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The synthesis of the new polynucleating ligand 1,3-bis-(3-0x0-3-(2-hydroxyphenyl)-propionyl)-benzene (H,L)

is reported along with the preparation, structure and properties of its dinuclear complexes [Cu,(H,L),(py),] (1),
[Ni(H,L)x(py)a] (2), [Mny(H,L)x(dmf)s] (3), [Coy(H,L),(dmi),] (4) and [Cor(H,L),(MeOH),] (5), respectively. In
complexes 1 to 5, the polydentate ligand is in its bis-deprotonated form, chelating the metals through its B-diketonate
moieties. Magnetic measurements show that the metals within these molecules are maintained almost mutually

independent.

Introduction

The design and synthesis of complicated multidentate ligands
with the purpose of creating polynuclear complexes with pre-
determined functions or structures is increasingly usual in
coordination chemistry. This approach has become common
practice in such wide contexts as bioinorganic modelling,'
photochemistry,? or that of molecular devices.** In the area of
molecular magnetism, however, this approach has only recently
started to take hold.> Thus, with a few outstanding exceptions,’
the majority of systems relevant in the latter context continue
to be formed by serendipitous self-assembly,” or by rational
assembly of building blocks through coordination, using rigid
cyanide as bridging ligand.® Most of the polydentate ligands
designed for the formation of magnetic clusters are based
on nitrogen donors. Some structural motifs recreated in this
manner are squares,’ grids® or linear chains!® of closely spaced
paramagnetic centers. We have been engaged for some time!! in
the synthesis of new polynucleating ligands possessing oxygen
as donating atoms, primarily as poly-f-diketone moieties, aimed
at obtaining novel structural motifs in cluster coordination
chemistry. A few complexes of poly-B-diketone ligands have been
published previously by other groups.!>'* We recently reported
the synthesis of the pentadentate ligand 1,3-bis-(3-0x0-3-phenyl-
propionyl)-2-hydroxy-5-methylbenzene (H;L’, see scheme I).!!
The structure of this molecule displays two B-diketone units
and one phenol group, disposing five oxygen donor atoms in
a linear array, aimed at inducing the aggregation of transition
metals in the form of short, molecular chains. The coordination
chemistry of this compound has proven very varied, leading to
an extensive series of dinuclear,!® trinuclear,!®7 octanuclear!®
or one-dimensional infinite species.!” We describe here the
synthesis of a new polynucleating ligand (H4L, see scheme I)
based on two B-diketone and two phenol groups. This molecule
displays six oxygen donors organized in two arrays of three.

1 Electronic supplementary information (ESI) available: Figs. S1 and
S2. See http://www.rsc.org/suppdata/dt/b4/b410481a/
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The first complexes of this ligand are a series of dinuclear
species with Cu'l, Ni", Mn'" and Co'". Their single crystal X-ray
structure shows that the ligand is deprotonated preferentially
at the diketone units to chelate the metals, the phenol
moieties retaining their protons. Therefore, a direct com-
parison can be established between the series of compounds
presented here and the analogous series previously reported with
H;L','>1720 in terms of structure and magnetic properties.

[0} o] OH O o] OH O (o] (0] 0] OH
Hal’ HoL
Scheme 1
Experimental
Synthesis

1,3-bis-(3-0x0-3-(2-hydroxyphenyl)-propionyl)-benzene
(H,L). 4 A molecular sieves (2 g) were activated at 180 °C
under vacuum over 2 h in a 500 mL three-necked round-bottom
flask. After cooling down to room temperature, a mixture of
dimethyl isophthalate (5 g, 25.75 mmol) and 2’-hydroxyaceto-
phenone (6.14 mL, 51.50 mmol) in 290 mL of ethylene glycol
dimethyl ether (DME) was added and stirred for 30 min. To this
mixture, was carefully added at 4 °C NaH (60% dispersion in
mineral oil, 8.24 g, 206 mmol). After completion of the addi-
tion, the reaction temperature was gradually raised to that of
DME reflux: 15 min at room temperature, 15 min at 50 °C and
30 min at 75 °C. After 20 h refluxing, the reaction mixture was
cooled down to room temperature and the precipitate formed
was collected by filtration. This solid material was stirred
in a mixture of 0.1 M HCI (200 mL) and dichloromethane
(DCM; 200 mL). After 1 h of stirring, the organic phase was
collected using a separating funnel. The aqueous phase was
further extracted twice with DCM (2 X 200 mL). The combined
organic layers were dried over Na,SO,, filtered and evaporated.
The remaining residue was redissolved in refluxing EtOH.

This journal is © The Royal Society of Chemistry 2004
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Upon cooling, a yellow precipitate (pure HyL) formed which
was filtered and dried under vacuum. The yield was 27%. ESI
MS(>0): m/z 403, [LH]*. '"H NMR (CDCl;, 300 MHz): § 15.58
(s,2H), 12.01 (s,2H), 8.48 (s, 1 H), 8.10(d, 2 H, J = 8 Hz), 7.82
(d,2H,J=8Hz),7.63(t,1 H,J=8Hz),7.50(t,2 H, J = § Hz),
7.03(d,2H,J=8Hz),6.96(t,2H,J =8 Hz), 6.91 (5,2 H) ppm.
Anal. Calcd. (Found) for H4L-0.5 H,O: C, 70.07 (70.08); H, 4.62
(4.76). 3C NMR (CDCl;, 75 MHz): 6 93.6, 119.7, 120.0, 125.8,
129.4,130.1, 131.0, 135.2, 137.0, 163.4, 176.7, 196.8 ppm.

[Cuy(H,L)(py)2l (1). A mixture of Cu(OAc),-H,O (25 mg,
0.13 mmol) and H,L (50 mg, 0.13 mmol) was dissolved in
pyridine (10 mL) and stirred for a few minutes. The green solu-
tion was layered with toluene and after 10 days, green crystals,
suitable for X-ray crystallography, were collected by filtration.
The yield was 52%. Anal. Calcd. (Found) for 1-3H,0-0.5py: C,
61.60 (61.49); H, 4.31 (3.99); N, 2.97 (3.16).

[Ni,(H,L)»(py)4] (2). This complex was prepared using the
exact same procedure as above using Ni(OAc),-4H,O (31 mg,
0.13 mmol) as metal salt. The yield was 61%. Anal. Calcd.
(Found) for 2:0.5H,0: C, 65.68 (65.63); H, 4.30 (4.30); N, 4.51
(4.68).

[Mn,(H,L),(dmf),] (3). A mixture of Mn(OAc),-4H,0 (15 mg,
0.06 mmol) and HyL (25 mg, 0.06 mmol) was stirred in pyridine
(8 mL). Soon after, a yellow precipitate started to form. The
mixture was left unperturbed overnight and the solid was
then collected by filtration and dissolved in DMF (10 mL).
The resulting yellow solution was layered with Et,O and after
10 days, small crystals of 3, suitable for X-ray diffraction were
collected by filtration. The overall yield was 32%. Anal. Calcd.
(Found) for 3: C, 59.90 (59.62); H, 5.03 (5.28); N, 4.66 (4.59).

[Co,(H,L),(dmf),] (4). This complex was prepared exactly as
above, using Co(OAc),-4H,0 (15 mg, 0.06 mmol). The overall
yield was 38%. Anal. Calcd. (Found) for 4-1.5H,0: C, 58.66
(58.45); H, 5.38 (5.16); N, 5.83 (5.80).

[Coy(H,L),(MeOH),] (5). A mixture of Co(OAc),-4H,O
(31 mg, 0.06 mmol) and H,L (50 mg, 0.06 mmol) were dissolved
in methanol (20 mL) and stirred for 2-3 h. After this, an orange
precipitate had formed, which was collected by filtration. The
overall yield was 55%. Anal. Calcd. (Found) for 5: C, 59.66
(60.13); H, 4.62 (4.07).

Physical measurements

Crystals of complexes 1, 3, 4 and 5 were placed in the cold
nitrogen stream of a Nonius KappaCCD diffractometer on
rotating anode. Data for 2 were collected on a Stoe Mark II
Image Plate Diffraction System. Details on data collection and
structure determination are given in Table 1. Data were collected
at 150 K, using Mo Ko radiation (graphite monochromator,
/.=0.71073 A). No absorption correction was applied. The
structures were solved by direct methods (1-4) or Patterson
methods (5), using SHELXS86,” SHELXS97** or DIRDIF.?
Refinement on F? was carried out by full-matrix least-squares
techniques using SHELXI1.97.>* Hydrogen atom positions
were refined (all hydrogens of 2, hydroxyl hydrogens of 1, 3
and 5) or placed at calculated positions, riding on their carrier
atoms. All non-hydrogen atoms were refined with anisotropic
thermal parameters with the exception of those in the dis-
ordered coordinated solvent molecules (3 and 4).

CCDC reference numbers: 244348-244352, for 1 to 5.

See http://www.rsc.org/suppdata/dt/b4/b410481a/ for crystal-
lographic data in CIF or other electronic format.

'"H NMR measurements were collected on a 250 MHz Bruker
DXR 250 or a 300 MHz Bruker DPX 300 spectrometer in ds-
DMSO and d-CHCl;, respectively. The protio-solvent signals
were used as reference and chemical shifts were quoted on

the ¢ scale (down field shifts are positive). Field cooled mea-
surements of the magnetisation of smoothly powdered micro-
crystalline samples of (1, 25.48 mg), (2, 17.25 mg), (3, 7.10 mg)
and (4, 8.06 mg) were performed in the range 2-300 K with a
Quantum Design MPMS-7XL SQUID magnetometer with an
applied field of 1 kG. Corrections for diamagnetic contribu-
tions of the sample holder to the measured magnetization and
of the sample to the magnetic susceptibility were performed
experimentally and by using Pascal’s constants, respectively.
Elemental analyses were performed in-house on a Perkin Elmer
Series I CHNS/O Analyzer 2400, at the Servei de Microanalisi
of CSIC, Barcelona, Spain.

Results and discussion

The synthesis of the new multinucleating ligand H,L is an
extension of our work aimed at the preparation of magnetic
clusters of open-shell metals with structures that would
not otherwise be observed. The ligand in scheme I has two
well separated groups of oxygen donors, thereby with the
potential of gathering independent sets of metals within
the same molecule. The presence of four ionizable hydrogen
atoms of different acidities (two at the 1,3-diketones and two
at the phenol moieties) suggests the possibility of tuning the
reactivity of this ligand towards metals by modifying the type
and amount of base used in the reaction. The feasibility of
this methodology was demonstrated previously with a similar
ligand, Hi;L', containing two [B-diketone groups as in HyL,
separated by a phenol group. In that case, reactions with the
acetate salts of divalent metals (Mn, Co, Ni and Cu) led to the
formation of dinuclear complexes where the phenol proton
was maintained on the ligand. The increase of the amount and
strength of base lead to complete deprotonation of the ligand
and formation of complexes with higher nuclearity. The reacti-
vity of HyL with M(OAc), salts has now been investigated for
the divalent metals Cu', Ni'!, Mn!' and Co'’. In all cases very
similar results were obtained, based on the formation of the
corresponding dinuclear complexes, where both metals are
chelated and bridged by dianionic H,L? through the B-diketone
moieties with retention of the phenolic protons. Thus, equi-
molar amounts of Cu(OAc), and H,L in pyridine lead to the
formation of the complex [Cu,(H,L),(py),] (1) according to the
reaction in eqn. (1).

2Cu(OAc), + 2H,L + 2py — [Cuy(HyL)y(py)a] + 4AcOH (1)

The molecular structure of 1 was determined by single crystal
X-ray diffraction (see below), which also provided crystallo-
graphic evidence for the identity of HyL. The analogous reac-
tion with Ni(OAc), led to the formation of the related complex
[Niy(H,L),(py)4] (2), where the preference of Ni for elongated
octahedral geometry is reflected.

When the procedure was repeated with Mn(OAc),, the
formation of a fine yellow precipitate was observed. To
crystallize this complex it was redissolved in DMF, from
where, crystals of the solvated dimer [Mn,(H,L),(dmf),] (3)
were obtained, with a geometry very similar to 2. This com-
plex was of special interest, since among the related dinuclear
complexes previously obtained with the ligand H;L’, the Mn!
complex was the only one where (HL')?>~ exhibited syn—anti
conformation of the 1,3-diketonate groups.!> One possible
explanation is that this conformation maximized the energy
gained through dipolar contacts within the ligand. This is
no longer the case in the absence of the OH from the central
phenol group, thus, in complex 3, the syn—syn conformation
is restored. This observation supports the initially formulated
hypothesis. The exact same procedure with Co!! resulted in the
formation of the dinuclear complex [Co,(H,L),(dmf),] (4). In
addition to 4, the related complex [Co,(H,L),(MeOH),] (5) was
also synthesized. The preparation of 5 is more convenient than
4 since the former is rather insoluble in MeOH and therefore

| Dalton Trans., 2004, 3586-3592 | 3587



http://dx.doi.org/10.1039/b410481a

View Article Online

0C1°0
9%0°0
66¢
9L0°0
96¢¢S
61¢ee
€0xXe0xT10
o8ue1p
S€9°0

C

LOV'T
91°1L6T

(TD68s €6

(9)185°5¢

(0DETLOOT

(01)SLOE"8

(¥1 OND 2/'cd

QMEEQOEOE

60°65T1
(O"HD)T(0O"'HD)T*' 00D H* D

6CC0
980°0
£9¢
S61°0
6896
G8ILE
SE'0x800x¢€00
o8ue1Q
LSO

4

SeT'1
(6)y'LsTe

(SD1TELOT

(98T TE
(T19ssL's
ODYILOTI

(¥1 OND 2/'cd
OIUI[OOUOTA
8670171
TOYNEODPH®D

¢80°0

L£0°0

oS

L90°0
9620C
LOSSEIT
STO0xST0x800
UMOIq—PaY
[43(]

8

224!
(61)6'99011

(Lv8e 1€l

(9)092°08
01)LST18'8
(Do6T €€

(¥1 OND 2/'cd
OIUI[OOUOA
00°€0CT
o_OQZNEEowmooU

L6070

§€0°0

€96

9€0°0

7968
TL6ET

9¢°0 % LT0 X 01°0
uodIs oreq
7590

I

€Tl

@€ €91
(9)91¢°501
(9)100°06
(948101
(TDoLIE LT
(8)TL10'TT
(L)L8T06
(TON) 1d
oruroLLy,

YL 06E1
(NH*D)T T OINPN HYD

DN (A = SDNR) = T g 1A Pl = 1Pl R = 1w

2600
6£0°0

(1]

£90°0

142S

€L96C

0£°0 % €00 % €070
ﬁouumu

L00'T

I

186°1

)9 0p11
@€1°L9
(91)920°68
(91955788
(£)6T8°11
(099511
(01)6050°6
(TOoN) 1d
SIUIOLI,
£0°9801
NHONZNSUNwmme

(eyep [1B) 4 TYM
[(Doz<1lv 1y

‘swrered paurjar jo "oN

uﬂ_%

ejep onbrun [ej0T,
BIRp [RIOL
Wwy/dZIS [BISAI1D)
10[0D) [eISK1D)
|-/ (03] o)
V4

c_wo 3/ PId
cYiA

O\\ﬁ

ol

O\NV

yP

Y4

v/

dnoi3 doedg
woYsAs [e1sK1)
-low 8414
B[OULIO]

5

L4

€

(4

"€T:TY'¢T ¥T02/0T/LC U0 ZnID BIUeS - BILIOJIED JO AMsioAIUN Ag papeo|umoq 002 qusidds 6 o paus!iand

S pue p ‘g ‘7 ‘1 soxo[dwos jo s1ojowrered omydersoqeisir) | dqel,

Dalton Trans., 2004, 3586-3592

3588 |



http://dx.doi.org/10.1039/b410481a

Published on 29 September 2004. Downloaded by University of California- Santa Cruz on 27/10/2014 12:41:13.

View Article Online

the synthesis can be carried out in this solvent, from where the
product precipitates in high yield. X-ray quality single crystals
of 5 had been obtained unexpectedly from a different reaction
system before its rational synthesis was laid down.

In light of the complexes obtained from the above reactions,
it is important to emphasize the potential of the ligand H4L to
coordinate a larger number of metals, via the participation of
the donor atoms that are still protonated in complexes 1 to 5.
Presumably, this can be achieved during the course of reactions
involving larger proportions of metal and in the presence of
strong bases. These reactions are currently being explored.

Description of structures

The structures of complexes 1, 2, 3 and 5 are represented in
Figs. 1 to 5. In Table 1 the crystallographic data for all the
complexes are displayed, whereas average selected metric
parameters of each complex are in their respective figure
legends. The structure details of complex 4 are included as ESIT
since its geometry is essentially the same as that of complex 5.

Fig. 1 Molecular drawing of 1, showing the labelling of unique non-
carbon atoms. Only hydrogen atoms bonded to oxygen are shown.
Single-lines are hydrogen bonds. Bond and angle ranges (A and °):
Cu-N, 2.317(2); Cu-0, 1.9300(17) to 1.9597(18); N-Cu-O; 91.86(8) to
98.74(7); O-Cu-O(cis), 85.40(8) to 92.49(7); O-Cu-O(trans), 165.90(7)
and 175.65(8); Cu---Cu, 7.539(2).

Fig. 2 Molecular drawing of 2, showing the labelling of unique non-
carbon atoms. Only hydrogen atoms bonded to oxygen are shown.
Single-lines are hydrogen bonds. Bond and angle (A and °) ranges:
Ni-N, 2.1015(13) and 2.1381(15); Ni-O, 1.9997(14) to 2.0251(10); N—
Ni-N, 175.70(5); N-Ni-O, 85.79(5) to 92.17(5); O-Ni-O(cis), 88.35(4)
to 94.40(4); O-Ni—O(trans), 176.24(4) to 176.54(5); Ni---Ni, 7.3226(6).

[Cuy(H,L),(py).] (1). The molecular structure of 1 (Fig. 1)
consists of a centrosymmetric dimer containing two Cu'" ions
bridged and chelated by two H,L?" ligands through their (-
diketonate moieties, which keep the metals 7.539(2) A apart.
The metal ions are thus equatorially coordinated by four
O-donors in the form of two opposite six-membered rings.
The square pyramidal coordination geometry around copper
is completed by axial pyridine ligands pointing to opposite
directions from the plane of the molecule. The coplanarity
of the coordination pockets within each ligand is gauged by
the angle between the corresponding idealized chelate rings,
which in 1 measures 23.45(8)°. The structure of 1 reveals the
fact that HyL is preferentially deprotonated at the methylene
positions between the carbonyl groups of the pB-diketone frag-
ments, presumably because the ensuing metal-ligand coordi-
nation moiety is very stable, and also because this allows the

N42
*‘:?304 0305 0306

-_ N4, e, 0402
%/.Mng) 0303 0403 \ 0401
0301%= 0302 <. e

e

0405
MW
:
\a1 HO%

Fig. 3 Molecular drawing of 3. Only the molecule located at a general
position is depicted. Only hydrogen atoms bonded to oxygen are shown.
Single-lines are hydrogen bonds. Bond and angle ranges (A and °,
including the three independent molecules in the unit cell, see text):
Mn-O(dmf), 2.213(2) to 2.301(3); Mn-O(H,L), 2.082(2) to 2.151(2);
O(dmf)-Mn-O(dmf), 167.65(10) to 170.56(10); O-Mn-O(trans),
173.79(8) to 178.73(8); O(dmf)-Mn-O(cis), 83.05(9) to 99.69(9); O-Mn-—
O(cis), 84.1909) to 98.17(9); Mnl---Mnla, 7.5401(12); Mn2---Mn2a,
7.6433(12); Mn3---Mn4, 7.6092(12).

Fig. 4 Molecular drawing of 5, showing the labelling of unique non-
carbon atoms. Only hydrogen atoms bonded to oxygen are shown.
Single-lines are hydrogen bonds. Bond and angle (A and °) ranges: Co—
O(MeOH), 2.103(2) and 2.128(2); Co-O(H,L), 2.0272(19) to 2.0591(19);
O(MeOH)-Co-O(MeOH), 176.09(9); O(MeOH)-Co-O, 87.30(8) to
92.57(9); O-Co-O(cis), 87.18(8) to 93.57(8); O-Co-O(trans), 179.05(8)
and 179.16(8); Co---Co, 7.411(1).

Fig. 5 Representation of complex 5, emphasizing the hydrogen-
bonding network within the crystal lattice, involving MeOH and Et,0
of crystallization. Hydrogen atoms not involved in hydrogen bonding
were omitted for clarity.

formation of four hydrogen bonds between the phenol groups
and their adjacent oxygen atoms, respectively (Fig. 1). The
hydrogen atoms participating in these weak interactions have
been found crystallographically, and the corresponding O-H---O
distances are 2.590(3) and 2.525(3) A. The structure of 1 can be
directly compared to that of the complex [Cu,(HL'),(dmf),],
reported previously.?® In the latter, the solvate ligands are
dimethylformamide molecules instead of pyridine. The main

| Dalton Trans., 2004, 3586-3592 | 3589
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difference between both complexes is the distribution of intra-
molecular hydrogen bonds, as a consequence of the different
location and number of phenol groups within the ligand. In
the complex with H;L’, the ligand has only one phenol group
separating both diketone units, which participates in one intra-
molecular hydrogen bond upon formation of the complex.
This has a small structural effect, the Cu! ions being only
0.16 A further apart than in 1. The packing of the molecules
of 1 within the crystal takes place through extensive n-stacking
between the phenyl rings from H,L?" ligands and chelate rings
involving the B-diketonate groups of adjacent molecules. The
shortest distances between the centroids of the interacting ©
systems are 3.50 A.

[Ni(H,L)»(py)4] (2). The molecular structure of 2 (Fig. 2)
is similar to that of 1 in that two H,L?" ligands bridge two
M ions (here, Ni") through the chelating diketonate units.
The main difference is the fact that solvation of the vacant
coordination sites of the metals takes place now at both axial
positions, leading to the usual distorted octahedral coordina-
tion geometry of Nill. The separation between Ni!! ions is
7.3226(6) A, whereas the idealized six member chelate rings
within a ligand form an angle of 16.73(5)°, considerably
smaller than in 1. The O-H---O distances of the intramolecular
hydrogen bonds are 2.5273(16) and 2.5068(16) A, respectively.
Complex 2 is structurally related to the previously reported
complex [Ni,(HL'),(py),]."® Perhaps the most striking aspect of
this comparison is that in the complex with (HL’)?>", the metal
ions are 0.6 A further apart than in 2.

[Mn,(H,L),(dmf),] (3). The structure of 3 (Fig. 3) was quite
revealing in that it shows two Mn" ions linked through chela-
tion of both metals by each of two H,L?" ligands displaying
cis—cis conformation. This is the same conformation as in
complexes 1 and 2, but is in contrast with the congener of 3
with H;L', [Mny(HL"),(py)4], where the ligand is found in the
syn—anti conformation.”® In both complexes, Mn'! is in a dis-
torted octahedral geometry. However, the ligand conformation
defines whether the metal configuration is trans (complex 3, with
dmf axial ligands) or cis ((Mny(HL'),(py),]). The cause of the
conformation in the latter complex is likely to be the stabiliza-
tion energy provided by the additional hydrogen bonds that are
allowed within (HL')?>" in this configuration. Such hydrogen
bonds are not possible with HyL, thus all complexes formed
with this ligand exhibit the cis—cis form. The determination of
the structure of 3 constituted an interesting crystallographic
problem, since the crystals were twinned and the structure
could only be refined by applying a pseudomerohedral twin
operation. The lattice contains three independent molecules of
3, two located on inversion centers and one on a general posi-
tion. Therefore, three different Mn---Mn distances are found,
7.5401(12), 7.6433(12) and 7.6092(12) A. Likewise, four unique
values of the angle between chelate rings within the same ligand
are found, namely, 8.67(11), 9.90(11), 7.15(11) and 7.99(11).
The intramolecular O-H---O distances are all within the range
of 2.510 to 2.576 A. The main differences between the different
molecules of 3 in the unit cell are the orientations of the axial
dmf molecules. There are no significant packing forces in the
crystal structure other than van der Waals’ interactions.

[Co,(H,L),(MeOH),] (5). Complex 5 (Fig. 4) is a dinuclear
centrosymmetric complex of Co' ions bridged and equatorially
coordinated by two H,L?>" ligands, in the same fashion as in the
previous complexes. The solvate axial ligands that complete
the elongated octahedral geometry around cobalt are MeOH
molecules. The intermetallic distance is 7.4106(12) A, while
the complex shows the smallest angle of the series between
both chelate rings within each ligand, which measures 2.54(9)°.
While inspection of this pair of parameters for the different
compounds studied revealed the absence of any correlation

3590 | Dalton Trans., 2004, 3586-3592 |

between the two, the angle between chelate rings seems to be
related to the nature of the terminal axial ligand (see below).
The O-H---O distances of the intramolecular hydrogen bonds
are 2.533(3) and 2.519(3) A. In the solid state, a co-operative
hydrogen bond network joins the complex molecules into an
infinite, one-dimensional chain, through the intermediacy of
solvent molecules of crystallization (Fig. 5). In this network, O4
of the ligand accepts a hydrogen bond from free methanol, while
O7 (from coordinated MeOH) acts as a proton donor to the free
methanol. Again, complex 5 has its counterpart with the ligand
H;L', this time in the form of the molecule [Co,(HL'),(py)4].?

Comparison of the above structures allows one to observe a
possible relation between the angle between the least-squares
planes through the chelate rings within one ligand and the
identity of the axial ligand, with the following ordering: pyridine
(23.45,16.73) > dmf (8.67,9.90, 7.15, 7.99, 6.3) > MeOH (2.54).
Inspection of these parameters for the corresponding complexes
with (HL')?>" reveals that these trends are maintained in this
family of compounds. Thus these angles are 29.63 and 30.56 for
complexes [M,(HL"),(py),] (M" = Ni'! and Co™),'> respectively,
and 14.59 for [Cuy(HL"),(dmf),].° The reasons for this trend are
currently unclear, although they could be of steric nature, given
the correlation between the angle and the size of the ligand.

Magnetic properties

Bulk magnetic susceptibility measurements were performed for
complexes 1 to 4 in the 2 to 300 K temperature range under a
constant magnetic field of 0.1 T. The results are represented
together as y,, T vs. T plots (where y,, is the molar paramagnetic
susceptibility) in Fig. 6, after correction for contributions.

10 b
IONAAAAMAMANANMANMNANA A A A A AAAAAL AAA A A
—al [Mng]
LS
g 000000
L 0000000 i
o 6 o [Co,]
g
S 4t -
& 7 [Niz]
NZWEnjj:ﬂjﬂmjmmDDDDDDDDDDDDDDD_
= [Cu;]
VVVVVVVVVVVVVVYY
0 " 1 " 1 " 1 " 1 " 1 n 1
0 50 100 150 200 250 300

T[K]

Fig. 6 Plots of y,,T vs. T per molecule for complexes 1 to 4.

The value of y,7 at 300 K for [Cu,(H,L))(py),] (1) is
0.9 cm?® K mol™!, which corresponds to the value of two
independent Cu!! ions (S = 1/2) with g =2.19. The isotropic
g value, as extracted from X-band powder EPR at 77 K is
2.17 (Fig. S1, see ESIt). ynT remains constant over the whole
temperature range indicating that H,L™> does not mediate
any detectable magnetic superexchange between the metals
of the molecule. This is in contrast to the related complex
[Cuy(H,L")2(dmf),], where a small interaction between the
metals was found of J=-0.73 cm™ (with the H = —-2JS,S,
convention for the Heisenberg-Spin Hamiltonian).!* Presum-
ably, this is allowed by the central phenol group of (HL')™
(see Scheme I), which forms a hydrogen bond to one oxygen
atom bound to Cu'! and is absent in H,L 2. This observation
underscores the feasability of modifying the magnetic properties
within transition metal assemblies by introducing small modi-
fications on polynucleating ligands.

The complex [Niy(H,L)(py)s] (2) exhibits a room temperature
value of y,,7 of 2.32 cm?® K mol~!, which would be expected for
two uncoupled octahedral Ni" centers (S =1) with g=2.15.
This value stays constant as the temperature is decreased and
drops abruptly only at temperatures below 20 K approximately.
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In light of the observations from 1, we exclude antiferro-
magnetic coupling between Ni'' centers as the reason for this
drop. Instead, the decrease of y,,7 is likely to be caused by zero
field splitting (ZFS) of the spin ground state of the individual
ions. An assessment of the magnitude of the ZFS parameter that
would cause the decrease of y,, 7 was made by fitting the data to
an equation containing the term D.?¢ The best fit (Fig. S2, see
ESI¥) was found for D = 6.8 cm™.

Consistent with the above observations, y,, 7 for [Mn,(H,L),-
(dmf),] (3) remains constant at approximately 9.1 cm? K mol™!
over the whole temperature interval studied. This value is
that calculated for two non-interacting high-spin Mn" centers
(S = 5/2) with g = 2.04, which falls within the range commonly
observed for this ion. Again, these observations show that HyL is
capable of assembling two paramagnetic centers within the same
molecule, keeping them magnetically isolated from each other.

The variable temperature magnetic susceptibility of [Co,-
(H,L),(dmf),] (4) is markedly different than that observed for
complexes 1 to 3, as is evident from Fig. 6. The value of y,,T at
300 K is 6.65 cm?® K mol™!, which is higher than expected for the
presence in one molecule of two isolated spin-only Co! centers
with .S = 3/2. Such a high value is observed because, in fact, the
spin angular momentum in this ion is coupled with the orbital
angular momentum. The continuous drop of the product y,,T’
taking place with decreasing temperature is the consequence of
the depopulation of states of higher magnetic moment within
the term “7, of Co". This drop is therefore not ascribed to any
antiferromagnetic exchange within the dinuclear complex and
leads to a value for y,,7 of 3.46 cm* K mol™! at 2 K.

Paramagnetic 'H NMR

Complexes 1 to 5 were examined by 250 MHz 'H NMR spectro-
scopy. Of all of them, only the Co'! compounds could be pre-
pared in enough concentration or provided suitable spectra.
The other complexes were either too insoluble (1 and 2) or the
resonances where too broad to be detected (3). Paramagnetic
'"H NMR on synthetic coordination clusters of Co' has been
employed occasionally to investigate their properties in solu-
tion.?” Also, this technique has been very useful for obtaining
crucial structural information from metalloproteins containing
this ion or its analogues.”

In Fig. 7 is the spectrum of [Co,(H,L),(dmf),] (4) in ds-
DMSO at room temperature, whereas in Table 2 is a list
of the chemical shifts observed. The spectrum shows nine
paramagnetically shifted and broadened peaks as expected
for complex 4 with D,, symmetry in solution. Of these, the
two most broadened and shifted (labelled as ¢) are assigned
to the protons lying closest to Co'l, namely, the phenol and
the methine groups of the ligand. The remaining signals were
associated to the aromatic protons from H,L?>", of which the
two with apparently half intensity (labelled as b) were attributed
to the two inequivalent H atoms on the central ring. The other
five are labelled as a. Of the peaks in the diamagnetic area,
the signals from free solvents present in the system (DMSO,
H,0, Et,0 and DMF) were identified by their chemical shifts
(see Fig. 7 and Table 2). Two signals in the vicinity of 8 and
4 ppm, respectively where assigned to the two inequivalent ‘CH5’
groups from bound dimethylformamide. These two groups
are magnetically inequivalent because of the double bond
character of the C-N bond in this ligand, which prevents free
rotation around this vector. Other examples of this asymmetry,
manifested by paramagnetic 'H NMR of complexes containing
this solvent-ligand have been observed.? This assignment in
complex 4 is supported by the fact that the 'H NMR spectrum
(not shown) of the related complex 5 (which does not contain
dmf) is almost identical to that in Fig. 7, but does not show
the peaks attributed to dmf. The aldehyde proton of the ligand
dmf is expected to be too broad to be detected. These results
suggest that complexes 4 and 5 are maintained in solution with
the idealized D,, symmetry observed in the solid state. Such

Table 2 250 MHz 'H NMR data of [Co,(H,L),(dmf),] (4) in di-
DMSO

Resonance olppm

a (5 resonances) 32.1,27.9,19.0, 16.2, 14.6
b (2 resonances) 29.9,26.7

¢ (2 resonances) 97, 81

dmf (ligand, 2 resonances) 7.7 0r8.0,94.3

@This resonance comes together with another from free solvent.

H20 i pmF

DMSO

Et2O

Fig. 7 250 MHz 'H NMR spectrum of [Co,(H,L),(dmf),] (4) in ds-
DMSO. The top of the full spectrum has been cropped for clarity. The
inset is a magnified (arbitrary intensity units) portion of the region
of lowest fields. See text for details about the labels.

a conclusion fuels the prospect of using these compounds in
solution as building blocks for further reactivity. For example,
larger composite entities could be grown in this manner by
exploiting the potential of the “unused” phenol moieties to bind
other substrates, such as other metals or even more complicated
building blocks. The study of the reactivity of these complexes
with various sources of lanthanide ions is currently in progress.

Conclusions

The preparation of the first M complexes of the new poly-
nucleating ligand HyL has revealed that the latter loses pre-
ferentially H* from its B-diketonate units rather than from the
phenol groups. The ensuing dinuclear compounds conserve,
unlike previously observed for the related ligand H;L', the same
ligand conformation throughout complexes with Cu'l, Ni'|,
Mn'"" and Co", namely, syn,syn with respect to the f-diketonate
groups. In complexes 1 to 4, both paramagnetic centers are
magnetically independent from each other. Work is in progress
in order to isolate complexes of HyL with higher metal loading,
by using bases capable of ionizing the phenolic ‘OH’ moieties
of this ligand.
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