxides) has been found to 
be significantly lower than anticipated. These are limited to a 
few examples of bis(4-hydroxy-TEMPO) with phosphonate,31 
phosphonoselenoate,32 phosphoramidate33 and pyrophos-
phate34 functional groups. To the best of our knowledge, only 
one example of a bis(ATEMPO) diradical with a P-based linker 
has hitherto been reported. The phosphorodiamidate 11 
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bearing a cholesteryl substituent has been prepared as a 
potential spin probe to monitor processes within living systems 
(Fig. 2).35 A related phosphorus-containing bis(ATEMPO) 
diradical is the phosphoramidate 12, in which the phosphorus 
functional group is linked to one of the nitrogen atoms of the 
urea bridge involving the two ATEMPO units (Fig. 2).36 The 
molecular structure of these compounds, in addition to their 
magnetic properties and synthetic applications remain to be 
explored.

A highly attractive application of nitroxyl radicals involves 
their use as catalysts in the selective oxidation of primary 
alcohols to carbonyl compounds. Traditional methods require 
stoichiometric amounts of oxidants leading to a large amount 
of toxic wastes.37 The utilisation of molecular oxygen as oxidant, 
in combination with a minimal amount of a metal catalyst is 
advantageous due to the formation of benign by-products and 
the low cost of O2.38 For this purpose, copper is the metal of 
choice as it is inexpensive and is present in a variety of enzymes 
such as the galactose oxidase, which catalyses the oxidation of 
alcohols in vivo.39 The combination of Cu-complexes with 
TEMPO and O2 is a very active catalytic system for the selective 
oxidation of primary alcohols.1b,c,40

In this work, we present the synthesis of a novel phosphonic 
diamide bis(ATEMPO) diradical and its application to the design 
of magnetic materials by combination of the organic diradical 
with metal ions. In order to evaluate the differences in the 
magnetic interactions involving transition-metal complexes and 
lanthanide-based compounds, we have synthesised four new 
coordination complexes, incorporating CuII, NdIII, EuIII and TbIII 
ions. DFT calculations provided support for the exclusive 
complexation through the P=O group that was observed. The 
study of the magnetic behaviour of these compounds revealed 
prevailing weak intermolecular antiferromagnetic exchange 
interactions. Additionally, the copper complex has been 
examined as a catalysts in the aerobic oxidation of alcohols.

Experimental section 
Materials

The synthesis of the diradical was carried out under a dry N2 gas 
atmosphere using standard Schlenk procedures. THF (99.5%, 
purchased from Panreac) was distilled from 
sodium/benzophenone immediately prior to its use. 
Commercial solvents n-hexane (95%, Panreac) and ethyl acetate 
(99.8%, Panreac) were distilled prior to their use, n-heptane 
(HPLC grade, Scharlau) and dichloroethane (99%, Sigma-
Aldrich) were used as received. Et3N (99%, Acros Organics) was 
dried over KOH pellets and then distilled under N2 atmosphere. 
PhPCl2 (97%, Acros Organics) was distilled prior to use. The 
[M(hfac)n] building blocks (M = CuII (ABCR), NdIII (ABCR), EuIII 
(99.9%, Rare Earth Products) and TbIII (99.9%, Rare Earth 
Products)) were used as received. 4-amino-TEMPO (97%, ABCR) 
and the alcohols used for the catalysis (18a: 99%, Acros 
Organics); 18b: 99%, Acros Organics; 18c: 98%, Sigma-Aldrich; 
18d: 99%, ThermoScientific; 18e: 98%, Sigma-Aldrich; 18f: 97%, 
Acros Organics; 18g: 98%, Sigma-Aldrich; 18h: 99%, Sigma-

Aldrich; 18i: 98%, Merck; 18j: 99%, Sigma-Aldrich; 18k: 98%, 
Sigma-Aldrich; 18l: 98%, Sigma-Aldrich; 18m: 98%, Fluka; 18n: 
98%, Sigma-Aldrich; 18o: 98%, Sigma-Aldrich) were also used as 
received. NMR spectra were obtained on a Bruker Avance 300 
(1H, 300.13 MHz, 31P, 121.49 MHz) using a 5 mm BBFO 1H, BB 
(19F-15N) probe. The spectral references used were internal 
tetramethylsilane for 1H and external 85% H3PO4 for 31P. 
Infrared spectra was recorded on a Bruker Alpha FTIR 
spectrophotometer. High resolution mass spectra were 
recorded on an Agilent Technologies LC/MSD TOF instrument 
using electrospray ionization. The melting points were 
measured on a STUART SMP20 capillary melting point 
apparatus.

X-ray diffraction

X-ray diffraction Crystallographic data were collected using a 
Bruker APEX II CCD area detector at 100 K, using CuKα (λ = 
1.54178 Å) or MoKα radiation (λ = 0.71073 Å). Data collection 
and cell refinement were performed with Bruker APEX241 and 
Bruker SAINT,42 respectively. Data reduction was done using 
SAINT. Empirical multiscan absorption correction using 
equivalent reflections was performed using the SADABS 
program.43 The structure solution and full matrix least-squares 
refinements based on F2 were performed using SHELXS44 and 
SHELXL45 programs, respectively. All atoms except hydrogen 
were refined anisotropically. The structures were drawn using 
the Mercury program.46 Details of data collection and structure 
refinement for compounds 13-17 are summarized in Table S1 
(ESI). The ORTEP47 view of the asymmetric units are depicted in 
Figures S14-18 (ESI). The Cremer-Pople puckering parameters 
were calculated for compound 13 using PLATON (v-100117).48  
Compound 14 exhibits large accessible voids, which are 
occupied by disordered crystallisation solvent molecules. A 
solvent masking routine implemented in the Olex2 program was 
employed,49 revealing a total void volume of 436 Å³ and 184 
electrons per unit cell, corresponding to 23 electrons per 
asymmetric unit (Z = 8). This electron count is in good 
agreement with the presence of half toluene molecule per 
asymmetric unit (25 e⁻). Disorder was observed for at least one 
hfac ligand in 14–16, as well as for several CF₃ groups and one 
nitroxide group in 17. The hfac ligands, CF₃ and nitroxide 
moieties were modelled as disordered over two alternative 
conformations, except in 14, where one CF₃ group required 
modelling over three alternative orientations. The occupancies 
of all disorder components were freely refined. Distance 
restraints (SADI) and equivalent displacement parameter 
constraints (EADP), together with ISOR restraints, were applied 
to ensure chemically sensible C–F, C–C, C–O, N–O and C–N bond 
lengths and reasonable displacement parameters. For 
compounds 15 and 16, the crystal data were refined as 
inversion twins using the twin law (−1 0 0 / 0 −1 0 / 0 0 −1), 
yielding refined twin fractions of 0.961(5) and 0.039(5) for 15, 
and 0.815(9) and 0.185(9) for 16.

Computational details

All quantum-mechanical calculations at the molecular level 
were performed using the ORCA 6.1.0 package50 with tight 
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convergence criteria set to 1.000x10-08 Eh. The molecular 
structure used for computational calculations was based a full 
conformational sampling using the GOAT51 module in ORCA and 
the lowest conformer was reoptimized on the ωB97M-V/Def2-
TZVP52,53 level of theory. Electronic and magnetic properties 
were investigated using Density Functional Theory (DFT) with an 
unrestricted Kohn-Sham wavefunction also at the ωB97M-
V/Def2-TZVP level. The broken-symmetry methodology was 
based on the widely used Heisenberg-Dirac-van Vleck 
Hamiltonian (Eq. 1), and the magnetic coupling constant (Jab) 
was evaluated using spin projection as proposed by Soda and 
Yamaguchi (Eq. 2).54,55 
Natural Bond Orbital calculations used the NBO 7.0 package.56 
For each ligand we extracted (i) natural charges to compare 
donor basicity, (ii) natural spin densities to examine radical 
character and N/O spin distribution in the TEMPO fragments, 
(iii) second-order donor–acceptor stabilization energies E(2) for 
the key lone-pair interactions, and (iv) Natural Localized 
Molecular Orbitals NLMO-based steric exchange energies.

𝐻 = ―2𝐽 ∙ 𝑆𝑎 ∙ 𝑆𝑏 (Eq. 1)

𝐽𝑎𝑏 =  ―
(𝐸𝐻𝑆 ― 𝐸𝐵𝑆)

(〈𝑆2〉𝐻𝑆 ― 〈𝑆2〉𝐵𝑆)
(Eq. 2)

The spin-averaged total steric exchange from the NLMO 
partition was used as a global measure of steric congestion for 
ligands 1, 5, 6 and 13.

Magnetic measurements

The measurements were performed using a Quantum Design 
MPMS-XL instrument. The samples were mounted in gelatine 
capsules. The working field was applied at approximately 35 K, 
which indicates that 2 K was attained under field cooling 
conditions, starting at 35 K. The RSO method was used and 
consists of repeatedly moving the sample through the 
gradiometer. The amplitude of the displacement is 4 cm (2 cm 
above and 2 cm below the center of the gradiometer). The 
temperature sweep was subdivided into two segments: the 
initial segment ranged from 2 K to 10 K at a heating rate of 0.5 
K·min-1. This approach was adopted to ensure the acquisition of 
a substantial number of points within the area deemed to be of 
paramount interest. The second measurement was obtained at 
a faster pace (10 K – 300 K at 3 K·min-1) and with a reduced 
number of points. An additional measurement was carried out 
using an empty capsule under identical conditions to ascertain 
the effect of the capsule on the measurement and to enable the 
implementation of necessary corrections.

Synthesis of N,N’-bis(1-oxyl-2,2,6,6-tetramethylpiperidin-
4-yl)-P-phenyl phosphonic amide (13). Compound 13 
(ppdATEMPO) has been prepared by adapting the methodology 
a previously used for the synthesis of 6.28 Over a solution of 4-
amino-TEMPO (1.4 g, 8.1 mmol) and Et3N (1.3 mL, 9.5 mmol) in 
dry THF (11 mL) at -78 ºC, PhPCl2 (0.5 mL, 3.7 mmol) was added 
dropwise and the mixture allowed to warm to room 
temperature for 16 hours. Then, 1.5 equivalents of a 33% 
solution of H2O2 were added at 0 ºC and stirred for 1 h. After 
addition of water, the reaction was extracted with EtOAc (3 x 10 
mL), the organic phase dried over Na2SO4, filtered and solvents 

removed in vacuo. Diradical 13 was finally obtained as red 
crystals after purification through crystallisation in EtOAc in 53% 
yield. Mp: 226-227 ºC. 1H NMR δ (CDCl3, 300.13 MHz) 8.02 (bs, 
2H), 7.71 (bs, 3H), 2.10 (bs, 8H), 1.16 (bs, 24H). 31P NMR δ 
(CDCl3, 121.49 MHz) 23.8 ppm. IR (ATR, ν cm-1) 3315 (m, NH), 
1183 (s, P=O). HRMS (ESI) calcd. for [C24H42N4O3P]+: 465.2995, 
found: 465.2998. The structural assignment was confirmed by 
adding phenylhydrazine to the NMR sample to give N,N'-bis(1-
hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)-P-phenyl phosphon-
ic diamide. 1H NMR δ (CDCl3, 300.13 MHz) 7.86 (ddd, 2H, 3JPH 
12.0, 3JHH 8.2, 4JHH 1.5 Hz), 7.50 (m, 3H), 3.48 (m, 2H), 2.80 (m, 
2H), 1.91 (m, 2H), 1.73 (m, 2H), 1.43 (m, 4H), 1.21 (s, 6H), 1.19 
(s, 6H), 1.16 (s, 6H), 1.15 (s, 6H). 31P NMR δ (CDCl3, 121.49 MHz) 
18.9 ppm.

Synthesis of complexes 14-17. 0.053 mmol of 
[M(hfac)n·mH2O] (M = CuII, NdIII, EuIII or TbIII; m = 0, 2; n = 2, 3) 
were added to 10 mL of n-heptane and boiled until the 
complete dissolution of the metal complex. Then, 0.053 mmol 
of the diradical were dissolved in CHCl3 and quickly added under 
constant stirring. A precipitate immediately appeared, which 
was redissolved by adding a few drops of EtOAc. The resulting 
solution was allowed to cool to room temperature, and after 16 
hours dark-green (M = CuII) or orange crystals (M = NdIII, EuIII or 
TbIII) were obtained (method A). These crystals were filtered 
out, washed with n-heptane and dried in the open air. Complex 
14 can be additionally crystallised from toluene (method B) and 
through layering n-heptane over a solution of 14 in ethyl 
acetate (method C). The X-ray crystal structure reported 
proceeds from the crystallisation in toluene (method B). 14 
[Cu(ppdATEMPO)(hfac)2]: Yield: 50% (method A). Mp: 192-193 
ºC. IR (ATR, cm-1): 3317 (w, NH), 1644 (s, CO), 1259 (s, CF), 1205 
(s, CF), 1150 (s, P=O), 675 (m). Anal. Calc. for C34H43CuF12N4O7P: 
C, 43.34%; H, 4.60%; N, 5.95%; found: C, 43.33%; H, 4.90%; N, 
6.05% (Elemental analysis indicates that no solvent is present in 
the final structure. The loss of the toluene molecule is 
attributable to the sample preparation procedure, in which the 
compound is freeze-dried under vacuum for several days in 
order to remove any trace of volatile impurities). 15 
[Nd(ppdATEMPO)2(hfac)3]: Yield: 66%. Mp: 195-196 ºC. IR (ATR, 
cm-1): 3341 (w, NH), 1651 (s, CO), 1252 (s, CF), 1194 (s, CF), 1140 
(s, P=O), 659 (m). 31P NMR δ (CDCl3, 121.49 MHz) 101 ppm.  
Anal. Calc. for C63H85NdF18N8O12P2: C, 44.65%; H, 5.06%; N, 
6.61%; found: C, 45.37%; H, 5.732%; N, 6.39%. 16 
[Eu(ppdATEMPO)2(hfac)3]: Yield: 63%. Mp: 145-146 ºC. IR (ATR, 
cm-1): 3344 (w, NH), 1651 (s, CO), 1252 (s, CF), 1194 (s, CF), 1138 
(s, P=O), 659 (m). 31P NMR δ (CD3CN 121.49 MHz) -120 ppm. 
Anal. Calc. for C63H85EuF18N8O12P2: C, 44.37%; H, 5.20%; N, 
6.57%; found: C, 44.48%; H, 5.184%; N, 6.63%. 17 
[Tb(ppdATEMPO)2(hfac)3]: Yield: 80%. Mp: 207-208 ºC. IR (ATR, 
cm-1): 3321 (w, NH), 1646 (s, CO), 1258 (s, CF), 1202 (s, CF), 1148 
(s, P=O), 670 (m). 31P NMR δ (CDCl3, 121.49 MHz) -223 ppm.  
Anal. Calc. for C63H85TbF18N8O12P2: C, 44.27%; H, 5.01%; N, 
6.56%; found: C, 44.17%; H, 5.292%; N, 6.72%.

General procedure for the aerobic oxidation of alcohols 
catalysed by 14. In a round bottom flask, complex 14 (18.8 mg, 
0.02 mmol) was added and dissolved in dichloroethane (DCE, 
0.6 mL). After addition of the alcohol (0.2 mmol), the resulting 
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mixture was stirred at 25 ºC for the corresponding time. During 
all this time, the reaction was opened to the air by keeping a 
needle in the rubber septum. The analysis of the crude reaction 
mixtures took place after a quick filtration through a pipette of 
silica to remove the copper catalyst. The pure compounds were 
isolated through flash column chromatography using a mixture 
of ethyl acetate/n-hexanes in different proportions (1:1 for 
compounds 19, 23 and 27; 1:2 for 20, 29 and 30; and 1:4 for 26) 
as the eluent mixture.

Results and discussion
Synthesis and structural characterization

The synthesis of the new phosphonic amide-TEMPO diradical 13 
has been carried out by extension of the methodology 
developed by our research group for the preparation of radical 
6.28 The reaction consisted of the nucleophilic substitution of 
dichlorophenylphosphine with 2 equivalents of 4-amino-
TEMPO in the presence of Et3N at -78 ºC, followed by oxidation 
with H2O2 (Scheme 1). After purification through crystallisation 
in ethyl acetate, compound 13 was obtained as red crystals 
suitable for X-ray diffraction in 53% yield. The displacement of 
the two chlorides of PhPCl2 by two ATEMPO units in 13 is 
corroborated by the quasi-molecular ion of m/z 465.2998 
observed in the HRMS (ESI) mass spectrum, as compared with 
the calculated value obtained for  [C24H42N4O3P]+ of m/z 
465.2995. The 1H-NMR spectrum of 13 showed the 
characteristic broad signals for one phenyl ring and two C4-
heterosubstituted TEMPO units (Fig. S1). 

P
NH

O
NH

N

N

O

O

PhPCl2

N

NH2

O

13 (53%)

1) Et3N, THF,
-78 ºC to rt. 16 h

2) H2O2
0 ºC to rt. 1 h

+

Scheme 1. Synthesis and crystal structure of the phosphonic amide-
TEMPO diradical 13.

With regard to the 31P NMR spectrum, the relatively broad 
signal observed at P 23.8 ppm is consistent with the expected 
chemical shift range for a phosphonic diamide linkage (Fig. 
S2).57 These assignments were confirmed through the 
measurement of the 1H- and 31P NMR spectra of the 
bis(hydroxylamine) obtained by reduction of 13 upon treatment 
with phenylhydrazine (Figs. S3 and S4).

The reaction of diradical 13 with equimolar amounts of 
M(hfac)n (M = CuII, NdIII, EuIII and TbIII) in hot n-heptane afforded 
complexes 14-17 in good to excellent yields (50% for 14, 63% 
for 15, 66% for 16 and 80% for 17) (Scheme 2). 

Regarding the NMR spectroscopic characterization of the 
complexes, only the 31P{1H} NMR spectra of the lanthanide 
derivatives 15-17 provided useful information, despite their 

broadness (Fig. S5). The observed P were 101 ppm (half height 
linewidth W½ = 427 Hz) for 15, -120 ppm (W½ = 1952 Hz) for 16 
and -223 ppm (W½ = 636 Hz) for 17. These values correspond to 
isotropic shifts of +77, -144 and -247 ppm, respectively. For the 
Cu(II) complex 14 no 31P{1H} NMR signal could be detected 
within the chemical shift range of 1400 to -800 ppm. The 
addition of phenylhydrazine to the NMR samples of 15-17 
resulted in the loss of the 31P signals due to decomposition. The 
1H NMR spectra of all complexes exhibited a high degree of 
signal broadening, which precluded the possibility of 
performing a structural analysis.

P
NH

O
NH

N

N

O

O

P
NH

O
NH

N

N

O

O

Cu

F3C

F3C
O

O

CF3

F3C

O O

M(hfac)n
n-heptane

13

14, M = Cu
F3C

CF3

O

OF3C

CF3

O

O

M

CF3

F3C

O

O

Ph
P

HN

O

NH

N
NO

O

Ph
P

HN

O
N
H

N

N

O

O

15, M = Nd
16, M = Eu
17, M = Tb

(n = 2, 3)

Scheme 2. Synthesis and structural representation of complexes 14 
[Cu(ppdATEMPO)(hfac)2] and 15-17 [Ln(ppdATEMPO)2(hfac)3], Ln = 
Nd(III), Eu(III), Tb(III).

Crystal structures

Single crystal X-ray diffraction studies were performed on 
compounds 13-17. Their molecular structures are shown in 
Scheme 1 and Figs. 3, 4 and 5. ORTEP diagrams illustrating the 
refined structures of these compounds can be found in Figs. 
S14-S18 (Supporting Information). Selected geometrical 
parameters found in 13-17 are listed in Tables 1, 2 and S2. Table 
S1 details a selection of the experimental data and refinement 
parameters derived from compounds 13-17 (Supporting 
Information).

Compound 13 crystallises in the monoclinic P21/c group and 
its molecular structure is shown in Scheme 1 and Fig. S14. The 
phosphorus atom adopts a distorted tetrahedral geometry with 
angles varying between 102.16(6) and 117.64(6)º (Table 1). The 
P=O bond distance is 1.481(1) Å, in agreement with other 
observed in related systems (Table 1).58 The nitrogen atoms 
bonded to the P=O group deviate slightly from a planar 
configuration (sum of bond-angles for N1/N2 about 1.1º/11.4º 
less than the ideal 360º of a sp2 configuration). 
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The piperidine rings of the TEMPO moieties are in the 
expected chair configuration, with N–O· distances of 1.291(2) Å, 
similar to other nitroxide fragments described in the 
literature.27,30 ,59 The conformations of the six-membered rings 
N1/C1/C4–C7 and N2/C10/C13–C16 were confirmed by 
Cremer–Pople puckering analysis. The puckering amplitudes are 
Q = 0.4930(15) and 0.5079(16) Å, with corresponding θ values 
of 160.96(16)° and 156.98(17)°, and φ values of 351.4(5)° and 
3.9(5)°, respectively. The θ values are close to 180°, consistent 
with slightly distorted chair conformations, while the φ values 
indicate minor deviations from idealized chair geometry.60

The N–O· groups of the ATEMPO units are arranged quasi-
perpendicularly leading to an intramolecular O···O distance 
between the radical moieties of 10.012(2) Å. The P=O group and 
the N-H of the phosphonic amide linkage antiparallel to it 
(torsion angle O3-P1-N2-H2 of 172(1)º) are involved in 
intermolecular hydrogen bonds between neighbour molecules 
of moderate strength according to Jeffrey’s classification (N2-
H2···O3i, 2.782(2) Å, i= 3/2-x,y-1/2,1/2-z).61

This feature, characteristic of phosphoryl compounds 
containing an N-H group,62 gives rise to a linear polymeric chain 
with a quasi-planar arrangement of the O=P-N-H moieties of the 
molecules and an alternating right/left orientation with respect 
to the P=O axis of the ATEMPO unit acting as a hydrogen donor. 
Furthermore, the second N-H group in the phosphonic amide 
molecule is involved in a short contact with the oxygen atom of 
the nitroxyl group of an adjacent molecule (N4–H4····O1ii, 
2.66(2) Å, ii= x-1/2,1/2-y,z-1/2).

Table 1. Selected geometric parameters (Å, º) for diradical 13.

P1–O3 1.4814(1) N1–O1 1.291(1)
P1–N2 1.620(1) N3–O2 1.291(2)
P1–N4 1.650(1) N2–C5 1.467(2)
P1–C19 1.802(1) N4–C14 1.481(2)

O3–P1–N2 111.67(6) N4–P1–C19 102.16(6)
O3–P1–N4 117.64(6) P1–N4–C14 119.0(1)
O3–P1–C19 110.88(6) O1–N1–C1 115.8(1)
C19–P1–N2 111.01(7) O1–N1–C7 115.9(1)
N2–P1–N4 102.90(6) O2–N3–C10 115.6(1)
P1–N2–C5 125.8(1) O2–N3–C16 116.0(1)

Besides the aforementioned interchain interaction, there 
exists a short contact between the NO of the second ATEMPO 
unit in the phosphonic amide molecule and the meta CH of a 
nearby P-Ph moiety (C21–H21···O2ii distance of 2.531 Å).63 This 
network of intermolecular hydrogen bonds and C–H···O short 
contacts, together with other weak C···H and H···H interactions 
(average distance of 2.851 Å and 2.361 Å, respectively),64 
generates a supramolecular multilayer structure. The shortest 
intrachain distance between the paramagnetic sites is 8.608(2) 
Å, while the closest separation among them is 4.981(2) Å. To the 
best of our knowledge, this is the first molecular characterisa-
tion of a phosphonic amide ATEMPO diradical.

In all complexes, coordination of the ligand to the metal ions 
takes place exclusively through the P=O group. All attemps to 
coordinate the nitroxide moieties by increasing the amount of 
the metal or temperature and reaction times were 
unsuccessfull. 

Compound 14 crystallises (method B) in the monoclinic C2/c 
space group and its molecular structure is shown in Figs. 3a and 
S15. The most representative distances and bond angles are 
recorded in Table 2. The asymmetric unit comprises one radical 
molecule 13 coordinated to a Cu(hfac)₂ moiety through a 
phosphonic oxygen atom. The metal ion is pentacoordinated by 
four oxygen atoms from the hfac ligands (O4, O5, O6, and O7) 
and by the P=O oxygen atom of ligand 13 (O3). In this 
coordination environment, the oxygen atoms of the hfac ligands 
define the basal plane, whereas the phosphine oxide oxygen 
atom occupies the apical position, resulting in a distorted 
square-pyramidal geometry. The calculated τ₅ parameter is 
0.18, consistent with this assignment (τ₅ = 0 corresponds to an 
ideal square-pyramidal geometry). Both hfac ligands exhibit 
positional disorder; for simplicity, the corresponding Cu-O bond 
lengths are reported as average values in Table 2, and only one 
disorder component is depicted in Fig. 3a.

Bond distances in the base range from 1.94(1)-1.965(2) Å 
and is slightly longer for Cu-O3 (2.118(2) Å), in agreement to 
other related systems described in the literature.65 P=O bond 
distance is 1.488(2) Å, very similar to the observed for the ligand 
(1.481(1) Å), indicating that coordination to the metal ion does 
not affect remarkably the P=O bond. In this complex, both 
nitroxide moieties remain uncoordinated and their bond 
distances are similar to the free ligand and other TEMPO-
derived compounds.66 The arrangement of the ATEMPOs is 
analogous to that found in the ligand, with a slight increase in 
the distance between them (distance O···O, 10.991(4) Å). A 
network of O···H–N hydrogen bonds (Fig. 4a, average bond 
distance 2.16 Å) and other C···F (3.080 Å), H···H (2.243 Å) and 
F···F (average bond distances 2.868 Å) weak interactions 
stabilizes a supramolecular zigzag chain (Fig. 4b).

Table 2. Selected geometric parameters (Å, º) for complex 14.

Cu1–O3 2.118(2) P1–N3 1.626(3)
Cu1–O4 1.965(2) P1–N4 1.641(4)

Cu1–O5* 1.950(13) P1–C19 1.796(4)
Cu1–O6* 1.945(4) N1–O1 1.289(4)
Cu1–O7* 1.96(4) N2–O2 1.288(4)

P1–O3 1.488(3)
O3–P1–N3 118.7(2) N3–P1–N4 103.0(2)
O3–P1–C19 110.2(2) N4–P1–C19 114.2(2)
O3–P1–N4 107.3(2) P1–O3–Cu1 151.6(2)

N3–P1–C19 103.0(2)
Hydrogen-bond geometry

D–H···A D–H H···A D···A D–H···A
N3–H3···O1i 0.83(4) 2.11(4) 2.883(3) 155(3)
N4–H4···O2ii 0.78(4) 2.21(2) 2.962(3) 163(4)

   Symmetry codes: (i) x, −y, z+1/2; (ii) −x+1/2, y−1/2, −z+1/2. * Average 
bond length resulting from full or partial positional disorder of the hfac ligand 
over two sites.

The shortest distance between paramagnetic sites is 
6.320(4) Å, found for interchain nitroxide interactions, followed 
by 7.391(3) Å for Cu····O–N, and 14.595(1) Å between copper 
atoms. Compound 14 is the first example of a monophosphonic 
diamide dinitroxide copper(II) complex. Joesten and co-workers 
reported the crystal structure of a bis(phosphonic diamide)cop-
per(II) perchlorate in which the Cu(II) ion is chelated by the two 
P=O groups of the ligand.67 Recently, manganese(II) complexes 
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of the type [MnX2L2], where X = Cl, Br, I, and L is N,N,N′,N′-tetra-
methyl-P-indol-1-ylphosphonic diamide, have been described.68

Compounds 15 and 16 crystallise in the Aba2 space group, 
while compound 17 crystallises in the monoclinic P21/n. The 
most representative distances and bond angles are recorded in 
Table S2. The three complexes presented the same molecular 
structure (Figs. 3b and 3c), which consists of an eight-
coordinated Ln(III) atom bonded to six oxygen atoms from three 
hfac moieties and two units of 13 through the P=O group 

arranged in a practically linear fashion. In compound 15, the Nd 
atom adopts a distorted D4d (square antiprism) geometry, while 
in complex 17 the geometry around the metal ion is defined as 
a biaugmented trigonal prism J50 (C2v).69 The Ln···Ohfac bond 
distances range from 2.39(6)-2.534(16), 2.395(3)-2.461(10), 
and  2.357(2)-2.441(2) in 15-17, respectively, being in the low-
range limit compared to similar compounds.28,64,70 In all 
compounds, the P=O bond distances are slightly longer than the 
free ligand due to coordination to the metal ion.

                      

Fig. 3. Molecular structure with atom labeling of compounds 14 (a), 15-16 (b) (Ln = Nd or Eu) and 17 (c). Hydrogen atoms have been omitted for 
clarity and fluorine, phenyl rings and methyl groups are shown as wires. For clarity, only one disorder component of the hfac ligands is shown in 
14–16, whereas, in 17, one disorder component of the nitroxide group (N5–O4) and one of the CF₃ groups are omitted. For further details, see the 
ellipsoid plots in Figs. S15–S18 (ESI).

         

Fig. 4. (a) Details of the crystal packing of complex 14 showing interchain hydrogen bonds. (b) Zigzag chain structure. Hydrogen atoms and one part 
of the disordered hfac ligands have been omitted for clarity. Symmetry operations to generate equivalent atoms: (i) x, −y, z+1/2, (ii) −x+1/2, y−1/2, 
−z+1/2, and (iii) x, −y, z-1/2.

(a) (b) (c)

(a) (b)
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Fig. 5. Crystal packing of compound 15 and 16 showing intermolecular hydrogen bonds (cyan dotted lines). Hydrogen atoms, parts of 13 and hfac 
ligands have been omitted for clarity.

The Ln–O–P bond angles are nearly identical for 15 and 16, with 
values of 156.4(2)º and 155.84(14)º, respectively, while the 
analogous bond angles in terbium derivative 17 are markedly 
larger, reaching 161.96(13)° and 165.36(14)°. The shortest 
intermolecular Ln···Ln distances are 13.1274(2) Å for 15, 
13.1083(2) Å for 16 and 9.9890(7) Å in compound 17. The crystal 
packing in compounds 15–17 is stabilized by a series of short 
contacts, including C(sp²)–H···O, C(sp³)–H···C(sp²), and F···F 
interactions, as well as by a hydrogen-bonding network 
involving nitroxide moieties and NH groups from the 
phosphonic amide functionalities (Fig. 5). The N–O···H–N 
hydrogen bond distances range from 2.01(2) to 2.16(8) Å (see 
Table S2). 

A limited number of complexes of the phosphonic diamides 
L = tBuPO(NHiPr)2 and (Ad)PO(NHiPr)2 (Ad = adamantyl) with 
lanthanide ions of formula [L2Ln(H2O)5][X]3·L2·(Sol), where Ln = 
Nd(III),71 Dy(III), Er(III),72 Tb(III), Ho(III);73 X = Cl, Br, I; and Sol = 
H2O, CH2Cl2, have been recently reported. All complexes contain 
a seven-coordinated metal cation, with the two phosphonic 
diamide ligands coordinated to the Ln(III) ion through the P=O 
group, positioned in a diaxial geometry (OP–Ln–OP bond angles 
in the range of 172.19º to 177.66º).

Interestingly, these compounds behaved as single-ion 
magnets (SIM). The axial arrangement of the phosphorus-based 
ligand and the symmetry around the Ln(III) ions were identified 
as the primary contributors to their magnetic properties, with a 
minor modulation attributed to secondary coordination sphere 
anions.74 In addition, [L3Ln(NO3)3] complexes of tBuPO(NHiPr)2 
with nine-coordinated Ln = Ce(III) and La(III) ions were also 
described.75

Ligand coordination analysis

As previously mentioned, the phosphinic amide TEMPO radical 
6 (Fig. 2) is capable of acting as either a mono- or bidentate 
ligand through metal coordination involving the P=O and N-O· 
groups. However, the results obtained demonstrate that the 
tridentate phenylphosphonic diamide bis-TEMPO 13 binds 
exclusively through the P=O group, even in the presence of an 

excess of metal cation. This behavior mirrors that observed in 
the case of the tetradentate ligands 1 and 5 (Fig. 1), in which 
metal coordination occurs through the nitrogen atoms of the 
linker between the TEMPO radicals or the nitroxide donor sites, 
respectively. In order to understand the role played by the 
substituent on the C4 position of TEMPO radicals on their 
coordination properties,15b,25 a DFT study of the different 
coordination modes of ligands 1, 5, 6 and 13 was undertaken.

Ligand 1 provides the electronic baseline. The bridging amine 
nitrogens are the strongest donors, with natural charges around -
0.60 and lone pairs that are not significantly involved in 
hyperconjugative delocalization. The two TEMPO moieties show the 
usual radical signature: moderate negative charge at oxygen (≈ -
0.42), substantial spin shared between N and O (Table S3), and O-
lone-pair donor–acceptor stabilization energies of ≈ 7-8 kcal·mol⁻¹ 
(Table S4c). Thus the nitroxide groups in ligand 1 are electronically 
good donors. They do not coordinate because the corresponding 
approach vector is sterically expensive: the TEMPO ring shields the 
oxygen along the N–O axis, and the NLMO-resolved steric analysis 
shows a dense network of local Pauli repulsions between the 
nitroxide lone pairs/bonds and the adjacent backbone. Several 
pairwise disjoint steric terms reach 5-12 kcal·mol⁻¹ for motions that 
bring a metal toward O(TEMPO), and the local dEᵢ values in the nitroxide 
region are high (≈ 55-60 kcal·mol⁻¹). In contrast, approach vectors 
toward the amine lone pairs are less congested, so ligand 1 naturally 
binds through its NH donors even though its global steric budget is 
lower than that of ligands 5 and 6.

The ligand 5 provides a useful extension of the analysis because 
it contains two nitroxide units, as in ligand 1, but incorporates a 
piperazine ring with two closed-shell nitrogen donors. Although 
these piperazine nitrogens carry significant negative charge (≈ –
0.44), the NBO results show that their lone pairs are strongly 
delocalized within the local σ-framework, as reflected in the 
relatively large donor–acceptor stabilization energies associated 
with these sites (≈ 28 kcal·mol⁻¹; Table S4b). These values are the 
highest among all potential donors in ligand 5 and indicate that the 
piperazine lone pairs are electronically committed to internal 
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hyperconjugation rather than external coordination. The NLMO-
resolved steric analysis further shows that the local steric exchange 
around the piperazine nitrogens is the most congested region of the 
molecule, with spin-averaged steric contributions of ≈ 85 kcal·mol⁻¹ 
(Table S5), nearly a factor of two greater than those associated with 
approach vectors toward the nitroxide oxygens. By contrast, the 
nitroxide groups retain the same electronic features observed in 
ligand 1, with moderate negative charge at the oxygens (≈ -0.42), 
substantial N/O spin sharing, and donor–acceptor energies in the 
usual 7-8 kcal·mol⁻¹ range (Table S4c). Importantly, the steric cost for 
approaching either nitroxide oxygens in ligand 5 is markedly lower (≈ 
38 kcal·mol⁻¹; Table S5) than that of the piperazine nitrogens. As a 
result, ligand 5 binds exclusively through its two nitroxide oxygens: 
the piperazine nitrogen atoms, despite their formal basicity, are both 
electronically less available and sterically inaccessible for 
coordination.

Introducing a phosphoryl group in ligand ppdATEMPO (13) 
reorganizes the donor hierarchy. The phosphoryl oxygen becomes 
the strongest basic site, with natural charge near -1.10 and the 
largest donor-acceptor stabilization energies in the system (≈ 17-18 
kcal·mol⁻¹; Table S4a), arising from efficient lone-pair donation from 
the P=O oxygen into the adjacent P–N and P–C framework. The 
amide nitrogens are electronically deactivated toward external 
binding by N→P π-donation, consistent with their charges (≈ -1.00) 
and P–N delocalization. In contrast, the nitroxide groups in 13 remain 
essentially indistinguishable from those in 1, 5 and 6: their charges, 
spin densities and lone-pair E(2) values exhibit the same 7-8 
kcal·mol⁻¹ interval (Tables S3 and S4c). The absence of nitroxide 
coordination in 13 is therefore not an electronic effect.

Steric accessibility becomes decisive once two TEMPO units flank 
the phosphorus center. The spin-averaged total steric exchange rises 
from ≈ 1629 kcal·mol⁻¹ in ligand 1 to ≈ 1747 kcal·mol⁻¹ in ligand 6 and 
≈ 2035 kcal·mol⁻¹ in ligand 13 (Table S6), reflecting the progressive 
increase in steric congestion. In 13, the two TEMPO units create a 
rigid steric enclosure: the phosphoryl oxygen points along a relatively 
open vector, whereas both nitroxide oxygens lie in bulky TEMPO 
rings. The local steric terms around the nitroxide sites are larger than 
in 6, and the incremental steric penalty required to place a metal ion 
in the nitroxide coordination region is prohibitive. As a result, only 
the P=O site is sterically accessible for binding.

The comparison with ligand 6 clarifies the role of the P=O anchor. 
Ligand 6 carries a single TEMPO group and presents a less crowded 
environment around phosphorus. Coordination at the phosphoryl 
oxygen is favored because it is both, the electronically dominant 
donor, and lies along an accessible approach vector. Once the metal 
ion is bound at the P=O site, only a modest additional displacement 
is required to bring the nitroxide oxygen into a geometry where 
interaction becomes feasible. The incremental steric penalty 
associated with this secondary motion is relatively small: the key 
pairwise steric exchanges along the nitroxide arm in 6 are on the 
order of 1-3 kcal·mol⁻¹, and the local dEᵢ values, although 
characteristic of a TEMPO fragment, are markedly lower than those 
encountered when attempting first-contact coordination at the 
nitroxide of ligand 1. As a result, ligand 6 can engage the metal ion at 
both the phosphoryl and nitroxide sites because the metal ion 

approaches the TEMPO unit from a pre-anchored, low-steric 
pathway rather than attempting to enter the TEMPO region directly.

Broken-symmetry calculations further support the 
independence of the TEMPO units. The weak antiferromagnetic 
coupling observed for ligand 13 (J ≈ −0.35 cm⁻¹) and the large 
spatial separation between the two N–O units (>8 Å) are 
consistent with electronically intact radicals that remain 
magnetically isolated (Fig. 6). The coordination through P=O 
does not perturb the electronic structure of the nitroxide 
moieties, reinforcing the conclusion that their non-coordination 
in 13 is steric rather than electronic.

Fig. 6. Spin density distribution in ppdATEMPO (13) from broken-
symmetry DFT. Red lobes represent spin-up (α) density and blue lobes 
represent spin-down (β) density. Isosurface cutoff = 0.003 a.u. Color 
scheme: C (gray), H (white), N (blue), O (red), P (orange). H attached to 
carbons are omitted for clarity.

Magnetic properties

Lanthanide-based monometallic complexes hold considerable 
potential as nanomagnetic materials due to the strong magnetic 
anisotropy of the lanthanide ions.76 The crystal-field splitting 
and coordination geometry have proven to be pivotal in 
determining their magnetic behaviour. It has been 
demonstrated that these effects combine favourably in 
complexes of bulky phosphonic diamides with rare-earth ions 
leading to promising high-performance Ln(III)-SIMs.71,72,73,74,75  

The magnetic properties of compounds 14-17 were 
investigated between 2 K and 300 K. Figure 7 represents the 
thermal dependence of χMT, the product of the molar magnetic 
susceptibility by the temperature, for all compounds. At room 
temperature, the values of χMT are 1.2 (14), 3.0 (15), 2.8 (16) 
and 12.5 (17) cm3·mol-1·K. 

For compound 14, this value is close to the expected one for 
three uncoupled S = 1/2 (1.13 cm3·mol-1·K). On lowering 
temperature, χMT remains nearly constant down to 8 K, below 
which it decreases to 1.07 cm3·mol-1·K, indicating the presence 
of antiferromagnetic interactions. The reciprocal susceptibility, 
plotted against temperature, can be modeled by the Curie-
Weiss law (Fig. S13), leading to C = 1.21 cm3·mol-1·K and θ = -
0.23 K, the respective Curie and Weiss constants. The 
antiferromagnetic interactions in compound 14 are very weak. 
Analysis of the crystal structure shows that the radicals are 
relatively far apart from each other and from the metal ion. 
Because there is no direct coordination between the CuII ion and 
the ATEMPO radicals through the N-O moiety, and because the 
piperidinyl ring does not provide an efficient pathway for 
magnetic exchange, the magnetic interactions between the 
organic radicals and the metal center are expected to be 
negligible.77 This expectation is corroborated by the ab initio 
calculations (see above). Therefore, in order to reproduce the 
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magnetic data, we only consider intermolecular interactions 
through a mean field approximation.

Fig. 7. Thermal dependence of the χMT product for compounds 14-17. 
The solid lines (red and black) represent the best fits (see text for 
details).

The best fit parameters for 14 are grad = 2 (fixed), gCu = 
2.230(5) and zJ´ = -0.18(1) cm-1. As expected from the structure, 
the intermolecular interaction is weak and antiferromagnetic. 
This interaction may be carried out through the network of 
hydrogen bonds involving the TEMPO oxygen atoms and the 
amide group of neighboring molecules (N4–H4···O2 and N3–
H3···O1).

For compounds 15 and 17, the χMT values at room 
temperature are close to those expected for four uncoupled 
radicals and Ln(III) free ions (3.1 and 13.3 cm3·mol-1·K, 
respectively). In contrast, for the Eu derivative 16, this value is 
significantly higher due to the thermal population of excited 
states of Eu3+ ion at room temperature.78 Upon cooling, 
compounds 15-17 display a similar trend, with χMT gradually 
decreasing and exhibiting a more pronounced drop at the 
lowest temperatures. Similarly to compound 14, this behavior 
at low-temperature likely arises from antiferromagnetic 
intermolecular interactions. Furthermore, for 15 and 17, the 
gradual decrease of χMT is attributed to the depopulation of the 
MJ sublevels of the lanthanide free ion ground state. In the case 
of compound 16, the continuous decrease results from the 
depopulation of the low-lying spin-orbit coupled states.78 
Accordingly, the magnetic data of compound 16 were analyzed 
in the high temperature region (> 60 K), taking into account the 
contributions from four uncoupled radicals and from the spin-
orbit coupling of the europium ion (see SI). The best fit, shown 
in Fig. 7, was obtained using grad = 2 (fixed) and λ = 360(2) cm-1, 
in good agreement with the literature.78,79

Catalysis

The development of efficient oxidation systems by using low 
hazard and economic catalysts and oxidants under mild 
conditions, has turned into an important aim for catalytic-
process design. Cu-TEMPO mixtures have emerged as one of the 
most effective catalysts for selective alcohol oxidation. 
However, there is still numerous challenges in the search of 
practicality. This includes mild reaction conditions, low 

pressures of O2, low catalyst loading, low temperatures, and the 
avoidance of toxic additives.1b,c,40,80 

Taking into account the above considerations, we 
envisioned the use of the copper-diradical complex 14 for the 
aerobic oxidation of alcohols. For that purpose, the reaction of 
4-nitrobenzyl alcohol 18a was used as the model to optimize the 
reaction conditions (Table 3). Unless otherwise noted, all 
reactions were carried out under an air atmosphere. The 
completion of the reaction was established by TLC. 

First, reaction of 18a in the presence of 10% of 14 in 
acetonitrile, afforded benzaldehyde 19 in only 32% yield after 
72 hours, probably due to the moderate solubility of the catalyst 
(entry 1). Change of the solvent to DCE was crucial, increasing 
the yield of the reaction to 91% in 22 h (entry 2). However, the 
reaction did not reach completion until 72 h (entry 3). 
Increasing the temperature to 50 ºC did not lead to a 
remarkable improvement, as shown by TLC. After 7 h, yield was 
81% (entry 4). The reaction was completed within 30 h (entry 
5). Similar results were observed by increasing the 
concentration of oxygen with an O2 balloon, affording aldehyde 
19 in 69% yield after 8 h (entry 6). To our delight, the reaction 
can be carried out by the in situ formation of 14 from diradical 
13 and Cu(hfac)2, increasing the atom efficiency of the 
transformation. In these conditions, 19 was formed in an 
excellent 90% yield after 22 h (entry 7). As expected, control 
experiments using only the TEMPO diradical (entry 8) or the 
copper salt (entry 9) did not promote the oxidation of benzyl 
alcohol 18a. In all cases, no over oxidation to carboxylic acids 
was observed. 

Based on the results in Table 3, entry 2 was selected as the 
optimal conditions to explore the scope of the reaction (Scheme 
3).  The oxidation of benzyl alcohol to give 20 took place after 
22 h in 90% yield. The yield of 21 obtained in the reaction of 
furfuryl alcohol was marginally lower (82%). The most 
favourable outcomes were observed when electron-donating 
substituted phenyl groups such as methyl, hydroxy and 
methoxy substituents in ortho, meta and para positions, were 
utilised. The expected benzaldehydes 22-25 were formed in 
excellent yields of up to 99% at room temperature. The double 
oxidation of diol 1,4-phenylenedimethanol necessitated an 
increase in the temperature to 50 ºC. In the case of the 
secondary benzyl alcohols 1-phenylethan-1-ol and 
diphenylmetanol, substandard results were obtained. The 
respective ketones were produced in yields lower than 20%, 
even after the reaction temperature was increased to 50 ºC. The 
exception to this observation is phenylcinnamyl alcohol, in 
which the hydroxyl group occupies both an allylic and benzylic 
position. The oxidation process at 50 ºC for a duration of 22 
hours resulted in the synthesis of (E)-chalcone 29 in 90% yield.

OH

O2N
18a

10 mol% cat

solvent, air, T, t

O

O2N

19

Table 3. Screening of conditions for the oxidation of 18a.

Entry catalyst solvent T (ºC) Time 
(h)

yielda
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1 14 ACNb 25 72 32

2 14 DCEc 25 22 91(90)d

3 14 DCE 25 72 100

4 14 DCE 50 7 81

5 14 DCE 50 30 100

6c 14 DCE 25 8 69

7 13 + Cu(hfac)2 DCE 25 22 90

8 13 DCE 25 22 0

9 Cu(hfac)2 DCE 25 22 0

a) NMR yield determined through integration of the 1H NMR spectrum 
of the reaction crude. b) ACN: acetonitrile. c) DCE: dichloroethane. d) 
Isolated yield. c) Under an O2 atmosphere.

We were also pleased to observe that this protocol may be 
used in the oxidation of allylic alcohols. The application of the 
standard oxidation procedure to cinnamyl alcohol, 4-
nitrocinnamyl alcohol, prenol and geraniol, gave rise to the 
respective aldehydes 30-33 in excellent yields. Besides this fact, 
isomerization of the C=C bond during the course of the 
reactions was very limited, indicating that the oxidation of allylic 
primary alcohols using 14 as catalyst is very selective. 

The aerobic oxidation of alcohols catalysed by 14 shows 
comparable performance compared to analogous procedures 
using catalytic systems based on mononuclear Cu(II) complexes 
as catalyst and mediated by TEMPO. For example, the square-
pyramidal Cu(II) complexes with tridentate NNS, N(NH)S and 
NNO ligands reported by Bagh and coworkers,81 and those 
containg tetradentate N2O2 bis(phenol) diamine ligands in the 
presence of Cs2CO3,82 show similar results. Moreover, the 
performance of 14 is superior to that of the (Cu(Tpy-
TEMPO)Cl2·2DMF) complex (tpy = 4-(2,2′:6′,2″-terpyridin-4′-
yloxy)) in combination with DBU (DBU = 1,8-
diazabicyclo[5.4.0]undec-7-ene).83

From benzylic primary alcohols

From allylic alcohols

From benzylic secondary alcohols

O

MeO
O

OH
O

O

OMe
HO

O

O O O

O
O

O

O2N

O

O
O

20, 90%
[rt, 22 h]

21, 82%
[rt, 22 h]

23, 99% (87%)
[rt, 30 h]

24, 99%
[rt, 22 h]

25, 95%
[rt, 22 h]

22, 98% (98%)
[rt, 22 h]

27, 9%
[rt, 22 h]

28, 19%
[50 ºC, 17 h]

29, 90% (90%)
[50 ºC, 22 h]

30, 94%
[rt, 22 h]

31, 96%
[rt, 30 h]

32, 90% (87%)
[rt, 22 h]

33, 97% (89%)
[rt, 22 h]

O

26, 99% (95%)
[50 ºC, 30 h]

HO

18

10 mol% 14

DCE, air, T, ta

20-33

R1 R2

OH

R1 R2

O

O

O2N
19, 91% (90%)

[rt, 22 h]

Scheme 3. Scope of the aerobic oxidation of alcohols catalysed by 14. a) 
Standard conditions: alcohol (0.2 mmol) and complex 14 (0.02 mmol) in 
DCE (0.6 mL) were stirred to the open air during 22 h. Yields are 
determined through integration of the 1H NMR spectrum of the reaction 
crude. Isolated yields are indicated in parentheses.

However, it requires longer reaction times than some of the 
most efficient Cu(I) and Cu(II)-(bpy)-TEMPO (bpy = 2,2′-
bipyridine) catalytic systems. The oxidation of allylic and 
benzylic alcohols using the catalysts developed by Stahl84 
(Cu(I)(OTf)/bipy/TEMPO with NMI as a base in acetonitrile) (OTf 
= trifluoromethanesulfonate, NMI = N-methylimidazole) and 
Sheldon85 (Cu(II)(OTf)2/bipy/TEMPO with KOtBu as a base in 
acetonitrile:water 2:1) are typically completed in less than 5 
hours of reaction. It is important to note, that complex 14 
contains the metal cation and the nitroxyl radical as ligand and 
can be readily prepared following a straightforward protocol 
using commercial reagents. Furthermore, the use of 
supplementary reagents such as a base (NMI, DBU, etc.) is 
unnecessary.

Conclusions
The synthesis and molecular characterisation of the first 
example of a new phosphonic diamide-TEMPO diradical 
(ppdATEMPO), and of its coordination compounds with CuII, 
NdIII, EuIII and TbIII ions, have been described. The solid-state 
structure of the diradical was found to exhibit a quasi-
perpendicular arrangement of the ATEMPO units and an 
architecture showing a 3D network formed via P=O···H–N, N–
O···H–N(P) and N–O···H–C inter-chain hydrogen bonding. The X-
ray diffraction analyses of the metal complexes demonstrated 
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distinctive structural features. In contrast to the structurally 
related phosphinic amide TEMPO mononitroxyl derivative, the 
diradical acts as a monodentate ligand exclusively through the 
P=O group in all cases. This results in five- (CuII) and eight-
coordinated (LnIII) mononuclear complexes, which show 
discrete molecules organised in 2D supramolecular layers or 
chains through intermolecular interactions. The different 
coordination modes of ppdATEMPO (13) vs dppnTEMPO (6) 
reflect how donor strength and steric accessibility interplay 
around the key donor sites. The magnetic measurements 
revealed weak antiferromagnetic interactions in complex 14, 
which were rationalized as intermolecular in nature and are 
likely present in all compounds. In addition, the copper(II) 
complex 14 proved to be a good catalyst in the aerobic 
oxidation of a wide scope of allylic and benzylic primary 
alcohols. The expected aldehydes were formed in excellent 
yields and selectivities in mild reaction conditions under air. The 
formation of ketones in high yields was only possible when the 
hydroxyl group underwent doubly activation, with occupation 
of both an allylic and a benzyl position.
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