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Polymetallic complexes can be assembled using a wide array of polydentate ligands that give an almost
unlimited toolbox to prepare new molecular architectures with fascinating structures and interesting
magnetic properties. Bis-tris propane is one such a polydentate ligand that has been used to prepare
homo- (3d or 4f) and heterometallic (3d/3d’ or 3d/4f) complexes, ranging from simple complexes such
as {Ni4} to spectacular 3d/3d’ {CugZng} or {Mn;3Cus} complexes. It shows a flexibility in binding mode,
utilizing up to six of its potential ligand donor atoms and displaying multiple levels of deprotonation, able
to bridge up to six metal ions. The ligand has a particular affinity for binding 3d ions such as Cu(II) or Co
(IIT) in heterometallic syntheses and this can provide a flexible structure-directing effect. This concept has
been exploited to prepare new heterometallic 3d/3d’ complexes that display interesting levels of com-
plexity; 3d/4f complexes such as {CusTb,} that show single-molecule magnet behavior where superex-
change interactions quench quantum tunneling of the magnetization, or {CosGds;} where the
magnetocaloric properties arise by using Bis-tris propane to separate the Gd(IIl) ions and weaken Gd
(III). . .Gd(III) interactions.
© 2018 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The synthesis and characterization of polymetallic complexes
remains a hot topic within the area of inorganic chemistry [1-3].
Current areas of interest relate to single-molecule magnets (SMMs)
[4,5]; magnetic refrigerants [6]; qubits [7]; complexes with toroi-
dal moments [8]; the magnetic behavior of high symmetry systems
[9-11]; magnetic bistability on surfaces [12]; mimics of the oxygen
evolution center in photosystem II [13], and water oxidation elec-
trocatalysis [14]; MRI contrast agents [15] and as precursors for
magnetic nanoparticles [16], or lithographic resists [17]. However,
the synthetic challenges involved in isolating such systems [18]
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and the search for emergent properties in larger and larger systems
is also a major driving force [19-23]. We have a long-standing
interest in the use of polydentate ligands [24] to direct the assem-
bly of homo- and heterometallic complexes and in particular a
series of structurally related ligands containing the Tris unit
{(Tris = 2-amino-2-(hydroxymethyl) propane-1,3-diol} [25,26]
such as Bis-tris {2-[bis(2-hydroxyethyl) amino]-2-(hydroxymethyl)
propane-1,3-diol} [27-29]. This research led us to investigate
Bis-tris  propane  {HgL = 2,2’-(propane-1,3-diyldiimino)bis|2-
(hydroxymethyl)propane-1,3-diol} as a ligand. The skeleton of
Bis-tris propane provides high flexibility and includes a {N,0Og} unit
containing multiple binding sites and hence, excellent potential as
a bridging ligand (Chart 1). Bis-tris propane is widely used as a bio-
logical buffer, and is especially useful as an additive for screening
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Chart 1. Bis-tris propane (HgL).

Fig. 1. Structure of [Fe;004(H;L)2(0Ac)14(H20);] (ball and stick representation with
Fe, gold; O, red; N, blue; C, brown; H omitted for clarity). Reprinted with permission
from Ref. [34]. Copyright 2008 American Chemical Society. (Color online.)

protein crystallization conditions. The possibility of buffer interfer-
ence by 3d metal complexation has been studied [30]. More
recently, Bis-tris propane has been employed to lower the redox
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potential of the Mn(II)/Mn(Ill) couple in the study of electron
transfer processes in native anoxygenic bacteria [31], as a ligand
in the Ce'V-assisted hydrolysis of phosphatidylcholine liposomes
[32] and when dissolved in DMSO it has been studied for CO, cap-
ture via amine scrubbing [33].

2. Homometallic complexes

The first complexes containing the Bis-tris propane ligand were
polymetallic iron(Ill) and manganese(ll/Ill) complexes [34]. Our
route into the iron(Ill) chemistry was through the well-established
oxo-centered Fes triangle precursor methodology [35], in this case
reacting the disodium salt NayH4L with [Fe30(0OAc)s(H20)3]Cl in
MeCN at ambient temperature to yield [Fe;oO04(H,L)>(OAc) 4(H;-
0)] (1).

The complex contains two distorted Fe, butterfly units linked
together by two central {Fe(H,L)}~ units (Fig. 1). All iron centers
within the Fe4 butterfly units have a distorted octahedral coordina-
tion sphere, whereas Fe5 has a less common distorted mono-
capped trigonal prismatic geometry where the trigonal prism is
formed from the {N,04} ligand donor set. The ligand is present in
one ps-binding mode (Chart 2) and two ligand arms remain proto-
nated and unbound (020, 023), hydrogen bonding to acetate
ligands on adjacent Fe;o molecules. Next we turned to mixed-
valence manganese complexes, finding success by using a
combination of Mn(acac), and Mn(OAc), as precursors with HgL
and triethylamine in MeOH at ambient temperature to yield
[Mn3'Mn(H,L),(acac)s(OAc),(MeOH),] (2).

As seen in complex 1, the Bis-tris propane ligand links together
smaller sub-units: in 2, these are Mn(Il) dimers (Fig. 2). Mn1 and
Mn3 are divalent with a distorted octahedral geometry, whereas
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Chart 2. The ligand binding modes in homo- and heterometallic complexes.
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Fig. 2. Structure of [Mn}'Mn}(H,L),(acac)4(OAc),(MeOH),] (ball and stick represen-
tation with Mn(Ill) green; Mn(ll), pink; O, red; N, blue; C, brown; H omitted for
clarity). Reprinted with permission from Ref. [34]. Copyright 2008 American Chemical
Society. (Color online.)

trivalent Mn2 possesses an unusual distorted mono-capped trigo-
nal prismatic geometry where the trigonal prism is formed from
the {N,04} ligand donor set as seen in complex 1. Again, the ligand
is present in one binding mode (Chart 2) where two unbound
ligand arms remain protonated (04, O12) and form hydrogen
bonds to adjacent complexes in the crystal lattice.

The magnetic properties of complexes 1 and 2 are dominated by
intramolecular antiferromagnetic superexchange interactions
between the metal centers (Table 1). Following this observation,
we started to think about the possibility of synthesizing
heterometallic complexes with Bis-tris propane, by using the
{N,04} encapsulating motif to help discriminate between different
metal ions. However, before this, we targeted nickel and cobalt
leading to Niy and Cos complexes [36]. Employing a similar strat-
egy to that used above for complex 2, reaction of Ni(acac), and

Table 1
Summary of magnetic properties.

Fig. 3. Structure of [Nig(H4L)(HsL)(acac),]" (Ni, green; N, blue; O, red; C, black rods
for Bis-tris propane ligand or grey rods for acac; H, yellow). H atoms are shown only
for the Bis-tris propane ligand OH groups that remain protonated. Reproduced from
Ref. [36] by permission of The Royal Society of Chemistry (2011). (Color online.)

Ni(OAc), with HgL and diethylamine in MeOH at ambient temper-
ature yields, after layering with Et;0, [Nig(H4L)(HsL)(acac),][OAc]
(3).

All four Ni(II) centers in complex 3 have a distorted octahedral
geometry and two (Nil and Ni2) are ligated in an {N,O4} environ-
ment from the Bis-tris propane ligand (Fig. 3). Each Bis-tris pro-
pane ligand displays the same binding mode but exists in either
the di- or tri-anionic form (shown as H3L3~ in Chart 2). The ‘extra’
ligand OH proton lies along the short O8-H8-06 hydrogen bond
(2.48 A). Reaction of Co(acac), with HgL in MeOH/CH,Cl, at ambi-
ent temperature yields, after layering with Et,0, [CoYCoY(H,L),
(acac);(MeOH)][Co"(acac)s] (4).

Complex 4 is a mixed-valence pentametallic cobalt complex
(Fig. 4). The cobalt(Il) centers have a distorted {CoOg} octahedral
coordination sphere and form a coupled unit, while the remaining
two cobalt centers (Co3 and Co6) are trivalent and are each encap-
sulated by one H,L*" ligand with an {N,0,} ligand donor set. The
H,L*" ligand displays two very similar binding modes, encapsulat-
ing a Co(Ill) center and further binding to either two (Co4, Co5) or

Compound

Magnetic properties

[Fe1004(HaL)2(0AC)14(H20),] (1)
[Mng(HzL)x(acac)s(0AC)y(MeOH),] (2)
[Nig(HaL)(HsL)(acac),][OAc] (3)
[Cos(H,L),(acac)s(MeOH)][Co"(acac)s] (4)
[NMe4]4[V7011(0Me)(SO4)3(HoL)] (5)
[Dya(HsL)2(OAc)s] (6)

[Cu(HeL)CICI (7)
[Mn5Cug014(H,L)sCl2(H20)6]Cls (8)
[Mn;8Cus014(H2L)sCls]Cl2 (9)
[CuzZny(Hal)2(OAC):Cl,] (10)
[CugZng(OH)s(HaL)s](C1)2(Cl04)s (11)
[FesY2(0)2(HaL)a(Piv)i2] (12)
[FesGda(0)z(HaL)a(Piv)iz] (13)
[FesDy2(0)2(HaL)x(Piv)i2] (14)
[FegTb2(0)2(HzL)a(Piv)i2] (15)
[GdzCus(HsL)>(0Ac)s] (16)

[Tb2Cus(HsL)2(0AC)s] (17)
(NMey)2[GdCu3(HsL)2(NO3)s(EtOH )] (18)
(NMey),[Tb,Cus(HsL),(NO3);(MeOH),](NO3) (19)
(NMe4)z[Dy,Cus(HsL)2(NO3);(MeOH);[(NO3) (20)
(NMey)2[Ho,Cus(HsL)2(NO3),(MeOH),](NO3) (21)
(NMey),[Er,Cus(HsL),(NOs);(MeOH),](NOs) (22)
[Co3Gds(HzL)s(acac)y(0AC)a(H,0),] (23)

S =0 ground state

S =0 ground state, low-lying states

S=4 ground state (J; =10.8cm™!, J,=24cm™!)
Ferromagnetic coupling

Not reported

Two relaxation regimes: AE/kg =44 K and 107 K
Not reported

Antiferromagnetic coupling, low-lying states
Antiferromagnetic coupling, low-lying states
Antiferromagnetic coupling, J= — 11.5cm™!
Antiferromagnetic coupling, J= —1.23 cm™'

S =5 ground state

Feg core weakly coupled to two Gd" ions

Onset of slow relaxation

Onset of slow relaxation
Jeu..ga=+1.8cem™, Jou  cy=+69.7 cm™
AE[kg=214K

Jeu.ca=+1.9em ™, Jeu...cu = +16.7 cm
AE[kg =36.0K

AE[kg=239K

AE[kg=17.2K

AE[kg=14.8 K

AT,g=10.7K at T=1.5K for AB=(7-0)T

1

1
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Fig. 4. Structure of [CoYCoY'(H,L),(acac)s(MeOH)]* (Co(Il), cyan; Co(Ill), purple; N,
blue; O, red; C, black rods for Bis-tris propane ligand or grey rods for acac; H, yellow).
H atoms are shown only for the Bis-tris propane ligand OH groups that remain
protonated. Reproduced from Ref. [36] by permission of The Royal Society of
Chemistry (2011). (Color online.)

three (Co2, Co4, Co5) Co(Il) centers (Chart 2). Complex 4 was the
first complex that contains a fragment of the larger more typical
planar {Co,} disc structures [37,25]. The magnetic properties of
complexes 3 and 4 are dominated by ferromagnetic superexchange
interactions (for 3, S =4) although neither complex displays slow
magnetic relaxation down to 1.8 K. Bis-tris propane has been used
recently as a bridging ligand in a hybrid polyoxovanadate complex
[NMe,]4[VYVY011(0Me)(SO4)s(H>L)] (5) [38]. Complex 5 was pre-
pared solvothermally from VOSO4, NMe4OH and HgL in MeOH (at
125°C for 24 h). The H,L*" ligand encapsulates one V(IV) center
and bridges to a further four V centers via four pi-bridging O donors
(Chart 2).

Although dinuclear lanthanide complexes were proposed in
solution in 2001 [39], there is only one example of a polymetallic
Bis-tris propane lanthanide complex [Dy4(HsL)>(OAc)s] (6), which
is prepared solvothermally (at 100 °C for 3 days) from Dy(OAc)s,
Bis-tris propane and LiOH in EtOH (see Fig. 5). The structure is a

Fig. 5. Structure of [Dy4(HsL)2(0OAc)s] (Dy(IIl), teal; N, blue; O, red; C, black rods for
Bis-tris propane ligand or grey rods for acetate; H atoms omitted for clarity). Image
created from the crystallographic information file (CIF) from the Cambridge
Structural Database (CSD) Refcode: OFUXEU. (Color online.)

planar Dy, parallelogram where each Bis-tris propane ligand
encapsulates a central Dy(IIl) with an N,O,4 donor set and further
bridges to the three other Dy(Ill) centers (Chart 2). A co-ligand is
required to isolate a polymetallic complex as seen in the assembly
of the 3d complexes above. Complex 6 displays slow magnetic
relaxation below 20K in ac susceptibility measurements with
two separate relaxation regimes, corresponding to the low-tem-
perature and the high-temperature region. These have been ana-
lyzed as Orbach relaxation processes with Ueg=44 K (179=1.0 x
1078 s) and Uegr= 107 K (79 = 2.0 x 1077 s) and are likely to be attri-
butable to the individual Dy>* ions, which have two distinct coor-
dination environments (monocapped square-antiprism and
distorted square-antiprism) rather than the weakly coupled Dy,
unit.

3. Heterometallic 3d/3d’ complexes

The use of two, or more, different metal ions to assemble large
heterometallic complexes is a considerable synthetic challenge
[19,40,41]. However, the potential rewards are significant, as there
is a real possibility of control/design over the individual parame-
ters that contribute to the overall molecular properties. In 2011,
we initiated a program to utilize Bis-tris propane in the develop-
ment of a step-by-step self-assembly synthetic approach to
heterometallic complexes to take advantage of the encapsulating
binding motif. We found that this binding pocket was an excellent
fit for the copper(ll) ion and this key observation allowed us to
begin to develop the heterometallic chemistry of the ligand. We
were able to employ a pre-formed Cu" Bis-tris propane complex,
which contains multiple, latent hydroxyl binding sites, to target
the trapping and encapsulation of an inner metal-oxo core. The
choice of Cu" as the central ion increases the flexibility of the strat-
egy further, due to its range of typical coordination environments
from [4] to [4+2]. We were delighted that two of the first
heterometallic complexes that we isolated using this strategy con-
tained a ‘core-shell’ {Mn;5Cug} complex, where the Cu'' precursors
encapsulate a hexacapped-cuboctahedral manganese oxide {Mn}3-
Mn¥014} nanocluster [42].

Firstly, the Cu" center is enclosed forming the precursor com-
plex [Cu(HgL)CI|CI (7) in almost quantitative yield. Complex 7 is
then used as a precursor to generate the heterometallic complexes:
addition of base to a solution of 7, followed by addition of MnCl,
leads to the formation of [Mn;3CugO14(H;L)sClo(H20)5]Clg (8) using
NMe,OH/EtOH or [Mn;gCug014(H,L)sClg]Cl; (9) (Fig. 6) using NEts/
MeOH. Pre-formation of the Cu" complex and the use of heat in the
reactions appears to be essential. As an aside, in 2017 the related
complex [Cu(HsL)(N3)] was reported as an efficient homogeneous
catalyst for the mild oxidation (using aqueous H;0;) of Cs-Cg
cycloalkanes [43]. The structure of these cationic complexes is
based upon a {Mn{ Mnl0,4)}?°* core, encapsulated by six {Cu
(H,L)}?>~ groups. Each H,L*" ligand displays the same pg-binding
mode and each Cu" center is bridged to three manganese centers
via two ligand alkoxide arms (Chart 2). The Mn!! centers describe
a cuboctahedron, capped on each square face by a Mn", forming a
giant octahedron. Six faces of this giant octahedron are capped by
a Cu" center, where the Cu" ions describe a further octahedron,
twisted with respect to the {Mn!} octahedron, giving a remarkable
level of self-assembly: polyhedral shells of expanding size describing
Archimedean {Mn!5} < Platonic {Mn{} < Platonic {Cul}} solids. Each
H,L*" ligand in 8 and 9 displays a ps-binding mode encapsulating
one Cu(Il) and bridging three Mn(Il) and two Mn(IIl) centers. The
core structure is largely the same, but each Mn(II) center is equiva-
lent in 9 and has a terminal chloride ligand (cf. either C1~ or H,0 in 8)
and complex 9 has a more compact core with higher symmetry (Sg).
Furthermore, in 9 the second axial Cu(II) position (073) is occupied
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Fig. 6. Structure of [Mn;5CugO,4(H,L)sClg]>* viewed along the threefold axis. Mn'",
purple; Mn", pink; Cu", bronze; Cl, green; O, red; N, blue; C, grey (H atoms omitted
for clarity). Bonds to oxygen atoms of neighboring clusters, utilized in forming a 3-D
net are shown as solid black lines. Reprinted with permission from Ref. [42].
Copyright 2013 Wiley-VCH. (Color online.)

by the oxygen atom of a CH,OH ligand arm on an adjacent molecule
and each {Mn;gCug} cluster is connected to six nearest neighbor
clusters creating a 3D network.

Interestingly, the {Mn!4} core structure of the {Mn;5Cug} com-
plexes is related to the smaller Mn-oxo clusters, [Mn'VYMn¥!Mn0g
(OEt)s(0,CPh);2] [44] and [Mn"Mn{50g(Cl)g(tert-butyl-POs)s] [45]
where the central position is occupied by a Mn" or a Mn" cation,
respectively (cf. empty cavity in 8 and 9). The magnetic behavior
of both complexes is dominated by antiferromagnetic coupling and
magnetization vs. field data suggests a large number of excited states
with similar energies, and a poorly defined ground state. We
extended this synthetic approach recently to the related Edte ligand
(H4Edte = 2,2",2" 2"-(1,2-ethanediyldinitrilo)tetraethanol)  [46,47],
producing [Mn})Cul0g(0,CPh)g(HEdte)4(H,0)4][NOs]4 a rare exam-
ple of a heterometallic Mn/Cu system featuring Mn ions exclusively
in the 3+ oxidation state [48].

To try to reduce the number of antiferromagnetic interactions
in the Cu/Mn systems, and therefore increase the magnitude of
the spin ground state, we proposed a strategy based on the replace-
ment of the paramagnetic Cu(Il) centers by diamagnetic Zn(Il) ions.
During the development of this strategy, we investigated the
chemistry of the Bis-tris propane ligand in the formation of Cu/
Zn heterometallic complexes. The reaction between HglL, Cu
(OAc); and ZnCl, in MeOH with heating yields, after layering with
Et;0, [CupZny(H4L)2(0AC),Cly] (10) [49]. However, when a mild
base was added to a combination of HgL, Cu(ClO,4), and ZnCl, under
analogous conditions to the synthesis of 10, the complex [CugZng
(OH)g(H4L)g](Cl1)2(Cl04)s (11) was obtained, which contains an
unprecedented double-concentric ring structure.

The structure of 10 comprises two {Cu(H4L)} units and two dis-
torted tetrahedral Zn(Il) ions that are linked by the two doubly
deprotonated HyL?~ ligands (Fig. 7). Each H4L?>~ ligand is coordi-
nated to one Cu(lIl) center through two O- and two N-donor atoms
in a [4 + 1] quasi-square-based pyramidal environment (Chart 2).
One of the residual hydroxyl groups of H4L2~ fills the axial position
of the penta-coordinated Cu(Il) centers; the three remaining ligand
arms are uncoordinated. The structure of the [CugZng(OH)g(Hy-
L)s]®" complex in 11 consists of eight Cu(ll) ions and eight Zn(II)

Fig. 7. Structure of [CuyZny(H4L),(0AC),Cly]. C, grey; Cl, green; Cu, turquoise; N,
blue; O, red; Zn, lavender; H omitted for clarity. Reproduced from Ref. [49]
published by The Royal Society of Chemistry (2015). (Color online.)

ions linked by hydroxide and H4L?>~ bridging ligands, adopting an
unusual “double-concentric ring” structure (Fig. 8). The external
ring is formed by {Cu(H4L)} units, whereas the internal one is com-
posed of Zn(II) centers and hydroxide ligands. Each Cu(Il) center is
coordinated to two H4L2~ ligands through O- and/or N-donor
atoms: one of the HyL?~ ligands acts as a chelating ligand (see
Chart 2 and Fig. 8 right) and the second, which is coordinated to
the neighboring Cu(Il) ion, completes the coordination sphere,
leading to a [4 + 2] distorted octahedral environment. The alkoxide
arms of the chelating H4L?~ units also act as bridges between the
Cu(Il) ion and two Zn(Il) ions; the remaining hydroxyl arms are
unbound. Antiferromagnetic coupling between Cu(Il) ions (J=
—11.5cm 'in 10 and J= —1.23 cm ! in 11 with A = —2] notation)
is observed in both complexes, despite the long distances between
paramagnetic metal centers, due to the involvement of diamag-
netic Zn(II) ions in the magnetic exchange pathway.

4. Heterometallic 3d/4f complexes

The combined use of 3d/4f ions a good design strategy for sin-
gle-molecule magnets, as certain lanthanide ions can provide the
essential magnetic anisotropy and the 3d-4f exchange interaction
can help to suppress Quantum Tunneling of the Magnetization
(QTM) [50,51]. The first 3d/4f Bis-tris propane complexes were
reported in 2015 with Fe(III) as the 3d center [52]. The complexes
[FegLny(0)2(H,L),(Piv) 2] where Ln=Y (12), Gd (13), Dy (14), Tb
(15) are prepared from reaction of the oxo-centered triangle

Fig. 8. Structure of [CugZng(OH)g(H4L)s]®* (left) and detail (right). C, grey; Cu,
turquoise; N, blue; O, red; Zn, lavender; H omitted for clarity. Reproduced from Ref.
[49] published by The Royal Society of Chemistry (2015). (Color online.)
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Fig. 9. Structure of [FesGd,(0)2(H,L),(Piv)i2] C, grey; Fe, green; Gd, pink; N, blue; O,
red; H and Me groups of the pivalate ligands omitted for clarity. Image created from
the crystallographic information file (CIF) from the Cambridge Structural Database
(CSD) Refcode: XUGYEF. (Color online.)

[Fe3O(Piv)g(H,0)3]-Piv (Piv™ = pivalate, Me3CCO3) with Ln(NOs3)s
and LiOH in EtOH/DMF (solvothermal to 90 °C for 48 h followed
by controlled slow cooling). This is similar to the oxo-centered tri-
angle route used to prepare the Fe;o complex 1, but instead using a
solvothermal reaction as for the Dy, complex 6. The central portion
of the structure consists of two iron(IIl) centers, each encapsulated
by a Bis-tris propane H,L*" ligand in a {N,04} donor set (Chart 2,
Fig. 9). These centers are in a less common distorted trigonal pris-
matic geometry (c.f. Fejo distorted mono-capped trigonal prism)
and bridge two Fe,Ln triangles in a similar way to the Fe;q com-
plex, which bridges two Fe4 butterfly units. Again a carboxylate
co-ligand is required to help assemble the structure. The Dy(III)
and Tb(IIl) analogues show the onset of slow magnetic relaxation
at low temperature but no peaks are observed in the out-of-phase
AC susceptibility.

In the Cu/Mn and Cu/Zn heterometallic complexes with Bis-tris
propane, the Cu(ll) centers occupy the internal {N,O,} pocket of
the ligand to the detriment of other 3d ions present in the reaction
media [53], and thus the ligand exerts a level of control over the
final molecular assembly. Furthermore, Cu(ll) ions display a flexi-
ble coordination geometry and a strong tendency for ferromagnetic
Cu. - -4f interactions for the heavier Ln ions [54]. The reaction of Cu
(OAc), with HgL and EtsN in MeOH followed by addition of Ln
(OAc); (Ln=Gd(IIl), Tb(Ill)) with heating gives [Ln,Cus(HsL),
(OAc)s] (Ln=Gd (16), Tb (17)) after vapor diffusion with THF
[55]. Similar reactions using nitrate salts and NMe4OH results in
a slightly different series of Cu/4f complexes with formula (NMey),
[GdyCus(H3L)2(NO3)g(EtOH),]  (18), or (NMey),[LnyCus(HsL),
(NO3)7(MeOH),](NO3) (Ln = Tb (19), Dy (20), Ho (21), Er (22) from
slow evaporation.

The structures of 16 and 17 contain two Ln(III) ions coordinated
to a {Cus(HsL),} linear unit through two triply deprotonated H;L3~
ligands (Fig. 10). The two external Cu(Il) ions of the linear unit are
encapsulated by two pu-H3L3~ ligands through O, N-donor atoms
(Chart 2) in a distorted square-pyramidal geometry. The two
remaining hydroxyl arms on each ligand which do not bridge metal
ions are uncoordinated. The Ln(III) ions are in a spherical capped
square antiprismatic geometry (Cy4,). The replacement of acetate
for nitrate anions decreases the symmetry within the molecule
and promotes different coordination environments around the
metal ions present in the structure (Fig. 11). Consequently, the
structure of (NMey),[Tb,Cus(HsL),(NOs3),(MeOH),](NOs) (19) con-
tains a {Cus(HsL);} linear unit linked to two Tb(III) ions as seen

Fig. 10. Structure of [Gd,Cus(H3L),(OAc)s]. C, grey; Cu, turquoise; Gd, pink; N, blue;
O, red; H omitted for clarity. Reprinted with permission from Ref. [55]. Copyright
2016 Wiley-VCH. (Color online.)

Fig. 11. Structure of the anion (left) and detail of the metal alkoxide core (right) in
(NMey)2[Tb,Cus(HsL),(NO3),(MeOH),[(NO3) (19). C, grey; Cu, turquoise; Tb, pink;
N, blue; O, red; H omitted for clarity. Polyhedra around Ln(III) ions are highlighted
in green (Ln1, G) and pink (Ln2, Cy4,). Reprinted with permission from Ref. [55].
Copyright 2016 Wiley-VCH. (Color online.)

in 17, but here the HsL3~ ligands are coordinated to Cu(ll) centers
which have two different geometries. As shown in Fig. 11, Cul is in
a [4 + 1] distorted square-based pyramidal geometry and Cu3 is in
a distorted octahedral geometry due to the coordination of an addi-
tional monodentate NOj3 ligand. The central Cu(Il) ion displays the
distorted octahedral geometry seen in 17. Two bidentate and one
monodentate NO3 ligands, plus one MeOH ligand complete the
coordination environment of each nona-coordinated Tb(III) center.
Tb2 is in a spherical capped square antiprism environment (Ca,))
(Fig. 11, right), whereas Tb1 displays a muffin geometry (C;).

All of the {Ln,Cus} complexes display ferromagnetic coupling.
The susceptibility and magnetization data for [Gd;Cus(HsL),
(OAc)s] (16) were fitted simultaneously to give Jcy ca=+1.8
cem™, Jeu cu=+69.7cm~" (with A= —2J notation). For (NMey),
[Gd2Cu3( H3L)2(NO3 )S(EtoH)zl (18) this gives ]Cu. .Gd= +1.9 cm’1,
and a weaker Jc, ¢y = +16.7 cm™!, which could be due to increased
Cu(Il)...Cu(Il) distances and larger Cu-p30-Cu’ bridging angles.
[TbyCus(HsL),(0OAc)s] (17) displays slow magnetic relaxation in
AC studies and analysis yields 7o=1.3-10""s and AE/kg=21.4+
0.5 K. The AC studies for 19-22 reveal slow magnetic relaxation
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1 L L
0.14 T/s

0.280 T/s

0.035T/s

0.008 T/s

0.001 T/s

HoH (T)

Fig. 12. Single-crystal magnetization vs. field hysteresis loops for 19: with a
constant field-sweep rate of 0.14 Ts' at different temperatures between 0.03 K
and 1.8 K (top); at a constant temperature of 0.03 K with different sweep rates
between 0.001 Ts! and 0.280 T s~ ! (bottom). Reprinted with permission from Ref.
[55]. Copyright 2016 Wiley-VCH.

and analysis of this data for (NMe,),[Tb,Cus(HsL)>(NO3),(MeOH),]
(NO3) (19) yields 7o = 1.0-10~7 s and AE[kg = 36.0 = 0.2 K. There is a
decrease of the effective barrier along the lanthanide series, with
19 showing the highest AE/kg value, and 22 showing the lowest.
The substitution of the three chelating acetate ligands for two
chelating nitrates, one monodentate nitrate and one MeOH ligand
leads to a ~70% improvement of the effective energy barrier (21.4
K for 17, 36.0K for 19). Complex 19 shows SMM-typical sweep-
rate-dependent hysteresis curves with non-zero coercivity and a
large step at around zero magnetic field induced by resonant spin
ground state tunneling (Fig. 12). To understand the large barrier
height observed for the Tb analogues and to probe the origin of
the differences in the barrier height, mononuclear Tb(Ill) com-
plexes derived from the X-ray structures of complexes 17 and 19
were modeled using ab initio CASSCF calculations. For 17 a signif-
icant tunnel splitting (Agn) is observed within the ground multi-
plet (0.45cm™!), but this is quenched by both Cu---Cu and
Cu---Tb interactions as they behave like an internal applied field,
leading to the observation of zero-field SMM behavior. For complex
19, the tunnel splitting within the ground multiplet is small for the
Tb(Ill) center with C; symmetry (0.08 cm™!) and significant for the
other center with C4, symmetry (0.32 cm™!). Although the chemi-
cal environments of the ligands are different, the computational
models suggest that the improvement in the magnetic behavior
going from complex 17 to complex 19 is due to a reduction in
the tunnel splitting for the Tb(III) ion in 19 in the C; symmetry
environment.

The Cu/Ln systems led us to explore the chemistry of Bis-tris
propane with other 3d/4f combinations. A large magnetocaloric
effect (MCE) at low temperatures is favored by a negligible

Co'-precursor

Co(CH,CO0),
+

HO OH
OH
HO
?2’“/\/\”%
H H
OH HO

Co'' = Coll

+ Gd(acac),

{COIII3Gd|"3} \ v

o ")

Fig. 13. Synthetic approach and structure of [Co¥'GdY'(H,L)s(acac),(0Ac)4(H20),]. C,
grey; Co, fuchsia; Gd, green; N, blue; O, red; hydrogen atoms and solvent molecules
are omitted for clarity. Reproduced from Ref. [57] published by The Royal Society of
Chemistry (2017). (Color online.)

magnetic anisotropy and several molecule-based refrigerants are
complexes of isotropic Gd(III) ions. Although Co/Gd complexes
have been studied in search of the enhancement of magnetocaloric
properties [56], Co(Il) ions have a negative influence, because of
the characteristic large magnetic anisotropy, which makes reorien-
tation of the magnetic moment more difficult. Our approach to Co/
Gd systems for MCE used {Co'(HgL)} precursors which undergo
facile oxidation to diamagnetic Co(Ill) [57]. Importantly, the Co
(1) ions have a significant impact on the adiabatic temperature
change, by separating the Gd(Ill) ions and weakening the Gd
(IIT)- - -Gd(IIT) interactions. Combining [Co(HeL)(OAc),] and Gd
(acac); in MeCN/MeOH under aerobic conditions with heating pro-
duces [CoT'GdY(H,L)s(acac),(0Ac)4(H50),] (23). The pre-formation
of the metallo-ligand seems to be essential for the assembly, as pre-
viously seen for the {Mn;gCug} complexes. The structure contains
three octahedral Co(lll) ions, each one encapsulated by one tetra-
deprotonated H,L*" ligand (Fig. 13), with two remaining ligand arms
uncoordinated (Chart 2). Each {Co(H,L)} unit is linked to two trian-
gular dodecahedral Gd(Ill) ions through four p-O bridging atoms
forming a ring-like structure, in which Co(Ill) and Gd(IIl) centers
alternately occupy the corners of a six-pointed star.

The {Co¥'GdY"} structure is the smallest member of a family of
alternating 3d/4f rings (where 3d = Mn or Fe only), such as {Mn4Lng},
{MngLng} or {FeioYbio} which are all more puckered than 23
[19,58,59,60].

The DC magnetic measurements suggest that 23 should display
a relatively large MCE, arising from the weakly-interacting Gd(III)
ions, which are well separated by the diamagnetic Co(Ill) centers.
For the largest applied field change B=(7-0)T, i.e., after a full
demagnetization from 7 T, the maximum value of the magnetic
entropy change —ASy, is 23.6] kg~ ' K~! per unit mass. In terms
of the magnetocaloric properties, the diamagnetic Co(III) ions have
a negative influence on the entropy change per unit mass: the
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lower the magnetic/non-magnetic ions ratio, the lower are the
magnetic heat capacity and entropy per unit mass. However, the
key point is that the Co(Ill) centers have a positive impact on the
adiabatic temperature change AT,q. The intermediate presence of
the Co(Ill) ions weakens the magnetic interaction between the
GAd(III) ions, so the temperature-dependence of AT,q has a maxi-
mum at a relatively lower temperature than usually found for
homometallic Gd(III) complexes (AT,q=10.7K at T=1.5K).
Among the few known systems that have a AT,q maximum below
e.g, 2K for 7T, complex 23 lags behind only the extraordinary
{Gd,-ac} with AT,q=12.6 Kat T=1.4 K [61], while it outdoes {Zn;,-
Gd,} with AT,4=9.6 Kat T=1.4 K [62], and {Gd;} with AT,q=9.4K
at T=1.8K [6].

5. Synopsis

The majority of the polymetallic complexes isolated so far that
contain the Bis-tris propane ligand (HgL) contain additional simple
chelating co-ligands such as carboxylates or p-diketonates and in
terms of magnetic properties, the 3d/4f {CusTb,} and {CosGds}
complexes are the most impressive. The flexibility of ligand bind-
ing mode highlighted in Chart 2 is quite incredible given that rel-
atively few polymetallic complexes containing the ligand have
been isolated. The most common level of ligand deprotonation in
the complexes is H,L*~ and a higher level of deprotonation has
not been observed. Often the two remaining ligand OH groups pro-
vide hydrogen bonding interactions in the lattice. The ligand binds
via an {N,04} donor set with Fe(IIl), Mn(III), Co(Ill) and Dy(III);
{N203} with NI(H), {NzOz} or {N203} with CU(H) and {NzOz} with
V(IV) in a hybrid polyoxovanadate complex. There are some obvi-
ous targets in terms of chemistry: from the 3d ions, binding to
chromium has not been reported; for homometallic lanthanide
complexes, only one Dy(Ill) complex has been reported and for
heterometallic complexes, only Cu/Zn and Cu/Mn (for 3d, 3d’)
and Fe/Ln; Cu/Ln and Co/Ln complexes (for 3d/4f) have been
reported. So far, the most spectacular structures have been isolated
in the absence of co-ligands, i.e. the two {Mn;3Cug} complexes with
three different polyhedral shells and the {CugZng} double-concen-
tric ring structure and it is likely that further large heterometallic
complexes could be synthesized by employing Bis-tris propane as
the sole polydentate organic ligand.
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