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Structure and Properties of Copper(Il), Manganese(III), and Iron(III)
Complexes with Potentially Pentaanionic Heptadentate Ligands Including
Alkoxido, Amido, and Phenoxido Donors
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The synthesis and characterization of copper(ll), man-
ganese(Ill), and iron(Il) complexes [Cuy(LY)(OAC)Cs,-
(MeOH),], (1), [Mn,(H;L');(OMe),]-2MeOH (2), [Fe,(HaL"),-
(Hpz),](C104),2CH,CN  (3), and  [Fey(HsL?),(OMe),]-
8MeOH (4) of potentially pentaanionic heptadentate ligands,
2-hydroxy-N-{2-hydroxy-3-[(2-hydroxybenzoyl)amino]pro-
pyl}benzamide (H;L') and 2-hydroxy-N-{3-hydroxy-5-[(2-hy-
droxybenzoyl)amino]pentyl}benzamide (HsL3), are reported.
The crystal structure and magnetic properties of these com-
plexes have been determined. In complex 1, the ligand HsL!
acts as a heptadentate, fully deprotonated ligand, [L']>". In
complexes 2, 3, and 4, HsL! (2, 3) and H;sL® (4) act as tetra-

dentate, partially deprotonated ligands, [H3L!]?>~ and [H5L3]%.
In complex 1, anionic [Cuy(L')(OAc)]** and cationic
[Cs(MeOH)]" units are linked through a quadruply bridging
acetate ion and through the phenoxido-oxygen and amido-
oxygen donor atoms of [L']°~ to yield a 2D polymeric net-
work. Complexes 2-4 form extended supramolecular net-
works. Magnetic susceptibility data evidence antiferromag-
netic interactions for 1, 2, and 4. The Fe---Fe distance is too
long to allow measurable magnetic interactions in complex
3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Transition-metal complexes with ligands containing
one, 110 two 11411 or threel*? 4 2-hydroxybenzamido moi-
eties have been the subject of many reports. Attention has
been focused on the copper(Il),[''1¢l nickel(IT),1!3-16-17] ¢o-
balt(I1),l'8 cobalt(III),I'*21 cobalt(IV),?? iron(II),32%]
iron(1I1),2325-281 manganese(I11),[>* 32 manganese(IV),33!
chromium(I1II),2%34  oxovanadium(IV),[33-31  oxovanadi-
um(V),B% ruthenium(IV),?” nitridoruthenium(VI),3® os-
mium(I11),1% osmium(IV),#%*1 and nitridoosmium(VI)B38
complexes with ligands containing two 2-hydroxybenz-
amido moieties. Some of these metal complexes exhibit
interesting redox, catalytic, spectral, and magnetic proper-
ties.

The bis(2-hydroxybenzamides) are polyanionic, polyd-
entate ligands and have proved to be excellent candidates
for stabilizing the higher oxidation states of transition met-
als. The most studied ligands of this type have been the
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potentially tetraanionic hexa-, hepta-, octa-, and nonaden-
tate ligands. Very little information has been published on
the transition-metal complexes with potentially pentaan-
ionic ligands incorporating two 2-hydroxybenzamido moie-
ties. From the potentially dinucleating, pentaanionic, hep-
tadentate ligand that include alkoxido, amido, and phe-
noxido donors, Bertoncello et al.l*?! have obtained doubly
bridged p-alkoxido-p-acetato manganese(I1l) complexes
with the general formula [Mn,(L')(OAc)(B),] (B = pyridine,
y-picoline and methanol, HsL! = 2-hydroxy-N-{2-hydroxy-
3-[(2-hydroxybenzoyl)amino]propyl} benzamide).
Chowdhury et al.>”) have obtained the dinuclear Fe!''-Fe!ll
and Fe"-Zn"" complexes of a potentially dinucleating,
pentaanionic, nonadentate ligand that incorporate two 2-
hydroxybenzamide moieties and an imidazoline backbone.
In a recent paper,*%! we described the crystal structures and
properties of doubly bridged, p-alkoxido-p-X (X = pyrazol-
ato or acetato) dinuclear manganese(Ill) complexes
[Mny(L")(OAc)(MeOH),], [Mn,(L")(pz)(MeOH),]-0.5Me-
OH, and [Mn,(L?)(pz)(MeOH),] (AcOH = acetic acid, Hpz
= pyrazole) with the potentially dinucleating, pentaanionic,
heptadentate ligands including alkoxido, amido, and phe-
noxido donors HsL! and HsL? (HsL? = 2-hydroxy-N-{2-
hydroxy-4-[(2-hydroxybenzoyl)amino]butyl} benzamide). In
these complexes, the ligands HsL! and HsL? act as fully
deprotonated pentadentate ligands, [L']>" and [L?]>; the
noncoordinated amido oxygen atoms of these ligands are
involved in hydrogen-bonding interactions.
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The present work stems from our interest in studying the
coordination behavior of the potentially pentaanionic, hep-
tadentate ligands HsL'-HsL? (shown below) (HsL? = 2-
hydroxy-N-{3-hydroxy-5-[(2-hydroxybenzoyl)amino]
pentyl}benzamide) towards transition metals. Herein we de-
scribe the synthesis of a new potentially pentaanionic, hep-
tadentate ligand that includes alkoxido, amido, and phen-
oxido donors, HsL?, and the synthesis, crystal structure and
magnetic properties of copper(Il), manganese(IIl), and
iron(IIT) complexes of the potentially pentaanionic, hepta-
dentate ligands HsL' and HsL3 [Cu,y(L')(OAc)Css-
(MeOH),], (1), [Mny(HsL'),(OMe),]'2MeOH (2), [Fe,-

(H3L")5(Hpz)4](Cl04),2CH5CN - (3), and  [Fey(H3L7),-
(OMe),]'8MeOH (4).
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Results and Discussion

Synthesis

The ligands were synthesized according to a reported
method*>#7! by condensation of phenylsalicylate with the
corresponding 1,n-diamino-n'-hydroxyalkanes (n, n’ = 3, 2;
5, 3) in the presence of triethylamine in propan-2-ol. The
ligand HsL? is a new potentially pentaanionic, heptadentate
ligand that includes alkoxido, amido, and phenoxido do-
nors. We have previously reported that the reaction of dilute
methanol solutions of [Mnjs(13-O)(OAc)s(H,0)3](OAc):
3H,0 and HsL' in the presence of piperidine yields the
complex [Mn,(L")(OAc)(MeOH),4], and the reaction of di-
lute methanol solutions of Mn(ClO,),-6H,0O, HsL' or
H;L?, and pyrazole in the presence of piperidine yields the
complexes [Mn,(L")(pz)(MeOH),]:0.5MeOH and [Mn,-
(L?)(pz)(MeOH),]. Formation of these complexes involves
full deprotonation of HsL! and HsL? to [L']> and [L?]>,
respectively. As an extension of this work, we were dedi-
cated to determine the products of similar reactions using
other transition metals and/or ancillary ligands. The reac-
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tion of Cu(OAc),’H,O with HsL' in the presence of
CsOH'H,O forms blue crystals of complex 1, [Cu,-
(LN(OAc)Cs,(MeOH),],,, that have the dinucleating penta-
anionic [L']~ and bridging acetato ligands. Complex 2,
[Mn,(H5L1),(OMe),]-2MeOH, was prepared by reaction of
dilute methanol solutions of Mn(ClO,4),*6H,0 and HsL! in
the presence of sodium methoxide. Attempts to obtain the
p-alkoxido-p-methoxido dinuclear manganese(III) complex
incorporating [L']>~ failed. Complex 3, [Fe»(H;L")»(Hpz),]-
(ClOy4),2CH;3CN, was prepared through reaction between
Fe(ClO,4),*6H,0, HsL!, and pyrazole in the presence of pi-
peridine. Complex 4, [Fe,(H;L?),(OMe),]-:8MeOH, was
prepared by reaction of dilute methanol solutions of
Fe(OAc), and HsL? in the presence of piperidine. Efforts
to obtain the p-alkoxido-p-pyrazolato or the p-alkoxido-pi-
acetato iron(III) dinuclear complexes that incorporate the
fully deprotonated ligands [L']°>~ and [L3]>~ have been un-
successful to the best of our knowledge. Only complexes 3
and 4, which incorporate the partially deprotonated ligands
[H5L!']> and [H;5L3*, were isolated. Complexes 3 and 4 are
among the first structurally characterized Fe''' complexes
of ligands that include two 2-hydroxybenzamido moie-
ties.[>>! Complexes 1 and 3 are soluble in MeOH, but com-
plexes 2 and 4 are not soluble in common solvents.

Description of the Structures

[Cuy(L")(0Ac)Csy;(MeOH),], (1)

The molecule of 1 consists of anionic dicopper units
[Cu,(L")(OAC)]* and [Cs(MeOH)]" cations. The molecular
structure of the dianionic unit of 1 is shown in Figure 1
with selected bond lengths and angles listed in its caption.
The two copper ions of the anionic, dinuclear unit [Cu,-
(L"(OACc)]> are bridged by the alkoxido oxygen atom of
the pentaanionic ligand [L']>~ and one acetato anion. The
coordination geometry of the four-coordinate copper ions
is distorted square planar.

Figure 1. Plot of the anionic [Cu,(L')(OAc)]*" unit of 1 at the 30%
probability level with atom numbering. Hydrogen atoms are omit-
ted for clarity. Selected bond lengths [A] and angles [°]: Cul-N1
1.905(4), Cul-O1 1.900(4), Cul-03 1.921(2), Cul-04 1.970(4),
Cul*#1-03 1.921(2), N1-Cul-01 93.59(18), N1-Cul-03 86.30(19),
NI1-Cul-04 175.34(19), O1-Cul-O4 88.71(16), O1-Cul-O3
172.9(2), O3-Cul-04 91.92(18), C9-0O3-Cul 110.14(16), C9-O3-
Cul?! 110.14(16), Cul#*'-03-Cul 136.5(3). Symmetry operation
used to generate equivalent atoms: #1: x, —y + 1/2, z.
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Each copper ion is coordinated by phenoxido oxygen,
amido nitrogen and alkoxido oxygen donor atoms of [L']>
and by one acetato oxygen atom (1.90-1.97 A). The bond
lengths are in the range of those reported for other doubly
bridged p-alkoxido-p-acetato dinuclear copper(Il) com-
plexes.*83% The ligand is almost planar, the angle between
the phenyl rings being 12.6°. The bonding geometry around
the alkoxido oxygen atom O3 is planar; the sum of the three
bond angles around O3 is 357°. The intramolecular Cu+--Cu
separation in 1 [3.5681(8) A] is longer than those found in
[Cuy(L')(OAC)MeOH  [3.495(2) A[* and [Cuy(L')-
(CH,CICOO)MeOH]-MeOH [3.514(1) A]%% (H,L' is the
Schiff base ligand 2-[({2-hydroxy-3-[(2-hydroxybenzyl-
idene)amino]propyl}imino)methyl]phenol). The Cu-
O.ikoxido—Cu angle in 1 [136.5(3)°] is larger than the corre-
sponding angle reported for [Cu,(L")(OAc)]"MeOH
[134.5(4)°]* and for [Cu,(L")(CH,CICOO)MeOH]-MeOH
[132.7(2)°],°% and the dihedral angle between the copper
coordination planes is 13.7°.

The anionic [Cu,(L")(OAc)]> and cationic [Cs(Me-
OH)]" units are linked through a bridging acetato and the
phenoxido oxygen and amido oxygen donor atoms of
[L']> to yield a 2D network (Figure 2). The cesium cations
are hexacoordinate in a distorted trigonal-prismatic envi-
ronment. Each cesium cation is coordinated to three dif-
ferent [Cu,(L")(OAc)]* units through a phenoxido oxygen
of a dianionic [Cu,(L")(OAc)]> unit and through two
amido oxygen donor atoms from different dianionic [Cu,-

Figure 2. View of the crystal packing of 1 in a plane perpendicular
to a. Hydrogen atoms are omitted for clarity. Selected bond lengths
[A] and angles [°]: Cs1-O1 2.999(4), Cs1-O4 3.139(4), Csl-O5
3.000(5), Cs1-02%+ 3.090(4), Cs1-02#3 3.279(4), Cs1#+-02
3.090(4), Cs1-05%2 3.267(5), Cs1#2-05 3.267(5), Cs1#-02
3.279(4), Cul-Csl 4.1096(7), O1-Cs1-02#4 79.51(12), O1-Csl—
04 52.26(10), O1-Cs1-0O5 118.91(13), O1-Cs1-05%2 111.44(12),
O1-Cs1-02%3 168.01(12), 02#4-Cs1-04 107.50(11), O2#4-Csl1-
05%2  49.26(11), 02#4-Cs1-02%3  92.20(9), 04-Cs1-02%3
123.81(10), 04-Cs1-05%2 156.39(11), O5-Cs1-04 85.41(13), O5~
Cs1-02%4 73.90(12), O5-Cs1-02%3 49.77(12), O5%2-Cs1-02%3
68.03(11), 0O5-Cs1-05%2 90.45(13), Cs1-O5-Cs1#? 89.55(13),
Cs1#4-02-Cs1%° 87.80(9). Symmetry operations used to generate
equivalent atoms: #2: —x + 1, -y, —z + 1; #3: x, y, z + 1; #4: —x +
1, -y, —z; #5: x,y,z— 1.
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(LY(OAC)]*> units. The three remaining sites are occupied
by an acetato oxygen and two methanol oxygen donor
atoms. The acetato anion displays an unusual p,-n>n> co-
ordination model®!>? and bridges two copper and two ce-
sium ions. Each methanol oxygen atom bridges two cesium
ions. Cs—O bonding interactions are strong, and all Cs-O
distances [2.999(4)-3.279(4) A] are well within the range re-
ported in literature.>3! Each dinuclear copper(Il) complex
anion is in turn surrounded by four cesium ions. The short-
est Cs-+Cs separation is 4.4184(5) A.

Although the hydrogen atom could not be located on
atom O35 of the methanol molecule, the short O5--O2 dis-
tance (2.654 A) strongly suggests an Opnethano—H***Oamido
hydrogen bond. m—m stacking interactions are absent, but
electrostatic interactions between the cesium ions and the
phenyl rings are likely to operate. The Cs—C bond lengths
range from 3.515 to 3.667 A and are slightly longer than
those reported for a complex involving interactions between
the cesium ions and the imidazolate ring (3.323-
3.607 A).154

[Mny(H;L),(OMe),]-2MeOH (2)

The molecular structure of 2 is shown in Figure 3 with
selected bond lengths and angles listed in its caption. The
molecular structure of the dinuclear complex 2 shows that
two manganese ions are bridged by two tetradentate
[H5L']> ligands and two methoxido anions. The two amido
oxygen and the two phenoxido oxygen atoms of each ligand

Figure 3. Plot of [Mn,(H;L')>(OMe),]-2MeOH (2) at the 30%
probability level with atom numbering. Hydrogen atoms and meth-
anol solvate are omitted for clarity. Selected bond lengths [A] and
angles [°]: Mnl-O1 1.899(5), Mnl-02 2.187(5), Mnl-04#!
2.125(5), Mn1-O5%! 1.858(5), Mnl1-O6 1.942(5), Mnl-O6%!
1.954(5), O1-Mn1-02 85.7(2), O1-Mn1-04%! 91.3(2), O1-Mnl-
05%1 94.1(2), O1-Mn1-06 94.5(2), O1-Mn1-06%*! 171.1(2), 02—
Mnl1-04%1 174.31(19), 0O2-Mnl1-O5%! 89.8(2), 0O2-Mnl-O6
92.97(19), 02-Mnl1-06%! 91.25(19), O4#1-Mn1-O5%! 85.6(2),
O4#1-Mn1-06%! 92.43(19), 04#1-Mn1-06 92.08(19), O5#-Mn1-
06 171.2(2), O5#*1-Mnl1-06%! 94.3(2), O6#'-Mnl1-06 77.3(2),
Mn1#1-06-Mnl1 102.7(2), Mn1#'-Mn1-O1 133.17(15), Mn1#!-
Mn1-02 92.70(14), Mn1#1-Mn1-06 38.77(13), O4*'-Mn1-Mn1#!
92.89(14), Mnl1#*1-Mnl1-0O5%! 132.74(16), Mn1#1-Mn1-06%!
38.49(14). Symmetry operation used to generate equivalent atoms:
#l:—x + 2, -y, —z.
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are coordinated to two different manganese ions. The coor-
dination polyhedra of the Mn! ions may be described as
elongated octahedra. The axial Mn—O,,;q, bonds [2.125(5)
and 2.187(5) A] are significantly longer than the equatorial
Mnfomethoxido and Mnfophenoxido bonds [1 899(5)7
1.954(5) A]. The Mn-O bond lengths in the equatorial
plane are similar to Mn"™-O bond lengths in reported com-
plexes.’! The two Mn—O,,cinoxido bond lengths are nearly
identical, 1.942(5) A and 1.954(5) A. The two Mn™ ions
and the two bridging methoxido oxygen atoms form a per-
fect plane, with Mn—O,,choxido-Mn and Opcihoxido—MN—
Opnethoxido bridging angles of 102.7(2)° and 77.3(2)°, respec-
tively. These angles are similar to those reported for other
Mn,(u-OMe), complexes.*®! The intramolecular Mn-+Mn
distance [3.044(2) A]in 2 falls in the range observed for the
reported Mn,(u-OMe), complexes.[>3-71

The crystal packing of 2 consists of 2D sheets, which
result from hydrogen-bonding interactions between the
alcohol oxygen, amido nitrogen, and amido oxygen atoms
of the [H;L']? ligand from adjacent dinuclear molecules of
2 (Figure 4). The methanol lattice molecules are also in-
volved in strong Nynido—H***Omethanol hydrogen bonds (D—
H--A, d[A], £ [°]: N2-H2---03%2, 2.87, 148; O3-H3---01%3,
2.76, 148; N1-H1--O7%1, 2.86, 161; symmetries #1: —x + 1,
+y - 172,z + 1/2; #2: —x+ 2,y -1, —z; #3: —x + 2, +y —
1/2, —z + 1/2).

Figure 4. Crystal packing diagram of [Mn,(H;L');(OMe),]:
2MeOH (2): view perpendicular to the « axis.

/Fez(H3L1)2(HPZ)4](C104)2'2CH3CN (3)

The molecular structure of 3 consists of a dinuclear
[Fe>(HsLY),(Hpz)4** cation shown in Figure 5, two per-
chlorate anions, and two acetonitrile molecules as crystalli-
zation solvent. In the dinuclear [Fe,(H;L!),(Hpz),]** cat-
ion, the Fe'! ions bridged by two tetradentate [H5L!']>" li-
gands assume a distorted octahedral coordination geome-
try. Each Fe'"" jon is in a distorted octahedral ligand envi-
5486
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ronment that includes two nitrogen atoms from two cis Hpz
molecules, two amido oxygen atoms, and two phenoxido
oxygen atoms from two tetradentate dianionic [H5L!']* li-
gands, with bond lengths similar to those reported for other
complexes with a N,O,-type hexacoordination of the Fe!'l
jons:3891 Fe-N 2.111(6) and 2.143(6) A, Fe-O,miqo
2.001(4) and 2.009(4) A, Fe-Oppenoxido 1.904(4) and
1.943(4) A. The intramolecular Fe--Fe distance is very large
[7.926(3) A]. Selected bond lengths and angles are listed in
the caption of Figure 5.

Figure 5. Plot of [Fey(H;L'),(Hpz)4](ClO,),-2CH;CN (3) at the
30% probability level with atom numbering. Hydrogen atoms, per-
chlorate anions, and acetonitrile solvate are omitted for clarity. Se-
lected bond lengths [A] and angles [°]: Fel-O1 1.904(4), Fel-O2
2.001(4), Fel-04%! 2.009(4), Fel-O5%! 1.943(4), Fel-N3 2.111(6),
Fel-N5 2.143(6), O1-Fel-02 87.83(16), O1-Fel-N3 88.56(18),
Ol1-Fel-N5 94.16(19), O1-Fel-O4%! 176.6(2), O1-Fel-O5%!
96.30(18), O2-Fel-N3 174.57(19), O2-Fel-04%! 90.79(16), 02—
Fel-N5 86.76(19), N3-Fel-N5 89.5(2), O4#1-Fel-N3 92.59(18),
O4#1_Fel-N5 82.65(18), O5#1-Fel-02 94.02(18), O5*1-Fel-N3
90.4(2), O5#1-Fel-04%! 86.90(16), O5#1-Fel-N5 169.53(17). Sym-
metry operation used to generate equivalent atoms: #1: —x + 1,
-y, —z+ 1.

The crystal packing of 3 consists of 1D infinite chains
(Figure 6), which result from intermolecular hydrogen-
bonding interactions involving amido nitrogen and phe-
noxido oxygen atoms from adjacent dinuclear cations of 3.
The noncoordinated alcohol oxygen atoms participate in in-
tramolecular hydrogen bonds. The acetonitrile lattice mole-
cules and the perchlorate anions are also involved in strong
hydrogen bonds (D-H-A, d [A], £ [°]: N1-H1--05%22.92,
153; N6-H6--03%4 2.85, 169; 03-H3---08%! 2,72, 158; N2
H2---N7 2.89, 152; symmetries #1: x, y — 1, z; #2: x + 1, y,
z; #4: —x + 1, -y, —z + 1). Taking into account the very

Figure 6. View of the crystal packing of 3 in a plane perpendicular
to ¢, showing 1D chains of hydrogen-bonded molecules.
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large Fe--Fe intramolecular distance, it is most likely that
these hydrogen-bonding interactions play an important role
in the stabilization of the crystal molecular structure of
complex 3.

[Fes(H;L3 ) ,(OMe),]-8MeOH (4)

The molecular structure of 4 is shown in Figure 7 with
selected bond lengths and angles listed in its caption. The
molecular structure of the dinuclear complex 4 shows that
the two iron ions are bridged by two tetradentate [H;L]>
ligands and two methoxido groups. Each ligand is chelated
to both iron centers through one amido and one phenoxido
oxygen atoms [1.956(2)-2.058(3) A]. The two Fe-Opnethoxido
bond lengths are almost equal [1.989(2) A and 1.996(3) Al.
The Fe_omethoxido_Fe and Omethoxido_Fe_Omethoxido brldg'
ing angles are 104.17(11)° and 75.83(11)°, respectively.
These angles are typical of a four-membered Fe,O,
ring.[?>60-62 ' The coordination geometry around the

iron(III) ions is distorted octahedral. The largest deviations
are found for O6-Fel-O6 [75.83(11)°] and Ol1-Fel-O6
[165.04(11)°] and may be attributed to the restriction im-
posed by the four-membered Fe,O, ring in the bridging re-
gion.’%61 The intramolecular Fe-Fe distance [3.1443(9) A]

in 4 is similar to that observed for several reported Fe,(u-
§.125.60-62]

OMe), complexe

Figure 7. Plot of [Fe,(H;L?),(OMe),]-8MeOH (4) at the 30% prob-
ability level with atom numbering. Hydrogen atoms and methanol
solvate are omitted for clarity. Selected bond lengths [A] and angles
[°]:Fel-O1 1.956(2), Fel-02 2.042(3), Fel-04 2.058(3), Fel-O5
1.971(3), Fel-06 1.989(2), Fel-06%! 1.996(3), Ol1-Fel-02
85.09(10), O1-Fel-04 89.20(11), O1-Fel-0O5 98.84(11), O1-Fel-
06 165.04(11), O1-Fel-06#! 92.81(11), O2-Fel-04 169.86(11),
02-Fel-0O5 88.40(11), O2-Fel-06 87.12(10), 0O2-Fel-06%!
99.15(11), O4-Fel-05 84.20(11), O4-Fel-06 100.23(10), O4-Fel—
06%! 89.48(11), O5-Fel-06 93.68(11), O5-Fel-06#! 166.64(10),
06-Fel-06%! 75.83(11), Fel-06-Fel#! 104.17(11). Symmetry op-
eration used to generate equivalent atoms: #1: —x + 1, -y + 2, —z
+ 1.

The crystal packing of 4 consists of 2D sheets parallel to
b, which result from hydrogen bonds that develop along the
a and c¢ directions (Figure §). Four methanol lattice mole-
cules are involved in OpehanorH***Ophenoxido a0d Namido—
H**Opmethanot hydrogen bonds (D-H--A, d [A], 2 [°]:
020A-H20D--O1%4, 2.69, 153; O100-H100-:O5%°, 2.67,
151; N2-H2:--020A#!, 2.84, 165; symmetries #1: x + 1, y,
#4 —x+1,-y+2,—z+ 1;#5 x -1, z), and two lattice
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methanol molecules are involved in O ethanor—H***Omethanol
hydrogen bonds (D-H--A, d [A], £ [°]: 022-H22--023%3,
2.68, 149; symmetry #3: x — 1, y, z + 1). The amido nitrogen
atom and the alcohol oxygen atom from adjacent dinuclear
molecules of 4 are involved in N, iqo—H*"*Ouiconol hydrogen
bonds (D-H-A, d [A], £ [°]: NI-H1--03*2 2.87, 162;
symmetry #2: x, —y + 2, —z + 2). The alcohol oxygen atom
is also involved in a strong OiconorH**Omethanol hydrogen
bond (D-H-A, d [A], £ [°]: 03-H3B--0100, 2.69, 151).

Figure 8. Crystal packing diagram of [Fe>(H;L*),(OMe),]-8MeOH
(4): view perpendicular to the b axis.

UV/Vis spectroscopy

The dinuclear Cu'™ complex 1 shows three absorption
bands in the region 338—629 nm. The low-energy absorp-
tion band (629 nm) is assigned to a Cu'" d—d transition, and
the high-energy absorption band (338 nm) is ligand related.
The absorption band at 377 nm may be assigned to a
charge-transfer from the bridging alkoxido oxygen atom to
the copper(II) ion.[%8!

The dinuclear Mn" complex 2 exhibits a solid-state elec-
tronic spectrum typical of a high-spin d* electronic configu-
ration. The spectrum is characterized by several absorption
bands in the region 347-658 nm. The 347 nm absorption
band (present in the spectrum of HsL!) is ligand related.
The absorption band at 440 nm is assigned to a LMCT
transition from the phenoxido oxygen atom to the Mn'!!
ion. The low-energy absorption bands (549-658 nm) are as-
5487
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signed to Mn' d-d transitions. These spectral features are
consistent with the elongated octahedral environment of
Mn'"! jons.[30

The spectra of the dinuclear Fe'"! complexes 3 and 4 are
characterized by two absorption bands in the region 348-
584 nm. The high-energy absorption band at 359 nm for 3
and 348 nm for 4 is ligand related. The broad absorption
maximum in the visible region is due to LMCT transitions
and is responsible for the dark violet-reddish color of 3
(Amax at 584 nm) and orange color of 4 (/. at
505 nm).1#3-23]

11

Magnetic properties

The magnetic susceptibility of complexes 1-4 has been
measured in the 1.8-300 K temperature range, under an ap-
plied magnetic field of 0.1 T. In agreement with the molecu-
lar structure described above, the yy7 product of com-
pounds 1, 2, and 4 decreases upon cooling (Figures 9 and
10), which indicates the operation of antiferromagnetic in-
teractions between the metal centers of the dinuclear struc-
tures of 1, 2, and 4. As expected from the large distance
(7.9 A) and the absence of an efficient magnetic interaction
pathway between its iron centers, the yy7 product of the
dinuclear compound 3 is constant over the whole tempera-
ture range, with the exception of a minute decrease below
4 K, which can be attributed to the zero-field splitting (zfs)
of the Fe! single ion. Consequently, the magnetic behavior
of this simple paramagnetic species will not be discussed
further.

05
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4T [em® mol™ K]

0.1

0 100

200 300
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Figure 9. y\mT vs. T data for [Cu,(L')(OAc)Cs,(MeOH),], (1). The
squares are measured data, and the line is the best fit on the basis
of the Hamiltonian described in the text.

While in the dinuclear copper(Il) compound 1, as in
most complexes of the amido ligands in this series,?%]
[L'] is dinucleating through its central alkoxido oxygen
atom; its partly protonated [H;L']*" form does not partici-
pate in transmitting magnetic interaction in 2 nor does the
parent [H5L3]?> ligand in 4. In the latter two complexes,
magnetic interactions are mediated by two methoxido brid-
ges; however, the Mn'! (Fe'!) centers of complex 2 (4) are
also bridged by the -OC(NH)-R-C(NH)O- central part of
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Figure 10. yyT vs. T data for [Mny(H;L'),(OMe),]-2MeOH (2,
top) and [Fe,(H5L?),(OMe),]‘8MeOH (4, bottom). The squares are
measured data, and the lines are the best fits on the basis of the
Hamiltonian described in the text.

both [H5L']> ([H5L3*) polydentate ligands. Magnetic in-
teractions are thus mediated through similar pathways in 2
and 4, but very different pathways in 2 and 4 relative to 1.

The magnetic susceptibility of 1, yu, increases from
1.59 X103 cm®mol ™! at 300 K to a broad maximum of
1.66 X 103 cm?*mol! at about 235 K, which is typical of
antiferromagnetic interactions. The magnetic susceptibility
then slowly decreases down to 2X 10~* cm3*mol! at 28 K
before increasing up to 5.7 X 103 cm®*mol ! at 2 K. While
the yn value at room temperature corresponds to a mag-
netic moment (1.95 BM) lower than expected for two non-
interacting Cu'' cations (2.5 BM for g = 2), the low tem-
perature paramagnetic tail is characteristic of the presence
of a small percentage of paramagnetic impurity. In order to
fit these experimental data, a simple system of two ex-
change-coupled Cu' (S = 1/2) cations was considered (H =
“2J8cu1Scur) 18 Attempts to fit the data with this simple
model yielded satisfactory results when also taking into ac-
count the presence of a small fraction of paramagnetic im-
purity (p%). The parameter values for the best fit, shown
as a solid line in Figure9, are: J = -132(1)cm !, g =
2.024(4), p = 0.5%. The agreement factor R = X[(ym7)obs —
OCM Tv)calc]zml[(;{MT)obs]2 =2X 104
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The [2J] value for 1 (264 cm™) is at the upper end of
those reported for dinuclear complexes in which the cop-
per(II) centers are doubly bridged by similar alkoxido and
carboxylato oxygen donor atoms. The reported |2J] values
are in the 38-280,1*% 160-170,*°1 and 96.4-173.4 cm [0
ranges. The key factors that are usually considered to gov-
ern the nature and strength of superexchange magnetic in-
teractions in such doubly bridged Cu'" dinuclear complexes
are the Cu—Oyjioxido—Cu angle, the distortion from trigonal-
planar toward pyramidal bonding around Ojioxido (also re-
flected by the dihedral angle between the copper coordina-
tion planes), and the Cu-+Cu distance.*¥% In 1, the Cu—
O.ikoxido—Cu angle is larger than in previously reported ex-
amples,*¥3% the bonding geometry around the alkoxido
oxygen atom O3 is close to planarity, the sum of the three
bond angles around O3 is 357° (small dihedral angle of
13.7° between the copper coordination planes), and the in-
tramolecular Cu-+Cu separation (3.568 A) is at the upper
end of those previously reported.[*¥-% The values of these
structural parameters support a fairly strong antiferromag-
netic interaction, in agreement with the rather large [2J]
value (264 cm™') evaluated for 1.

The magnetic susceptibility, yn;, of 2 (4) increases from
1.53 %102 cm®mol ! (1.90 X 1072) at 300 K to a maximum
of 2.83 X102 cm?*mol ! (2.61 X 10°2) at 63 K (84), which is
typical of antiferromagnetic interactions. The magnetic
susceptibility  then  slowly  decreases down to
1.93 X102 cm®*mol! (2.38 X 1072) at 5.8 K (9.8) before in-
creasing up to 3.37 X102 cm?*mol™! (6.59 X 102) at 2 K.
While the yy values at room temperature correspond to
magnetic moments (2, 6.08; 4, 6.82 BM) lower than ex-
pected for two noninteracting Mn'"" (=7 BM for g = 2) and
Fe'! cations (=8.4 BM for g = 2), the low-temperature para-
magnetic tails are characteristic of the presence of a small
percentage of paramagnetic impurity.

In order to fit these experimental data, a simple system
of two exchange-coupled Mn'"" (§ = 2) cations, (Fe'!, S =
5/2) was considered (H = —2JSySwm») as a first step.lo?
Attempts to fit the data with this simple model yielded only
average results with discrepancies at lower temperatures for
both complexes 2 and 4, even when taking into account the
presence of a small fraction of paramagnetic impurity (p %).
The axially elongated octahedral coordination spheres of
the Mn'"" (2) and Fe'" (4) centers led us to assume that
zero-field splitting effects might be operative. The introduc-
tion of a zero-field splitting term D, common for both metal
sites (D, = D, = D), brought about significant improve-
ments to the fits of 2 and 4. The implemented Hamiltonian
was: H = —2J8viSva + D(Soavi? + Son:?).194 This model
reproduces the experimental curves very well; however there
are small discrepancies at low temperature, which may re-
sult from simultaneous operation of intermolecular interac-
tions between adjacent dinuclear molecules yielding 2D
sheets (see Description of Structures). Since introduction of
an intermolecular interaction according to the mean-field
Hamiltonian!®s 7 = —22J(S.)S. affords a marginal improve-
ment to the fits of 2 and 4, only zero-field splittings were
considered in order to avoid overparametrization. The pa-
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rameter values for the best fits, shown as solid lines in Fig-
ure 10, are: J = -10.73)em™!, D = -53B3)cm’!, g =
1.973(6), p = 0.6%, R=1.010%(2) and J = -12.1(4) cm !,
D=-302)cm !, g =1.960(6), p = 0.8%, R =1.510* (4).

The few previously reported —2J values for dinuclear
complexes in which the manganese(III) centers are doubly
bridged by similar methoxido oxygen atoms are 20.7,07
16.4 and 23.6,5%1 and —19.7 cm'.>7] With the exception of
the later (ferromagnetic), which belongs to an asymmetric
complex in which the Mn!! ions are in differently distorted
octahedra with Jahn-Teller axes at an angle of ca. 100°, the
—2J value for 2 (21.4 cm™") is in the range of those already
reported. Accordingly, the geometric parameters of 2 sig-
nificant for magneto-structural correlations Mn—Ocihoxido—
Mn = 102.7°, planar Mn,O, ring, Mn--Mn = 3.044 A are
similar to those reported in the literature (Mn—Oycthoxido—
Mn = 102.5°, planar Mn,O, ring, Mn-+Mn = 3.00 A;[55
Mn-O,cthoxido—Mn = 102.5°, planar Mn,O, ring, Mn---Mn
= 3.038 A).[5¢1 Extension of this comparison to other dinu-
clear complexes in which the Mn'! cations are doubly
bridged by other alkoxido oxygen atoms shows that the —2J
value for 2 (21.4 cm™!) is at the upper end of the reported
range.3%

In agreement with the significant Jahn—Teller axial elong-
ation of the Mn!! coordination octahedron along the Mn—
Oumido bonds (2.125 and 2.187 A; 1.899-1.954 A for the
equatorial Mn—Oyeihoxido @Nd MN—Oppenoxidzo  bONds), a
rather large negative value was found for D = (-5.3 cm™).
This value is, however, of the same order of magnitude as
the reported single ion zfs D parameters in Mn'"" com-
pleXeS.[30’57’66]

The few previously reported —2J values for dinuclear
complexes in which the iron(III) centers are doubly bridged
by similar methoxido or ethoxido oxygen atoms are
32.6,[61a1 308 610] apnd 22 cm L.l The —2J value for 4
(24.2cm™) is in the range of those already reported. Ac-
cordingly, the geometric parameters of 4 significant for
magneto-structural correlations Fe—O,cihoxidzo—Fe = 104.2°,
planar Fe,O, ring, Fe-Fe = 3.145 A are similar to those
reported in the literature (Fe—O,jyoxido—Fe = 103 and 104.3°,
planar Fe,O, ring in one complex and a dihedral angle of
169° between the Fe-O-O planes in the other, Fe--Fe =
3.106 and 3.144 Al59).

A zfs D value of —3.0cm™! was found for complex 4.
The sign of D cannot be safely determined from magnetic
susceptibility data alone, therefore sign attribution is tenta-
tive, and we only discuss the absolute value |D| = 3 cm ™.
This zfs may be attributed to the axial elongation of the
Fe''! coordination octahedron along the Fe-O,,iq, bonds
(2.042 and 2.058 A; 1.956-1.996 A for the equatorial Fe—
Omethoxido @1d Fe—Oppenoxido bonds). The 3 ecm™' absolute
value is in the range of those reported for the single ion zfs
D parameter in octahedral Fe™™ complexes.[®6]

Conclusions
In this paper we report on the preparation of one novel

multidentate ligand and four novel transition-metal com-
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plexes. HsL? (2-hydroxy-N-{3-hydroxy-5-[(2-hydroxyben-
zoyl)amino]pentyl}benzamide) extends the family (HsL'-
H;sL?)B% of potentially pentaanionic, heptadentate ligands
that include alkoxido, amido, and phenoxido donors and
incorporate two 2-hydroxybenzamide moieties. We aimed to
explore the coordination ability and versatility of the HsL'—
H;L3 family of ligands not only toward manganese, but also
toward other transition-metal ions. In this respect, we have
prepared four complexes involving copper(Il), manga-
nese(I1I), and iron(IIl): [Cu,(L')(OAc)Cs,(MeOH),], (1),
[Mny(H;L'),(OMe),]'2MeOH  (2),  [Fea(HsL"),(Hpz)4]-
(ClO4),"2CH;5CN (3), and [Fe,(H;L?),(OMe),]‘8MeOH (4)
and explored their structural and electronic properties.

Complex 1 is an original complex containing an acetate
ion that displays an unusual ps-n2mn? coordination mode
and bridges two copper ions and two cesium ions. In this
complex, HsL! is fully deprotonated to [L']> and acts as a
dinucleating pentadentate ligand toward Cu'l. The anionic
[Cuy(LY(OAc)> and cationic [Cs(MeOH)]* units are
linked through a bridging acetato and phenoxido oxygen
and amido oxygen donor atoms of [L!]>~ to form a remark-
able 2D network. The large Cu—Oyjioxiqo—Cu angle mediates
one of the larger antiferromagnetic interactions (J =
~132cm™") ever reported for similarly bridged dinuclear
Cu'! complexes.

At variance with this coordination mode, HsL' is par-
tially deprotonated to [HsL']> and acts as a bridging tetra-
dentate ligand toward Mn"" in 2 and toward Fe'™ in 3: the
Mn'" (Fe'™) centers of complex 2 (3) are bridged by the
~OC(NH)-R-C(NH)O- central part of two [H5L']* poly-
dentate ligands. However, while the Mn'™ centers of complex
2 are additionally bridged by two methoxido anions to yield
a 3.044 A Mn--Mn separation and mediating magnetic in-
teractions (J = —10.7 cm™'), the absence of bridging methox-
ido anions between the Fe''' centers of 3 results in a large
Fe--Fe separation (7.93 A) and the absence of magnetic in-
teractions. HsL? is partially deprotonated to [HsL]* in 4
and, similarly to the cases of 2 and 3, the Fe'! centers are
bridged by the -OC(NH)-R-C(NH)O- central part of two
[H3L31> polydentate ligands; two methoxo bridges yield a
3.144 A Fe--Fe separation and mediate magnetic interac-
tions (J = —12.1 cm™!), similarly to the case of 2.

The supramolecular structure of 2 and 4 consists of 2D
sheets, which differs from the supramolecular structure of
3 (consists of 1D infinite chains); in all three complexes a
dense network of intermolecular hydrogen-bonding interac-
tions is responsible for the observed crystal packing.

Experimental Section

Materials: All reagents and solvents used in this study are commer-
cially available (Aldrich or Fluka) and were used without further
purification. All syntheses were carried out in aerobic conditions.

CAUTION! Perchlorate salts of metal complexes with organic li-
gands are potentially explosive. Only small quantities of com-
pounds should be prepared, and they should be handled with much
care!
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HsL': This ligand was synthesized according to a reported
method.B3%

H;L3: 1,5-Diaminopentan-3-ol dihydrochloride was synthesized ac-
cording to a reported method.l 1,5-Diaminopentan-3-ol was ob-
tained by reaction of its hydrochloride salt (1.720 g, 9 mmol) with
potassium tzert-butoxide (2.020 g, 18 mmol) in ethanol (30 mL).
The KCl precipitate was filtered off, and the filtrate was concen-
trated under vacuum at about 1/3 of its initial volume. The resulting
solution was mixed with a solution of phenylsalicylate (7.712 g,
36 mmol) and Et;N (5 mL, 36 mmol) in propan-2-ol (90 mL). The
reaction mixture was stirred at room temperature for 2 h and then
warmed at about 60 °C for 12 h. Addition of a mixture of ethanol
and water (1:10, 110 mL) yielded a white precipitate that was fil-
tered off, washed with diethyl ether (20 mL) and dried. Yield: 1.3 g
(40.3%). C19H2,N,05 (358.39): caled. C 63.7, H 6.2, N 7.8; found
C 63.7, H 6.3, N 7.8. IR (KBr pellet ): ¥ = 3378, 3278 (vou and
vnh), 1646, 1636 (ve=p), 1256 [vco(phenoxido)], 1023 [veo(alkox-
ido)] cm™'. "TH NMR (250 MHz, 20 °C, [D¢]DMSO): § = 1.8 (m, 4
H, CHCH,CH,), 3.5 (m, 4 H, CHCH,CH,), 3.7 (m, 1 H, CH), 4.5
(s, 1 H, CHOH), 7.0 [m, 4 H, ArC(3)H, ArC(3")H, ArC(5)H,
ArC(5")H], 7.5 [m, 2 H, ArC(4)H, ArC(4")H], 7.9 [m, 2 H, ArC(6)
H, ArC(6")H], 8.9 (t, J = 5.3 Hz, 2 H, NH) ppm. 3C NMR: § =
36.5 (CHCH,CH,), 36.7 (CHCH,CH,), 66.2 (CH), 115.4 [ArC-
(3)H], 117.7 [ArC(1)], 118.8 [ArC(5)H], 127.7 [ArC(6)H], 133.7
[ArC(4)H], 160.3 [ArC(2)OH], 169.1 (OCNH) ppm. UV/Vis: L.«
= 363 nm.

[Cuy(LY)(OAc)Csy(MeOH),|, (1): To a stirred solution of
CsOH'H,O0 (1.679 g, 10 mmol) in MeOH (5 mL) was added a sus-
pension of HsL!' (0.661 g, 2mmol) in MeOH (5mL) and Cu-
(OAc),*H,O (0.800 g, 4 mmol). The reaction mixture was stirred
for 30 min at room temperature. The color of the solution immedi-
ately turned to blue. The solution was filtered and kept in a refrig-
erator for crystallization. After 3 d, blue crystals of 1 formed; they
were filtered and washed with cold methanol. Yield 0.246 g
(14.6%). Upon standing in air for a few hours, the crystals absorb
water; the resulting samples analyze as [Cus(L')(OAc)Cs,(Me-
OH),]-2H,0. C;;H»5Cs,Cu,N,Oy; (877.36): caled. C 28.8, H 3.2,
N 3.2; found C 28.8, H 3.1, N 3.3. IR (KBr pellet): ¥ = 3374 (vop),
1597 (vc=0), 1562 [vcoo(asym)], 1460 [vcoo(sym)], 1262 [veo-
(phenoxido)], 1044 [veo(alkoxido)] cm™!. TG analysis: 35-55 °C,
weight loss 7.5% (caled. for 2MeOH 7.3%), 55-220 °C weight loss
3.75% (caled. for 2H,0 4.1%). UV/Vis: (Amax = 338, 377, 629 nm.

[Mn,(H5L'),(OMe),]-2MeOH (2): To a stirred solution of
Mn(ClOy),°6H,0 (0.145 g, 0.4 mmol) in MeOH (10 mL) was added
a solution of HsL! (0.132 g, 0.4 mmol) in MeOH (10 mL) and a
solution of NaOMe (0.043 g, 0.8 mmol) in MeOH (10 mL). The
reaction mixture was stirred for 1 h at room temperature. The color
of the solution immediately turned to dark brown. The solution
was filtered and kept at room temperature for crystallization. After
3d, dark reddish-brown crystals of 2 formed; they were filtered
and washed with cold methanol. Yield 0.128 g (35.8%). Upon
standing in air for a few hours, the crystals lose MeOH and absorb
water. The resulting samples analyse as [Mny(H;L'),(OMe),]:
5H,0. C36HysMn,N4Oy; (918.66): caled. C 47.1, H 5.3, N 6.1;
found C 46.9, H 4.9, N 6.0. IR (KBr pellet ): v = 3342 (vop), 1611
(ve=0), 1242 [veo(phenoxido)], 1040 [veo(alkoxido)] em™!. UV/Vis:
Amax = 347, 440, 549, 588, 658 nm.

[Fe,(H5L1)5(Hpz)4](Cl04),2CH3CN (3): To a stirred solution of
Fe(ClOy),6H,0 (0.073 g, 0.2 mmol) in ethanol (1 mL) and aceto-
nitrile (2 mL) was added a suspension of HsL' (0.033 g, 0.1 mmol)
in acetonitrile (2 mL), piperidine (0.02 mL, 0.2 mmol), and a solu-
tion of pyrazole (0.027 g, 0.4 mmol) in acetonitrile (1 mL). The re-
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Table 1. X-ray crystallographic data for complexes 1-4.
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1 2 3 4
Chemical formula C21H24C52CU2N209 C38H46Mn2N4014 C50H54C12F62N14018 C48H78F62N4020
F 841.34 892.66 1321.67 1142.84
Space group Pnma P2,/c P1 Pl
a[A] 13.4687(6) 12.154(2) 10.683(5) 11.1253(7)
b [A] 18.6557(7) 13.061(1) 11.041(5) 11.6251(3)
¢ [A] 10.2024(4) 13375(2) 12.820(5) 12.7793(8)
a ] 92.751(5) 66.412(5)
BT 109.460(10) 94.454(5) 69.643(3)
15l 93.292(5) 88.557(6)
VA 2563.54(17) 2001.9(5) 1503.0(11) 1407.53(13)
VA 4 2 1 1
T[K] 180 180 180 180
A[A] 0.71073 0.71073 0.71073 0.71073
Peated. [gCmM ] 2.18 1.481 1.460 1.348
4 [mm] 4511 0.703 0.652 0.590
R, 0.0532[ 0.05230 0.0577t 0.063[
w R, 0.1295M 0.0575M 0.0971f 0.1812f
R, (all data)® 0.0619 0.1930 0.0698
wR, (all data)® 0.1356 0.1293 0.1901

[a] R = I||F,| - |FVEIE,). [b] wR = [Sw(IF.2| — |[E2)EWF2R2. [e] I > 20(1). [d] T > 1.65(1).

action mixture was kept at room temperature. After 3 d, dark vi-
olet-reddish crystals of 3 formed; they were filtered and washed
with cold acetonitrile. Yield 0.032 g (24.2%). CsoHs4Cl,Fe,N 14O g
(1321.67): caled. C 454, H 4.1, N 14.8; found C 44.8, H 3.7, N
14.5. IR (KBr pellet ): ¥ = 3336 (von), 1605 (vc=0), 1250 [vco-
(phenoxido)], 1145, 1115, 1089 (vcio), 1046 [veo(alkoxido)] em™!.
UV/Vis: Apax = 359, 584 nm.

[Fe,(H3L3),(OMe),|'8MeOH (4): To a stirred solution of Fe-
(OAc);, (0.044 g, 0.25 mmol) in MeOH (10 mL) was added a solu-
tion of HsL? (0.045 g, 0.125 mmol) in MeOH (10 mL) and piperi-
dine (0.06 mL, 0.625 mmol). The reaction mixture was stirred for
45 min at room temperature. The color of the solution immediately
turned to orange. The solution was filtered and kept in a refrigera-
tor for crystallization. After 3 d, orange crystals of 4 formed; they
were filtered and washed with cold methanol. Yield 0.026 g
(18.2%). Upon standing in air for a few minutes, the crystals lose
MeOH and absorb water. The resulting samples analyse as
[Fey(H3L3),(OMe),]'5H,0. CyoHssFesN4O17  (976.59): caled. C
49.2, H 5.8, N 5.7; found C 49.1, H 5.1, N 5.6. IR (KBr pellet ): ¥
=3317 (von), 1607 (vc=0), 1256 [vco(phenoxido)], 1028 [vco(alkox-
ido)] em™'. UV/Vis: Amax = 348, 505 nm.

Physical Measurements: Microanalyses for C, H and N were per-
formed by the Microanalytical Laboratory of the Laboratoire de
Chimie de Coordination at Toulouse. TG and DTA were carried
out on a SETARAM 92-16.18 thermoanalyzer. Infrared spectra
(4000400 cm ') were recorded on a Perkin-Elmer Spectrum GX
system 2000 FTIR spectrometer as KBr pellets. The electronic spec-
tra (diffuse reflectance technique) were recorded with a UV4 UN-
ICAM spectrophotometer in the range 280-820 nm with MgO as
reference. Variable-temperature (1.8-300 K) magnetic susceptibility
data were collected on freshly prepared crystalline samples of the
complexes pressed into pellets (3-mm diameter) with a Quantum
Design MPMS SQUID susceptometer under a 0.1 T applied mag-
netic field. Data were corrected with the standard procedure for
the contribution of the sample holder and for diamagnetism of the
samples.[®]

Crystallographic Data Collection and Structure Determination for 1,
2, 3, and 4: Crystals of 1-4 were kept in the mother liquor and
then dipped into oil. Chosen crystals were mounted on a Mitegen
micromount and quickly cooled down to 180 K. The selected crys-
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tal of 1 (blue, 0.25X%0.15X0.05 mm) was mounted on an Oxford
Diffraction XCALIBUR CCD diffractometer using a graphite-mo-
nochromated Mo-K, radiation source (4 = 0.71073 A) and
equipped with an Oxford Cryosystems Cryostream Cooler Device.
Selected crystals of 2 (dark reddish-brown, 0.30 % 0.30 X 0.06 mm)
and 3 (dark violet-reddish, 0.20 X 0.10 X 0.05 mm) were mounted
on a Stoe Imaging Plate Diffractometer System (IPDS) using a
graphite monochromator (4 = 0.71073 A) and equipped with an
Oxford Cryosystems Cooler Device. The selected crystal of 4
(orange, 0.20 X 0.18 X 0.1 mm) was mounted on a Bruker Kappa
APEX II diffractometer using a graphite-monochromated Mo-K,
radiation source (4 = 0.71073 A) and equipped with an Oxford
Cryosystems Cryostream Cooler Device. The data were collected
at 180 K. Unit cell determination and data integration were carried
out with the CrysAlis RED% (1), Xred”!1 (2 and 3), and Bruker!”?!
(4) packages. 22540 reflections were collected for 1, of which 3521
were independent (R;, = 0.0994), 19871 reflections for 2, of which
3814 were independent (R;,, = 0.165), 15010 reflections for 3, of
which 5549 were independent (R;,; = 0.1441), and 34549 reflections
for 4, of which 5193 were independent (R;,, = 0.029). The structures
of 1-3 were solved by using SIR 92173 and that of 4 was solved by
using SHELXS-86.74 For complexes 1, 3, and 4, the refinements
were carried out by full-matrix least-squares on F? with SHELXL-
9773 included in the software package WinGX.[7% For complex 2,
the refinement was carried out by full-matrix least-squares on F
with CRYSTALS.””! For complex 1, the OH hydrogen atom of the
methanol molecule could not be located on atom OS5. For complex
2, all hydrogen atoms were located in difference maps, but those
attached to carbon atoms were repositioned geometrically; the hy-
drogen atoms were initially refined with soft restraints on the bond
lengths and angles to regularize their geometry. For complex 3, the
amide NH and pyrazole NH hydrogen atoms were first derived
from Fourier difference maps but, as the refinements were unstable,
they were finally fixed. The remaining hydrogen atoms were in-
cluded in calculated positions and refined as riding atoms by using
SHELX default parameters. All non-hydrogen atoms were refined
with anisotropic displacement parameters. For complex 4, the
atoms C60 and O20 are statistically disordered over locations A
and B with occupancy factors of 0.8 and 0.2. Absorption correc-
tions were applied by using Multiscan!’®! (1, 2, and 4) or DELABS/
DIFABSI"! (3). The figures were drawn with ORTEP3B% (1, 3, 4)
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and Cameron (2).8" Crystal data collection and refinement param-
eters are collated in Table 1. CCDC-743833 (1), -743834 (2),
-743835 (3), and -743836 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif.
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