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Synthesis, crystal structures and magnetic behaviour of four
coordination compounds constructed by using a phosphinic amide-
TEMPO radical and [M(hfac),] (M=Cu", Co" and Mn") building
blocks

Samira G. Reis, Miguel A. del Aguila-Sanchez, Guilherme P. Guedes, Glaucio F.
Braga, Miguel A. Novak, Nivaldo L. Speziali, Fernando Lopez-Ortiz, and Maria G. F.
Vaz

The reaction of a phosphinic amide TEMPO radical with [M(hfac)z] building blocks provides discrete or 1D
molecular magnetic compounds depending on the coordination mode of the radical.
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1. Introduction

Synthesis, crystal structures and magnetic behaviour
of four coordination compounds constructed by using
a phosphinic amide-TEMPO radical and [M(hfac),]
(M=Cu", Co'" and Mn") building blocks

Samira G. Reis,® Miguel A. del Aguila-Sanchez,” Guilherme P. Guedes,® Glaucio
F. Braga,® Miguel A. Novak, Nivaldo L. Speziali,® Fernando Lépez-Ortiz,*" and
Maria G. F. Vaz*?

In the present work we describe the synthesis, crystal structure and magnetic properties of four
coordination compounds obtained by assembling a new phosphinic amide containing the TEMPO
moiety, 1-piperidinyloxy-4-[(diphenylphosphinyl)amino]-2,2,6,6-tetramethyl radical (dppnTEMPO),
with [M(hfac),] building blocks
compounds revealed the usefulness of the functionalized radical to provide discrete or extended

(M=Cu", Co", Mn"). The crystal structures of the coordination

architectures. In the copper compound (1) the ligand is coordinated through the oxygen atom of the
NP=0 linkage to the metal, which exists in square pyramidal or octahedral geometry. For the cobalt and
manganese complexes (2 - 4), both the phosphinic amide and the nitroxide oxygen atoms are involved in
the coordination to the metal leading to one dimensional systems. In the cobalt complex (2) an
interesting spin topology in the zig-zag chain was obtained due to the oxygen atom of the phosphinic
amide group is p, coordinated to two cobalt(ll) ions. The magnetic behaviour of the coordination
compounds shows overall antiferromagnetic interactions involving the metal ion and the organic radical.
DFT calculations were performed in order to assign the main path for the magnetic interactions.

organic radical-based coordination compounds since the

The development of methodologies to design molecular
structures with a rational control of the magnetic interactions
between the spin carriers has been pursued since the early times
of molecular magnetism.! One of the successful strategies
consists of the assembly of pre-formed paramagnetic building
blocks aiming to construct more complex magnetic systems.
[M(B-diketonate),]

representative members of this methodology.? The inclusion of

complexes and organic radicals are
these structural fragments into a scaffold can be used to
introduce different spins carriers in the same molecule leading
to compounds with unusual crystal structures, interesting spin
topologies and magnetic properties.®> Furthermore, a lot of

attention has been devoted in the last decade to the synthesis of

This journal is © The Royal Society of Chemistry 2013

discovery of the first magnetic nanowire, reported by Caneschi
and co-authors.*

Nitronyl-nitroxides and nitroxides are the organic radicals most
used as building-blocks. A number of derivatives were synthesized
in order to add new coordination sites beyond the NO moiety,
broadening the frontiers towards compounds with remarkable
architectures and magnetic properties.®> Regarding this possibility, a
new heterometallic tri-spin system was recently obtained by
exploring the hard and soft acidity of the nitroxide moiety or
substituent donor atoms.® As for the organic radicals used in
reactions with block d and/or f metals, those of the nitroxide family
are among the most the popular, specially the TEMPO radical

(2,2,6,6-tetramethylpiperidine-1-oxyl). Nevertheless, the
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employment of phosphorus-based nitroxide derivatives as ligand in
the synthesis of molecular magnetic compounds has been little
explored. The organophosphorus derivatives of TEMPO investigated
to date include phosphates, phosphoramides, thiophosphoramides,
phosphonates,  selenophosphonates, phosphoramidites  and
phosphites.” Some examples of phosphinic amides bearing an O-
alkyl-2,2,6,6-tetramethylpiperidin-4-yl moiety have been also
reported.® The complexation of neutral phosphinic amides with main
group elements,® transition metals'® and lanthanides™ has received
little attention. Only a few complexes have been structurally
characterized at a molecular level involving mostly chelating
ligands.***3* To the best of our knowledge, the use of phosphinic
amide-TEMPO mixed ligands in coordination chemistry remains
unexplored. Although the coordination sites of this kind of ligands
contains two oxygen atoms, they present different stereoelectronic
properties. This characteristic makes the phosphinic amide-TEMPO
an interesting building block for accessing to compounds with one-
dimensional or unprecedented molecular architectures within the
metal-radical strategy. Herein, we report the synthesis of the novel 1-
piperidinyloxy-4-[(diphenylphosphinyl)amino]-2,2,6,6-tetramethyl

radical, hereafter called as dppnTEMPO (Chart 1), and the synthesis,
crystal structures, magnetic properties and DFT calculations for the
four coordination compounds obtained through the reaction of
[M(hfac),] (hfac™ = hexafluoroacetylacetonate and M=Cu", Co" or

Mn'") with this new radical.

Chart 1. Structure of the dppnTEMPO radical.

2. Experimental Section

2.1. Materials

The synthesis of the radical was carried out in a dry N, gas
atmosphere using standard Schlenk procedures. THF was distilled
from sodium/benzophenone immediately prior to use. Commercial
solvents were distilled prior to their use, except n-heptane that was
used as received. TLC was performed on Merck plates with
60 Fosy.

chromatography silica gel 60 (40-63 um) from Scharlau was used.

aluminum backing and silica gel For column

This journal is © The Royal Society of Chemistry 2012

The [M(hfac),] building blocks (M= Cu", Mn" or Co") were
prepared as previously described.'® NMR spectra were obtained in a
Bruker Avance 300 (*H, 300.13 MHz; P, 121.49 MHz) using a 5
mm QNP *H/ZC/*F/*'P probe. The spectral references used were
internal tetramethylsilane for *H and external 85% H;PO, for *'P.
Alpha FTIR
spectrophotometer. High resolution mass spectra were recorded on
LC/MSD TOF
electrospray ionization. Melting point was measured on a Biichi B-

Infrared spectra were recorded in a Bruker

an Agilent Technologies instrument  using

540 capillary and PFM Il melting point apparatus.

2.2. Synthetic procedures

2.2.1. Synthesis of 1-piperidinyloxy-4-

[(diphenylphosphinyl)amino]-2,2,6,6-tetramethyl radical
(dppnTEMPO). To a solution of triethylamine (3.6 mL, 25 mmol)
and 4-amino-TEMPO free radical (1.71 g, 10 mmol) in THF (40
mL) under N, atmosphere at -90 °C, chlorodiphenylphosphine (1.8
mL, 10 mmol) was added dropwise.’® The mixture was allowed to
warm up gradually to room temperature and was stirred for 2 h.
Then, the solution was cooled to -30 °C and 30% v/v H,O, (1.7 mL,
15.03 mmol) was added and stirred for 1 h more at room
temperature. The reaction was poured into a mixture of ice and water
and extracted with dichloromethane (3x15 mL). The organic layer
was dried over Na,SO, and concentrated under vacuum. The product
was purified by flash column chromatography (ethyl acetate:hexane,
4:1 as eluent) affording the dppnTEMPO as pale pink solid. Yield
after chromatography 80%. Mp:161-162 °C. *H NMR § (CDCl,,
300.13 MHz) 7.61 (bs, 6H, H3 + H4), 7.80 (bs, 6H, H2) ppm. 3P
NMR § (CDCls, 121.49 MHz) 25.14 ppm. IR (ATR, v cm™) 3175
(bs, NH), 2975 (b), 2937 (b), 1438 (w), 1361 (w), 1302 (w, PN),
1187 (b), 1113 (b), 1082 (b), 907 (w), 723 (b), 695 (W), 645 (W).
HRMS (ESI) calcd for C,HpgN,O.P: 371.1888 (M™), found:
371.1898. The structural assignment was confirmed by adding an
equimolecular quantity of phenyl hydrazine to the NMR sample to
give N-(1-hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)-P,P-diphenyl-
phosphinic amide. *H NMR & (CDCl,, 300.13 MHz) 0.91 (s, 6H,
H9), 1.10 (s, 6H, H9), 1.49 (t, 2H, *J,s 12.9 Hz, H7), 1.91 (dm, 2H,
®Jun 11.8 Hz, H7), 2.78 (dd, 1H, *Jp; 5.7 Hz, %J,4410.2 Hz, H5), 3.23
(m, 1H, H6), 7.36 (m, 6H, H3 + H4), 7.80 (dd, 4H, 3Jp, 12.1 Hz,
33un 1.7 Hz, %34y 6.9 Hz, H2). *P NMR & (CDCl,, 121.49 MHz)
23.66 ppm.

2.2.2. General synthesis of complexes 1-4. 0.053 mmol of
[M(hfac),.nH,0] (M=Cu'", Co" or Mn") were added to 10 mL of n-
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heptane and boiled until the complete dissolution of the metal
complex. Then, 0.0530 mmol of the dppnTEMPO radical was
dissolved in CHCI; and quickly added under constant stirring. The
resulting solution was kept at 10 °C and after 6-8 days dark-green (M
= Cu") or red crystals (M = Co" or Mn'") were obtained. These
crystals were filtered out, washed with n-heptane and dried opened
to the air. Two kind of single crystals were obtained from the
reaction using Co' ions and were labelled as compound 2 and 4.
Since the single crystals have different shapes, they were manually
separated. For 1: Anal. Calc.
CsHsgCUF15N406P5.2(C31H30CUF1,N,06P).2(C7H16): C, 49.30 %:; H,
4.85 %, N, 3.59 %. Found: C 49.13 %; H 4.90 %, N, 3.60 %. IR
(ATR, v em™): 3253 (b, NH), 3075 (w), 2983 (w) 2924 (w), 2853
(w) 1640 (m, CO), 1481 (w), 1303 (w, PN), 1253 (s), 1146 (bs), 794
(W), 729 (w), 695 (w), 675 (w). For 2: Anal.
C,He2C03F36N4016P,.(C7H16): C, 41.94 %; H, 3.47 %, N, 2.48 %.
Found: C 40.29 %; H 3.53 %, N, 2.75 %. IR (ATR, v cm'l): 3251
(b, NH), 3065 (w), 2990 (w), 2979 (w), 2938 (w), 2857 (w), 1644
(m, CO), 1485 (b), 1302 (w, PN), 1255 (m), 1142 (bs), 789 (w), 731
(w), 692 (w), 669 (w). For 3: Anal. Calc. For C3;H3,F1,MnN,OgP:
C, 44.30 %; H, 3.60 %, N, 3.33 %. Found: C 44.25 %; H 3.64 %, N,
3.18 %. IR (ATR, v cm™): 3427 (sh, NH), 3061 (w), 2986 (w), 2938
(w), 2861 (W), 1650 (m, CO), 1497 (w), 1252 (m), 1185(s), 1139
(bs), 794 (w), 731 (w), 697 (w), 661 (w). For 4: Anal. Calc. For
Ca1H30F12CONLOP: C, 44.09 %; H, 3.58 %, N, 3.32 %. Found: C
4377 %; H 3.78 %, N, 3.16 %. IR (ATR, v cm™): 3417 (b, NH),
2929 (w), 2861 (w), 1645 (m, CO), 1497 (w), 1257 (m), 1190 (s),
1142 (s), 795 (W), 730 (w), 697 (w), 667 (W).

Calc. For

2.3. X-ray diffraction

Single crystal X-ray data of complexes 1-3 were collected on an
Oxford GEMINI A Ultra diffractometer using graphite
monochromated Mo Ka. radiation (A = 0.71073 A). Data collection,
data reduction, cell refinement and absorption corretions were
performed by using the CrysAlis RED, Oxford Diffraction
Ltd.,Version 1.171.32.38. For compound 4, the crystallographic data
were collected on a Bruker Enraf-Nonius KAPPA CCD
diffractometer using graphite-monochromated Mo Ka radiation (A =
0.71073 A) at room temperature. The final unit cell parameters were
determined from all reflections obtained with DIRAX program.’
The integration of the collected reflections was performed using the
EVALCCD program.'® The absorption correction using equivalent
reflections was performed with the SADABS program." The

structure solutions and refinements were performed with the

This journal is © The Royal Society of Chemistry 2012
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SHELXS-97 and SHELXL-97 program packages.”’ All atoms
except hydrogen were refined anisotropically. The H-atoms were
treated by a mixture of independent and constrained refinement.
Details of data collection and structure refinement for compounds 1-
4 are summarized in Table S1 (Electronic Supplementary
Information-ESI). Selected distances are given in Tables 1
(compounds 1 and 2) and 2 (compounds 3 and 4). Selected bond
angles are summarized in Tables S2 and S3. The ORTEP?' view of

the asymmetric units are depicted in Fig. S1-S4 (ESI).

2.4. DFT calculations
Single point calculations were carried out for compounds 1-4
using the density functional theory method (DFT-B3LYP)? in the
Gaussian 09W software package.? The pseudo-potential LANL2DZ
was employed for metals and phosphorus atoms and D95V basis set
was implemented to other elements.®* All results were visualized
using Chemcraft.”® The method to evaluate the magnetic coupling
constants and possible path for the magnetic interactions was based
on the structural fragmentation according to their charges and
multiplicities without any symmetry approximation. The selected
detached molecular units in 1-4 present at least one metal ion,
coordinated to the hfac™ ligands, and one dppnTEMPO radical. In all
systems the fragments were allowed to interact with each other in
order to evaluate the intramolecular magnetic coupling in the chains
2-4, as well as, to study the intermolecular magnetic interaction
involving molecules A and B in 1. The magnetic coupling constant
(J) was calculated using Eq (1), through the Broken-Symmetry (BS)
approach, where the Egs and Eps terms are the energies of the
antiferromagnetic and ferromagnetic spin states, respectively, and
Smax 1S the maximum magnetic spin moment value.?®
EBS — EHS
2

J= Eqg. (1)

max

2.5. Magnetic measurements

Variable-temperature magnetic susceptibility and isothermal
magnetization measurements were carried out on powdered samples
using a Cryogenic SX-600 SQUID (1-3) magnetometer or in a
Quantum Design PPMS susceptometer (4) in the temperature
range 2-300 K and field range 0 to 6.5 T. The sample was placed in
a gelatine capsule and data were corrected for the sample
diamagnetism and sample holder. The magnetic data of compounds
2 and 4 were fitted using the Magprop software, available within the

J. Name., 2012, 00, 1-3 | 3
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DAVE package.?” Details about the calculations are described
elsewhere.” The mean-field approximation was applied to fit the
magnetic data of compounds 2 using the A parameter, which is
related to the intermolecular magnetic interaction through the
following equation: A = J/(g*°4°).

3. Results

3.1. Structure descriptions

Compound 1 crystallizes in the monoclinic P2,/n space group
and the molecular structure is shown in Fig. 1. The crystal structure
consists of two co-crystallized coordination compounds, namely
[Cu(hfac),dppnTEMPO] (A) and [Cu(hfac),(dppnTEMPO),] (B)
and one n-heptane crystallization molecule. The two crystallographic
independent CulA and CulB ions are in different coordination
environments; in the molecule A, the metal ion CulA is
pentacoordinated to four hfac™ oxygen atoms (O3A, O4A, O5A and
O6A) and the phosphinic amide oxygen atom of the dppnTEMPO
radical (O2A), lying on a square pyramidal geometry with trigonality
parameter t of 0.01.% In molecule B, CulB ion is on an inversion
center and presents an octahedral distorted geometry. The equatorial
plane of this ion is formed by four hfac™ oxygen atoms (O3B, O4B,
03B! and 04B'; i= -x,-y,-z) while the axial positions are occupied by
02B and 02B' phosphinic amide oxygen atoms. In both molecules
the Cu-Ogiketonate DONd distances are in good with other reported in the
literature.*® The Cu-Opposphinic amice PON lengths are 2.100(3), for
CulA-02A, and 2.262(3) A, for Cu2B-02B. These bond lenghts are
slightly longer when compared with other copper(ll) phosphinic

amide-based coordination compound.**f

I,—— -
N1B
— Me | i
\n \
,_/t {r18
\/ \oz28_
o
e uiB
048 » 045
o __
~ 0\ | ',' <
\ P18 .: \
(s © J
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NIE |

Fig. 1 Molecular structure of the co-crystallized complexes A and B
in compound 1. Fluorine and hydrogen atoms, as well as, solvent
molecules were omitted for the sake of clarity. Symmetry operation
to generate equivalent atoms: i = -X, -y, -z.

Table 1. Selected bond distances (in A) for compounds 1 and 2.

This journal is © The Royal Society of Chemistry 2012

1 2

Labels I;%r:ﬁs Labels Ie?r%r;gs
CulB—O4B" | 1.979(2) | Co1—03 2.030(4)
CulB—04B 1.979(2) Col—04 2.033(4)
CulB—03B 1.983(3) Col—O01 2.190(4)
CulB—O3B' | 1.983(3) | Co2—O7 2.037(4)
CulB—02B 2.262(3) Co02—05 2.044(4)
CulB—O02B' | 2.262(3) | Co2—06 2.065(4)
CulA—O3A 1.949(3) Co2—08 2.073(4)
CulA—O6A 1.952(2) Co2—02' 2.124(3)
CulA—O5A 1.956(3) Co2—02 2.208(4)
CulA—O4A | 1.963(2) | N1—O1 1.294(7)
CulA—O02A 2.099(3) N2—P1 1.629(5)
O1A—NIA 1.292(4) | 02—P1 1.524(4)
01B—N1B 1.291(4)
02A—P1A 1.480(3)
02B—P1B 1.480(3)
N2B—P1B 1.631(3)
N2A—P1A 1.632(3)
Symmetry operation i = —x,-y,—z

The coordination of the P=0 group to the metal ion does not lead to
important modification in the P-O bond lengths [1.480(3) A in A and
1.486(3) A in B], when compared with the mean value of 1.484
A3l observed for non-coordinated similar phosphinic amide
compounds. The same behavior has been found in the P=O bond
distance of related phosphine oxide complexes of [Cu(hfac),].* The
dppnTEMPO nitroxide moiety remains uncoordinated in all co-
crystallized complexes with N-O bond length equal to 1.292(4) A for
N1A-O1A and 1.291(4) A for N1B-O1B and N1B-O1B', which are
similar to those observed in other TEMPO derivatives.*® The
shortest intermolecular distance between the metal ions is
10.9919(4) A (CulA-Cu2B" ii= ¥-x, Y+y, %-z), whereas the
longest one is 17.9392(4) A. (CulA~Cu2B). Concerning the
neighbouring uncoordinated nitroxide groups, the intermolecular
distances involving both co-crystallized compounds are 6.023(3) A
and 6.110(4) A, respectively for 01A~01B" and O1A"01B (ii= %-
X, ¥a+y, ¥-7). The crystal packing is stabilized by FF short contacts
and a network of hydrogen-bonding involving the nitroxide oxygen
atom and the phosphinic amide nitrogen atom [N2A~O1B =

2.848(4) A and O1A~N2B' = 2.816(4) A] in the ab plane. These

J. Name., 2012, 00, 1-3 | 4
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Fig. 2. Details of the crystal packing of compound 1 showing the
hydrogen-bonding network. Blue and red colours stand for the
molecules A and B, respectively.

intermolecular interactions lead to supramolecular cavities formed
by alternated A and B molecules, highlighted as red and blue colours
(Figure 2). Perpendicular to the ab plane, weak intermolecular
interactions Cgy5-H O were observed between the hfac” oxygen atom
and the dppnTEMPO methyl groups.

The asymmetric unit of complex 2 contains two crystallographic
independent Co'" ions coordinated to one radical dppnTEMPO and
one n-heptane molecule. The molecular structure consists of a zig-
zag chain, as depicted in Figure 3. The radical plays a key role in
order to establish this one-dimensional character, since it acts as
bidentade ligand, connecting Col and Co2 metal ions. The Col ion
presents a distorted octahedral geometry, with the axial positions
occupied by two nitroxide oxygen atoms (O1 and O1', i = -x, -y, -2),
while the basal plane is formed by 03, 03, 04 and O4' hfac™ oxygen
atoms. The bond length Col1-0O1 is 2.190(4) A, typically observed
for other compounds in which the nitroxide group is coordinated in
the same mode to Co" ions.* Bond distances in the phosphinic
amide moiety are unremarkable.® The dppnTEMPO 02 phosphinic
amide atom is coordinated to Co2 and Co2' metal ions in a 1, mode.
This coordination mode leads to a dinuclear unit within the chain, in
which each Co" ion is six-coordinated to two hfac™ and two shared
phosphinic amide oxygen atoms. Nevertheless, the hfac™ ligands are
cis coordinated to Co2 instead of a trans configuration observed in
Col ion. The Co-O hond distances in the phosphinic amide bridges
are 2.208(4) A and 2.124(4) A, respectively for Co2-02 and Co2-
02, while the Co-O-Co angle is 98.7(2)°. It is important to highlight
that the two Co'" ions and both dppnTEMPO O2 phosphinic amide
atoms are in the same plane. The shortest intrachain distances
involving the metal ions are 3.288(1) A (Co2-Co2'), 9.887(7) A
(Col1+Co2) and 10.754(7) A (Col~Co2). Short FF contacts among

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Fragment of the zig-zag chain of compound 2. Fluorine and
hydrogen atoms, methyl dppnTEMPO groups, as well as solvent
crystallization molecules were omitted for the sake of clarity.
Symmetry operation to generate equivalent atoms: i = -X, -y, -z.

ey g

Fig. 4. Details of the crystal packing of compound 2 highlighting the
FF interchain short contacts.

chains stabilize the crystal packing of compound 2, as seen Figure 4.
The structural parameters associated to this contact (F4~F10' =
2.796(2) A and angles of 128.1° and 137.7° respectively for ~C26-
F4F10'and ~C31'-10"F4) are in agreement with other parameters
reported elsewhere.®

Compounds 3 and 4 are isomorphous and crystallize in the
tetragonal 14,cd space group. The fragment of molecular structure of
both complexes is depicted in Figure 5. For both compounds, the
asymmetry unit contains one crystallographically independent metal
ion, which is cis coordinated to two hfac™ ligand and one radical.
The dppnTEMPO radical is simultaneously coordinated to two metal
ions through the nitroxide and the phosphinic amide groups, with
bond lengths M-Opposphinic amide = 1.488(1) A and M-Oyioxige =
1.291(1) A for 3, while they are 2.025(2) A and 2.116(3) A for 4
respectivelly. This bridging coordination mode leads to a one-

J. Name., 2012, 00, 1-3 | 5
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Fig. 5 Fragment of the molecular structure of compounds 3 (M =
Mn'") and 4 (M = Co"). Methyl dppnTEMPO groups,fluorine and
hydrogen atoms were omitted for sake of clarity.

Table 2. Selected bond distances (in A) for compounds 3 and 4.

Labels 3 4
(M=Mn"y | (M=Co")
M™—01 2.105(5) 2.115(4)
M—O2* 2.069(5) 2.025(4)
M—O03 2.164(5) 2.083(4)
M—O04 2.198(5) 2.070(4)
M—O05 2.163(5) 2.129(4)
M—O06 2.164(5) 2.060(4)
01—N1 1.293(7) 1.280(6)
02—P1 1.488(5) 1.493(4)
N2—P2 1.633(7) 1.641(6)

“For 3, i =x,y,zand for 4, i = x, -y, %+z
LFor3,i=x, -y, %+zand for4, i =xy,z

dimensional system along the ¢ axis. The metal ion in both
compounds lies on a distorted octahedral geometry. The geometry of
the phosphinic amide functional groups are analogue to other related

transition metal complexes.®

Fig. 6. Details of the crystal packing of compounds 3 (M = Mn')
highlighting the intrachain and interchain short contacts.

The bond angles M-O1-N1 involving the metal ions and the
nitroxide moiety are slightly large in the manganese derivative
[146.7(4)°] when compared with the cobalt containing compound
[143.0(2)°]. The latter angle is equal to the one found for compound

This journal is © The Royal Society of Chemistry 2012
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Fig. 7. Thermal dependence of the yuT product for compound 1 at
constant magnetic field of 1 kOe. Solid line shows the best fit using
Eq. 2 (see text for details). Inset: model of magnetic interactions
applied to fit the data. Dotted lines represents the hydrogen bonding
as path for the magnetic interactions between the spin carriers.

2, within the experimental error. The shortest intrachain metal-metal
distances are 8.871(2) A and 9.090(2) A, for compounds 3 and 4,
respectively. In the crystal packing, FF interactions are present in
both compounds. Figure 6 shows these intermolecular contacts for
compound 3 (For 3: F1F12' = 3.0146(1) A, ~£C22-F1-F12' =
159.3° and ~C31-F12"'F1=103.9° F6A“F9 = 3.0183(1) A,
ZC26-F6AF9 = 143.7° and ZC27-F9" F6A=97.9°, i=x, -y, 1/2+z.
For 4: F2"F12' = 3.07(1) A, ~£C22-F2"F12 = 113.3° and ~/C31"-
F12"-F2=168.1° F6 " F7A = 3.07(2) A, ~C26-F6F7A = 127.8°
and ZC27-F7AF6=124.9°, i=x, -y, 1/2+z).

3.2. Magnetic Properties

The thermal dependence of the yT product for compounds 1-3
is shown in Figures 7-9. For 1, the x\ T value at room temperature is
c.a. 1.92 cm®-mol™-K, which is close to the calculated value (1.87
cm3-mol™-K) for two noninteracting copper(ll) ions (S = 1/2) and
three nitroxide radicals (S = 1/2) with g = 2.00. This value remains
nearly constant in the temperature range of 300 to 40 K, and upon
cooling ywmT decreases to 1.88 cmdmol™K indicating
antiferromagnetic interactions. The reciprocal susceptibility versus
temperature can be fitted to the Curie-Weiss law [yu= C/(T-6)],
giving a Curie and Weiss constants of C = 1.89 cm3mol™K (0.38
cm3-mol ™K for each $=1/2) and 6 = —0.13 K (see Fig. S5, ESI). The
antiferromagnetic interaction among the spin carriers are very weak.

In fact, the intramolecular distances between the nitroxide oxygen
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atom and the Cu" ions are large, being 7.7879(2) A and 8.1319(2) A
in molecules A and B, respectively. Thus, the magnetic interaction
involving these magnetic centers is expected to be very weak since
the organic radical is not directly coordinated through the N-O
moiety to the metal ion. In addition, the spin carriers are separated
through a sp® carbon skeleton, which does not allow a significant
spin delocalization within the co-crystallized molecules. Another
possible path for the magnetic interactions would be through the
intermolecular hydrogen-bond between the molecules A and B. A
careful analysis on this intermolecular contact showed that the
distance between the magnetic centers of neighboring molecules is
shorter than the intramolecular one. The intermolecular path was
chosen for further analysis by DFT calculations, as will be discussed
later. It is important to stress that a simplified model with one
coupling constant was used to describe the magnetic behaviour since
the proposed path was the same in both units with similar distances
between the spin carriers (~ 6.3 A). Besides, if two magnetic
coupling constants were used, the experimental uncertainity of J
increases strongly, leading to a meaningless result. The magnetic
data were reproduced considering a sum of the magnetic

susceptibility of dinuclear system with [ H =3 (§Cul.§Rad2)] plus a
linear magnetic trimer [ H =—J(S.,, - Sy + Scus * Seaa) 1 (E 2).%°
The subscripts 1 and 2 represent the metal ions or radicals from the

A or B molecules, respectively (see inset figure 7) and Scy=Ssq =
1/2.

2 n2
7o Ngs { 2 +£[1+e)¢)(\] /KT) +10exp(3J /2kT)}}

k  |[Brexp(—Jd/kT)] 4| @+exp(3/KT)+ 2exp(3J /2KT)

Ea. (2)

The best fit was achieved with g = 2.02 and J = -0.11(1) cm™
(solid line in figure 7). This result is consistent with the large
intermolecular distance between the Cu'" ion and the nitroxide
moiety (~ 6.3 A) observed in both dinuclear and trinuclear
supramolecular magnetic units.

The magnetization versus field curve obtained at 1.8 K is
depicted in Figure S5 (ESI). At a magnetic field of 65 kOe, the
magnetization reaches a maximum of 5.0 Bohr magneton, which is
expected for five non-interacting spins S = 1/2 (two Cu" ions with g

> 2.00 and three nitroxide radical with g = 2). These data could be

This journal is © The Royal Society of Chemistry 2012
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Fig. 8.Thermal dependence of the yuT product for compound 2 at
constant magnetic field of 1 kOe. Solid line shows the best fit. Inset:
model of magnetic interactions applied to fit the data (see text for
details).

nicely described by a sum of five Brillouin function S=1/2%,
calculated considering g = 2.05 (see solid line in Fig. S6, ESI).

The crystal structure of compound 2 consists of a one-
dimensional system containing two magnetic units isolated by the
sp® carbon skeleton of the radical: i) a Co" dimer, in which the metal
ions are bridged coordinated through the phosphinic oxygen atom,
and ii) a magnetic trimer formed by two radicals and one Co" ion.
Based on this structural feature the magnetic data for compound 2
were treated considering these two magnetic units. The yuT X T
curve is shown in Figure 8. The yuT value® of one octahedral Co"
is tipically 3.2 cm®-mol™-K at room temperature, so considering three
non-interacting Co" ions plus two nitroxide radicals, the calculated
wmT value is 10.3 cm3-mol’l-K, much higher than the experimental
value (7.8 cm®mol™-K). This large difference evidences that strong
antiferromagnetic interactions are already opperative at this
temperature. Lowering the temperature, yT decreases continuously
to 5.1 cm3mol™-K at 2.0 K due to predominant antiferromagnetic
interactions among the spin carriers and zero field splitting effects of
Co'" ions. The Curie-Weiss law fit in temperature range of 50-300 K
gives a Curie and Weiss constants of C = 8.1 cm3mol™K and 6 =
—10 K (see Fig. S7, ESI). In order to account for the magnetic
interactions in 2, a simplified model with two exchange interactions
and a mean-field approximation was used to fit the data (see Fig. 8)
using the following the spin Hamiltonian (Eqg. (3)).

H= _‘]1(§C02 . §C02i ) - \]2 (§C01 : §Radl + §C01 : §Rad2)

Ea. (3)
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In this equation, J; represents the magnetic interaction between
the two Co" ions within the dinuclear unit, while J, stands for the
magnetic coupling involving Co" ion and nitroxide radicals in the
trimer. In addition, an axial single-ion zero field splitting term
parameter (DS,%) for the Co'" ions, as well as a mean field (MF)
approximation to quantify the magnetic interactions between the
units (Jyr) were added to the model. The best fit (solid line Fig. 8)
was achieved with gco = 2.70(1), graq = 2.00 (fixed), J; = —0.72(1)
em?, J,= -504(8) cm®, Jye = —0.30(1) cm™ and D = 50.9(2) cm™.
The bridging angle between the Co" ions in the dinuclear unit, nearly
98° in 2, is expected to give rise to a weak antiferromagnetic
interaction, as observed in other Co'" compounds.®® The strong
antiferromagnetic interaction within the triad radical-Co"-radical are
also in agreement with typical values for magnetic coupling
constants obtained for cobalt-nitroxide complexes described by
Caneschi and co-workers ( > 300 cm™®).3 In comparison with cobalt-
nitronyl nitroxide complexes, the strongest magnetic coupling
constant obtained for 2 can be justified by the fact that the spin
density in the dppnTEMPO radical is generally located over the
nitrogen and oxygen atoms when compared with nitronyl nitroxide
derivatives, whose spin density are delocalized along the O-N-C-N-
O fragment.®* It is also important to highlight that no acceptable fit
could be obtained down to low temperatures without taking into
account the intermolecular magnetic interactions (Jyg). Finally, the
axial zero-field splitting parameter value is in the range observed for
distorted octahedral cobalt(11) ions.*°

The field dependence of the magnetization at 1.8 K for
compound 2 reaches an almost saturated value of 8.0 Bohr
magnetons at a magnetic field of 65 kOe (Fig. S8. ESI). As Co'' ions
behave as an effective spin S’ = 1/2 with an anisotropic g =~ 3.5
below 30 K,* this value is consistent with two isolated Co ions and
the strongly antiferromagnetic triad Rad-Co-Rad.

The magnetic data of the manganese derivative 3 are shown in
Figure 9. At room temperature strong antiferromagnetic interactions
between manganese and the nitroxide radical are operative, since the
experimental yyT value at 285 K is 3.3 cm3mol™K, much lower
than calculated spin-only value for one manganese (S = 5/2) and one
nitroxide radical (S = 1/2), with g = 2.00 (6.0 cm3mol™.K). Cooling
the sample, ymT value decreases smoothly until 3.05 cm3-mol™-K at
20 K. This value is close to a S = 2 state expected for isolated Mn"

ion antiferromagnetically coupled to the nitroxide radical. Below

This journal is © The Royal Society of Chemistry 2012
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Fig. 9.Thermal dependence of the yuT product for compound 3 at
constant magnetic field of 1 kOe. Solid line shows the best fit (see
text for details).

20 K, the decrease of the yuT can be attributed to weak
The

susceptibility versus temperature was fitted to the Curie-Weiss law

intermolecular  antiferromagnetic  interactions. reciprocal
leading to a Curie and Weiss constants of C = 3.28 cm3mol™-K and
6 =—-1.8 K (see Fig. S9, ESI). Although compound 3 crystallizes as a
1D framework, the magnetic data were reproduced by a simplified
model, considering an isotropic interaction between one manganese
and one nitroxide radical [ H =—J(S,,, - S,,,)] @nd a mean field
approximation (Egs. 4 and 5)*? in order to account for the weak
magnetic interactions between Mn-Rad dimers via sp® carbon

skeleton of the dppnTEMPO radical.

_ Np*g® {28+10exp(—6\] /kT)}Eq_ 4

=TT | 7 +5ep (-6 /KT)
ME__ Am  Eq.5
A 1-2dye

Solid line in Figure 9 shows the best fit achieved with J =
-120(8) cm™, zJye = —0.040(2) cm™ and g = 2.01(1). The J value is
in good agreement when compared with similar compounds in which
the oxygen atom of the nitroxide group is coordinated to a
manganese(l1) ion.** The weak magnetic interaction between Mn-
Rad dimers via sp® carbon skeleton is comparable with that obtained
for compound 2. The low temperature magnetization for 3 (see Fig.
S10, ESI) shows saturation magnetization value of 4.1 Bohr
magnetons as expected for a S = 2 Mn'-dppnTEMPO radical
antiferromagnetic dimer. The magnetic data could be well described
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by the a S = 2 Brillouin function with g = 2.04 (solid line in Fig. S10,
ESI).

The thermal dependence of the yuT product for compound 4 is
depicted in Figure 10. The room temperature yuT value is 2.0
cm3-mol ™K, which is lower than the expected for one octahedral
CO“

antiferromagnetic interactions are operative at this temperature.

ion and one nitroxide radical, indicating that strong
Upon cooling, the ¢ T value decreases continuously to 0.3 cm3-mol
LK at 2 K due to predominant antiferromagnetic interactions and
zero field splitting of Co" ions. Compound 4 presents a similar
structure to the manganese derivative, so the magnetic data can also
be treated as a Co-Rad magnetic dimer, since the magnetic
interactions between these magnetic units through the sp® carbon
atoms of the radical is expected to be very weak, as seen for 3. The
magnetic data were reproduced by using the following spin

Hamiltonian H =_J (§C0.§Rad) and an axial single-ion zero field

splitting term parameter (DS, for the Co'' ion. Specifically for
compound 4, no acceptable fit could be achieved by including a
mean field approximation at low temperatures: an unrealistic
moderate ferromagnetic interaction is found between the Co-Rad
dimers. Recall that from the manganese(ll) derivative 3, this
magnetic interaction would be expected to be weak and
antiferromagnetic. This difference in the magnetic behavior of
compound 4 is explained by the fact that at low temperatures the
Co'"-Rad dimer has a much lower effective spin, with yuT near 0.3
cm3mol™-K. Similar magnetic behavior was found in the
Co,(hfac)4(RL), (RL=5-(3-(N-tert-butyl-N-

aminoxyl)phenyl)pyrimidine radical), which forms dimers of S=1

compound

units (Sco-Srag).** Actually the magnetization curve versus field (Fig.
S11 — ESI) presents low magnetization values at 2 K compatible
with a strong AF dimer with small effective moment and large
anisotropy (smooth increases up to 70 kOe). The yu™ x T curve (Fig.
S12 — ESI) shows at low temperatures a deviation from the Curie-
Weiss law below 60 K. The fit in the temperature range 80-300 K
leads to C = 2.40 cm3-mol™K and 8 = -55 K. In order to fit the data
in the whole temperature range, a paramagnetic contribution (p) ne
eded to be added. This kind of contribution is often found in many
antiferromagnetic dimers and is usually attributed to isolated
monomers and/or crystal defects. The solid line in Figure 10
represents the best fit achieved with gc, = 2.50(1), graq = 2.00 (fixed),
J = -505(6) cm™, D = 99.9(1) cm™ and p = 0.07. The magnetic

coupling

This journal is © The Royal Society of Chemistry 2012
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Fig. 10.Thermal dependence of the T product for compound 4 at
constant magnetic field of 2 kOe. Solid line shows the best fit (see
text for details).

constant and the axial zero-field splitting parameter values are in
agreement with the range values reported in the literature.®4° It is
important to note that the obtained antiferromagnetic coupling
constant value for the Co-Rad dimer in compound 4 is equal to that
previously described for 2 in the triad Rad-Co-Rad. Note that the
magnetic coupling constant is stronger in the cobalt(ll) derivative 4
than in the manganese(ll) containing compound 3 which is
consistent with other reports on magnetic properties of isomorphous
compounds containing a nitroxide moiety coordinated to these metal

ions'34,43a

3. DFT calculations

Broken-symmetry method has been widely used for evaluation of
magnetic couplings for systems that exhibit single or multiple
magnetic interaction in extended systems.*® However, more accurate
calculations of J can be achieved with multireference methods,
which necessarily presents an extremely high computational cost
depending on the system dimension, such as in case of compounds
1-4.%® The use of these methods goes beyond the scope of our work,
since our goal was to perform a qualitative evaluation of the
electronic and magnetic properties. The DFT calculations, discussed
hereafter, were performed to support the model of interactions used
to fit and assign the most probable path for the magnetic coupling
between the spin carriers in the magnetic system described in this

work.
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3.1.  Co-crystallized compounds 1

In order to study the intramolecular and intermolecular magnetic
interactions within the co-crystallized molecules A and B (see Fig.
11), the Eps and Egs energies were calculated for both fragments
separately. The results show that the antiferromagnetic state is
0.0525 cal-mol™* more stable than the ferromagnetic one. The spin
density for each Cu" is 0.67 in A and 0.71 in B, with small spin
delocalization involving the hfac™ oxygen atoms. In the dppnTEMPO
moiety this density is concentrated in the NO group with 0.96 in A
and B. The coupling constants involving the Cu" ion and
dppnTEMPO radical in the separated fragments are nearly zero (-
0.004 cm™ for A and -0.002 cm™ for B) indicating that in both
fragments the metal ion and the radical are magnetically well
isolated, i.e., the overall magnetic behavior of 1 could not be
considered as the sum of the magnetic response of a magnetic dimer
(unit A) and a magnetic trimer (unit B). A simplified model
containing both molecules A and B was used to describe the
supramolecular arrangement and evaluate the role of the hydrogen-
bonding network as a path for the intermolecular magnetic
interactions between Cul and Rad2 in these co-crystallized
compounds. The magnetic coupling constant (J;,;) was found found
to be -0.04 cm™?, with a S = 2 ground state (see spin density map
shown in Figure 11). This J;,; value is ten times higher than those
previously found for the isolated A and B fragments, indicating that
the hydrogen-bonding interactions are the most probable path of the
magnetic interactions in compound 1. Although the calculated J;
value is underestimated for this simplified model in comparison to
the experimental one (Jyr = -0.11 cm™), both values are in the same
order of magnitude. Table S4 summarizes the results of the energies

of each state associated with compound 1 in different multiplicities.

Fig. 11. Spin density map of 1 for the co-crystallized molecules
(A+B). The contour value is 0.004 a.u.

This journal is © The Royal Society of Chemistry 2012
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Fig. 12. Spin density maps for fragments i (a), ii (b) and the
supermolecule i+ii (c) used to compute the magnetic properties of
compound 2. The contour value is 0.004 a.u. for all representations

3.2, Compound 2

As discussed for the copper compound, the intramolecular magnetic
interaction via the piperidinyl ring is expected to be very weak.*’
This feature simplifies the DFT study of compound 2 by considering
that it is formed by two isolated magnetic units within the chain,
namely: (i) one magnetic trimer Rad-Col-Rad and (ii) one Co2-Co2'
dimer. An evaluation of the multiplicity was carried out in both units
and revealed that the multiplicity S = 2 is the ground state for
fragment (i), while the septet state is the most stable for the Co, unit
(ii). Figure 12 shows the spin density maps for the most stable
multiplicity states in both units. Table S5, shows the energies of each
state associated with compound 2 in different multiplicities. The spin
density of the Co'" ions in fragments (i) and (ii) are 2.79 and 2.72,
respectively, with a small spin delocalization towards hfac™ oxygen
atoms. In the fragments (i) and (ii), the spin density in the nitroxide
moiety is 0.97. These results for (i) confirmed the antiferromagnetic
coupling observed between the metal ion and the axially coordinated
nitroxide group, but were not able to describe the antiferromagnetic
interaction in the dinuclear Co" unit. The calculated J values are —
304.7 cm™ and 0.5 cm™, respectively for isolated (i) and (ii) units.
Although the calculated J value in fragment (i) is small in
comparison with the experimental one, it clearly shows the nature of
the magnetic interactions. However, a very weak ferromagnetic
coupling is predicted by DFT calculations for fragment (ii). The
differences observed can be justified by the fact that the magnetic
data were fit taking into account the axial zero-field splitting

parameter, D, which were neglected in the DFT study. The change in
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Fig. 13. Spin density maps of the antiferromagnetic ground state for
the fragment chain for compounds 3 (a) and 4 (b). The contour value
is 0.004 a.u for all representations.

the sign of the coupling in (ii) as compared with the experimental
data can be ascribed to the inaccuracy in reproducing very weak
effects computationally. Similar results are obtained when the
computed system includes both the Co2 core and the Rad-Co-Rad
moiety, as can be seen in the supermolecule depicted in Figure 12c
(See Table S5 for energy values). Importantly, the strongest
antiferromagnetic interaction is adequately predicted. The magnetic
interactions within the chain were modelled by accounting for the
magnetic coupling between the dinuclear Co, and the trimeric Rad-
Co-Rad @) and (ii).

antiferromagnetic interaction with Ji, of -6.2 cm™ (see Fig. 12¢ for

units The calculations revealed an
the spin density map), which is overestimated as compared with the
experimental value. The results of the DFT study indicate that the
calculations

reproduce qualitatively the magnetic properties

observed for 2 and confirmed the spin topology found in the chain.

3.3.  Compounds 3 and 4

DFT calculations were carried out using a fragment of the chain
[M(hfac),(dppnTEMPO),] (M=Mn", for 3, or Co", for 4) as model
system. This specific unit was selected in order to understand the
magnetic coupling between the dppnTEMPO radicals coordinated to
the metal ion through the nitroxide and the phosphinic amide groups

within the chain. For both compounds the ground state was found to

This journal is © The Royal Society of Chemistry 2012
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the supermolecule of compound 3. The contour value is 0.004 a.u.

be antiferromagnetic, as shown in Figure 13. In the manganese
compound, the spin density over the Mn'" ion is 4.78, with small spin
delocalization towards coordinated hfac™ oxygen atoms and
phosphinic amide group (c.a. 0.02 for each coordinated atom). The
dppnTEMPO radical involved in its coordination sphere has a spin
density of 0.58 and 0.40 respectively in the nitroxide oxygen and
nitrogen atoms. The dppnTEMPO radical connected to the metal ion
by the phosphinic amide oxygen atom has the spin density also
located over the N-O group (0.54 and 0.43, for N and O,
respectively). A similar analysis performed on the cobalt compound
4 afforded the following spin density values: i) 2.74 for the Co" ion,
with a spin delocalization towards the coordinated oxygen atoms
(c.a. 0.04 for each coordinate atom); ii) 0.37 and 0.56 respectively in
the oxygen and nitrogen atoms for the nitroxide group coordinated to
the metal ion; and iii) 0.53 (O) and 0.45 (N) for the uncoordinated
nitroxide group belonging to the second radical (see Fig. 13b). For
the manganese derivative, a strong antiferromagnetic interaction
between the metal ion and the dppnTEMPO radical coordinated
through the nitroxide group was found (J = -107.4 cm™). This value
is in good agreement with the experimental data (-120 cm™). The
DFT calculations also revealed that the second dppnTEMPO radical
(coordinated by the phosphinic amide group to the metal ion) is
weakly antiferromagnetically coupled to the previously discussed
unit, with a Jip of -0.02 cm™. This value is similar to that obtained by
the fit of the magnetic data. Importantly, this weak magnetic
interaction proved to be essential for achieving a reasonable fit of the
experimental data at low temperatures. Therefore, the results of the
computational study support the model of interactions used for
describing the magnetic properties of 3.
In compound 4, the ground state is also a result of the
antiferromagnetic interactions between the metal ion and the
dppnTEMPO coordinated by the nitroxide group, with a calculated

magnetic coupling constant of -107.2 cm™. This antiferromagnetic
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behaviour is expected for this kind of compound in which the
nitroxide group is axially coordinated to the Co" ion.*® Nevertheless,
the magnetic interaction would be stronger in the Co"' derivative than
in the Mn" compound, as reported previously for isotructural
nitroxide containing coordination compounds.®* This variation can
be explained due to the additional complications caused by the spin-
orbit coupling present in the cobalt compound. In a similar way to
the manganese derivative, the magnetic interaction between the
cobalt ion and radical coordinated through the oxygen phosphinic
amide atom is weakly antiferromagnetic, with Jiy; = —0.05 cm™.
Finally, in order to investigate the one-dimensional character of
compounds 3 and 4, a supermolecule containing two metal ions and
three radical, [M,(hfac),(dppnTEMPO),] was also calculated. In this
new situation, the magnetic coupling constant between the metal ion
and the radical coordinated through the nitroxide moiety is smaller
than those obtained for isolated units, but it still represents the main
contribution to the overall magnetic properties of these compounds
(3 =-73.8cm™ for 3 and J = -55.0 cm™ for 4). The spin density map
for 3 is depicted in Figure 14. The results of the DFT study indicate
that the calculations reproduce qualitatively the magnetic properties
observed and confirmed the spin topology found in the chain. Tables
S6 and S7, shows the energies of each state associated with

compounds 3 and 4 in different multiplicities.

4, Conclusions

In this work we described the synthesis, characterization and
magnetic properties of four coordination compounds based on a new
phosphinic amide TEMPO derivative radical, 1-piperidinyloxy-4-
(dppnTEMPO).
The crystal structures of the compounds of Cu", Mn" and Co"

[(diphenylphosphinyl)amino]-2,2,6,6-tetramethyl

showed that this rather simple bidentate ligand is a valuable scaffold
for the construction of different molecular architectures consisting of
discrete molecules and chains. This structural diversity proceeds
from the presence in the molecule of two different oxygen-based
coordination sites, a phosphinic amide and a nitroxide radical. The
magnetic studies revealed overall antiferromagnetic interactions
within the compounds and the magnetic data were fitted using
simplified models, since the magnetic interactions between the spin
carriers are weak, as expected by considering the sp® carbon
skeleton of the dppnTEMPO radical as an interaction path. The
choice of the model of interactions was supported by DFT
calculations with the broken-symmetry approach, which allowed to

assign the path for the magnetic interactions in compounds 1-4 as

This journal is © The Royal Society of Chemistry 2012

well as qualitatively account for the magnetic coupling constant

values.

Supporting Information

Crystallographic data for compounds 1-4 in CIF format are
available as CCDC-No. 997015 to 9917018. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Figures
S1-S4 display the ORTEP view of the asymmetric unit of
compounds 1-4. Figures S5-S12 contain the field dependence
of the magnetization and Curie-Weiss plots for compounds 1-4.
Summary of the crystal structure, data collection and
refinement for compounds 1-4 are shown in Table S1. Selected
bond angles are listed in Tables S2 and S3. The absolute
energies and the Agnq Obtained by DFT calculations are

summarized in Tables S4-S7.
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