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The mixed functionality pyrazole/phenol ligand (2-hydroxyphenyl)bis(pyrazolyl)methane, L1OH, has been used
to prepare a series of linear trimetallic systems with the general structural meflf{&),]2+, where M= Mn2*,

Co?*, Ni?t, CiPt, and Zi#t. Each of these complexes has been structurally characterized by X-ray crystallography
giving the following structural parameters: [£h10)4][BF4]2-H20, CsHasN16B2FsOsZnz, monoclinic, a =
18.572(4) A,b = 22.400(5) A,c = 15.921(3), = 112.439(8), space groupC2/c, Z = 4; [Cus(L10),]
[BF4]2:2MeCN, GgHa4N18B2CusFsO4, monoclinic,a = 40.574(2) A,b = 16.701(1) A,c = 19.841(2) Ap =
111.388(5), space groui2/c, Z = 8; [Niz(L10O)4][CIO4]2:MeCN-0.5H,0, Cs4H44N17CI2Ni3012 5 monoclinic,a

= 12.324(4) A b = 26.537(2) A,c = 18.829(3) A, = 102.78(1}, space groug2/c, Z = 4; [Cox(L10)4]-
[BF4]2*MeCN, GsaHaaN17B2C0sFs0s, monoclinic,a = 12.395(2) A,b = 26.483(3) A,c = 18.703(4) A5 =
103.22(2j, space groui2/c, Z = 4; [Mn3(L10)4(MeCN)][ClOg4]2-1.4MeCN, Gg.sdH44N153L1:MN3015, ortho-
rhombic,a = 15.471(2) Ab = 17.364(2) A,c = 24.216(2) A, space groupbcn Z = 4. For Zr#*, Ci*+, Ni2+,

and C@* the central metal atom of the linear trimetallic §10)4%" unit is four coordinate and has a
pseudotetrahedral geometry with a dihedral anglebetween the two MnraQ2Mierminal planes of 79.9 (Zn),

61.2 (Co), 60.24 (Ni), and 46.8 (Cu). The central MA" atom of [Mng(L1O)4(MeCN)][CIO4]>:1.4MeCN is
five-coordinate, with a trigonal bipyramidal stereochemistry, the result of an equatorially coordinated MeCN
solvent molecule. Variable-temperature magnetic data indicate that the Ni, Cu, and Mn complexes display modest
antiferromagnetic coupling between the metal centers, while the Co derivative is strongly ferromagnetically coupled.

Introduction deed the homometallic linear trimeric [(L1MM(L1O) )"

i i i2+ + i

We have previously described the synthesis and some of thec?ft'ogs of the pliaramagnetlc @u Ni g and.Cé mhetal ;;)ns f
coordination properties of a new class of heteroscorpionatea ord an excellent opportunity to investigate the efiect o
ligandst—3 These ligands are of the general typ€X, where changing the meta! atom within a f|?<ed Ilggnd z_ind structural
L = 3(5)-substituted pyrazole and > functionalized donor, framework? T_hus, it should be pc_:ssmle to |dent|_fy_ho_w elec-
i.e., a substituted phenol or thiophenol. We have shown that tronic factors !nfluenqe the magnitude o_f any spapin inter-
the nature of the metal complex formed by these ligands dependsahcnons' bAny |ndter aCtr'](mS ,COUI(,j be gogsolz(ierably dlffergnt frfom
on the particular metal involved and the degree of substitution those observe _6|n_t e trimeric (N.L .) compounds ‘o
on both the phenyl and pyrazole arms, as well as the ligand- Wieghardt et af~¢ since the magnetic orbitals involved in any

to-metal ratio. By varying the metal:ligand ratio, we show here poteptial spin-spin interaction will be different due to the con-
that it is possible to prepare a series of homometallic, linear trasting octahedral/octahedral/octahedral versus octahedral/tetra-

trinuclear species where, due to the basicity of the coordinated hedral/octahedral motifs present in these two sets of compounds.

phenols, an octahedral metal complex functions as a bidentategyperimental Section
ligand for a tetrahedrally coordinated central metal. These edge-
sharing octahedraltetrahedrat-octahedral species nicely comple-

ment the elegant studies of the face sharing all octahedral tri-

All operations were carried out in air unless otherwise stated, and
the solvents used were of reagent grade (Aldrich Chemical Co.).
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Anhydrous THF was dried over Na/benzophenone. Microanalyses werewas added to the solution. Mn(CJg6H,0 (0.302 g, 0.833 mmol)
performed by Desert Analytics Laboratory, Tucson, AZ. IR spectra was then added, and it quickly dissolved causing the solution color to
were recorded as KBr disks on a Perkin-Elmer 1600 Series FTIR. change from colorless to brown. The reaction mixture was stirred for
Solution electronic spectra were obtained using a Hewlett-Packard 30 min at room temperature, during which time a white microcrystalline
8452A diode array spectrophotometer under the computer control of a precipitate had formed in the solution. The solid was collected by
Compaq Deskpro 386S with OLIS diode array spectrophotometry filtration, washed with MeOH (4 c#), and dried in vacuo. The
software (On-line Instruments Inc.). Variable-temperature magnetic resultant white microcrystalline solid was dissolved in MeCN (5)¢m
data were recorded over the range3D0 K in a 1.0 T external field and the solution was transferred to a boiling tube and layered with
using a SQUID magnetometer as previously describddlata were diisopropyl ether (25 cf). The tube was sealed and over a period of
corrected for underlying diamagnetism and temperature-independentseveral days large blocklike, very pale brown crystals of the product
paramagnetism (TIP). The diamagnetic correction utilized Pascal’'s formed. The crystals were collected by filtration and dried in vacuo.
constants, while TIP was a fitted parameter in subsequent simulations.Yield: 0.16 g (56%). Anal. Calcd for £HgN17Cl2Mn3Oy3: C, 47.00;
EPR spectra were recorded on a Bruker ESP 300e spectrometet, 3.55; N, 17.26. Found: C, 47.30; H, 3.61; N, 16.89.
equipped with an ESR 910 helium cryostat (Oxford Instruments). Crystallography. X-ray-quality crystals of all the complexes were
Synthesis. The ligand L10H was synthesized as previously grown by layering a MeCN solution of the compound with isopropyl
described. The sodium salt was prepared by taking the free ligand ether. For each structure determination the crystals were sealed in thin-
(2.00 g, 8.33 mmol) dissolved in anhydrous THF (25cander argon walled quartz capillary tubes to prevent loss of lattice solvent to which
and adding solid 95% NaH (0.35 g, 14.6 mmol). The reaction mixture all were prone. The crystals were mounted on a Siemens P4
was stirred at room temperature for 1 h, during which time evolution diffractometer with a sealed tube MooKX-ray source f = 0.710 73
of hydrogen gas was observed. The excess NaH was then carefully?) under computer control with installed Siemens XSCANS 2.20
filtered off (in air) and destroyed. The yellow filtrate was evaporated Software. Automatic searching, centering, indexing, and least-squares

to dryness. The product was dissolved in@t20 cn?) to which
hexane (80 c) was added causing the instant precipitation of a dense
white microcrystalline solid. This solid was collected by filtration,
washed with hexane (20 énand dried in vacuo. Yield: 2.14 g (97%).

[Zn3(L10)4)[BF 4]2-2H,0, 1. L1OH (0.20 g, 0.83 mmol) was
dissolved in MeOH (10 cf) forming a colorless solution. To this
solution was added NaOMe (0.045 g, 0.83 mmol) which quickly
dissolved. Zn(Bk)2:6H,O (0.152 g, 0.416 mmol) was added to the
solution which initially rapidly dissolved but was followed by the
precipitation of a microcrystalline white solid. The mixture was stirred
for 30 min at room temperature before the solid was collected by
filtration, washed with MeOH (5 c#), and dried in vacuo. Yield: 0.14
g (74%). Anal. Calcd for GHgN1eBFsOsZns: C, 45.82; H, 3.52;

N, 16.45. Found: C, 45.89; H, 3.24; N, 16.38.

[Cu3(L10)4][BF 4]2, 2. NaL10 (0.20 g, 0.763 mmol) was dissolved
in MeOH (10 cnd) forming a colorless solution. To this solution
was added Cu(Bff:6H,O (0.102 g, 0.305 mmol) which quickly
dissolved to form a dark brown solution which gradually turned an
intense crimson-red. The reaction mixture was stirred for 30 min
at room temperature, during which time a dark red microcrystalline
solid precipitated out of the solution. The solid was collected by
filtration, washed with MeOH (2 cf) and EtO (5 cn?), and dried in
vacuo. Yield: 0.088 g (60%). Anal. Calcd fogfE144N16B2CusFO4e
3H,0: C, 45.43; H, 3.64; N, 16.29. Found: C, 44.96; H, 2.93; N,
15.66.

[Ni3(L10)4][CIO 4]2*H20, 3. Ni(ClO4),-6H,0 (0.457 g, 1.25 mmol)
was dissolved in MeOH (5 cfp forming a pale green solution.
Separately, L1OH (0.20 g, 0.833 mmol) was dissolved in MeOH (10
cm?), and to this solution was added NaOMe (0.045 g, 0.833 mmol).
The NaL1O solution was then added to the solution of Ni({{O
6H,0, the color of which became more intense and changed hue
slightly. The mixture was stirred for 20 h at room temperature, during
which time a pale brown microcrystalline solid was deposited from
the reaction mixture. The solid was collected by filtration, washed
with MeOH (2 cn¥), and dried in vacuo. Yield: 0.12 g (43%). Anal.
Calcd for Q2H46N160|2Ni3013: C, 4632, H, 341, N, 16.63. Found:
C, 46.24; H, 3.15; N, 16.58.

[Cos(L10O)4][BF 4]22H20, 4. L1OH (0.20 g, 0.833 mmol) was
dissolved in MeOH (10 cA), and to this solution was added NaOMe
(0.045 g, 0.833 mmol). Separately, Co@F6H,0O (0.426 g, 1.25
mmol) was dissolved in MeOH (5 cip forming a pale purple/red
solution. The two solutions were then mixed together resulting in the
formation of a purple solution followed by the rapid precipitation of a
purple microcrystalline solid. This solid was collected by filtration,
washed with MeOH (2 c), EtO (5 cn¥), and dried in vacuo. Yield:
0.17 g (61%). Anal. Calcd for £HgN16B2CosFs0s: C, 46.48; H,
3.57; N, 16.69. Found: C, 46.35; H, 3.15; N, 16.57.

[Mn 3(L10)4(MeCN)][CIO 4]2*H20, 5. L10OH (0.20 g, 0.833 mmol)
was dissolved in MeOH (10 cfy and NaOMe (0.045 g, 0.833 mmol)

routines were carried out for each crystal with-Zb relatively high-
angle reflections used to determine unit cell parameters. During the
data collections, the intensities of three representative reflections were
measured every 97 reflections, and any decay (presumably from loss
of lattice solvent) was corrected for. The data were also corrected for
Lorentz and polarization effects and for [£h10)4][BF4]»*H.O and
[Cos(L10)4][BF 4]2-MeCN for crystal absorption using a semiempirical
correction determined fromp-scan data. Structure solutions were
obtained by direct methods or via the Patterson function and refinement
by difference Fourier synthesis was accomplished using the Siemens
SHELXTL PC software packadge A summary of cell parameters, data
collection conditions, and refinement results is given in Table 1.
Summary bond lengths and angles are given in Tabites. 2Details
pertinent to the individual determinations follow:

The structure of [Zg(L10)4][BF 4]2°H.O was solved, with difficulty
due to pseudosymmetry problems, by direct methods. After correct
location of the three zinc atoms subsequent location of the lighter atoms
was accomplished by additional cycles of least-squares refinement,
initially isotropic and then anisotropic. The asymmetric unit contains
half a [Zng(L10)4)?* cation as well as one [BF anion and two lattice
water molecules at 0.25 occupancy. Hydrogen atoms were included
in calculated positions using a riding model and fixed isotropic thermal
parameters, with the exception of lattice water molecules for which
hydrogen atoms were neither located nor calculated.

The structure of [Cy(L10)4[BF4]2:2MeCN was again solved by
direct methods, the asymmetric unit containing one 3{CLO)4]?"
cation and two [BE~ anions, one of which was disordered. The
disordered [BE~ group had one fluorine atom disordered over two
positions (F1 and F1A); the occupancies of these two positions were
tied to equal 1.0, and their respective occupancies were then refined
yielding a value of 0.61 for F1 and 0.39 for F1A. Isotropic refine-
ment additionally revealed the presence of two molecules of lattice
MeCN in the asymmetric unit, both at full occupancy. All the non-
hydrogen atoms were anisotropically refined except for the lower
occupancy fluorine atom (F1A) of the disordered [BFgroup. The
hydrogen atom positions were calculated and included in the final cycles
of refinements using a riding model with fixed isotropic thermal
parameters with the exception of the two lattice MeCN molecules for
which no hydrogen atoms were included in the structure factor
calculation.

The structure of [Ni(L10)4][ClIO4]2:MeCN-0.5H,0O was solved by
use of the Patterson function, which indicated that the asymmetric unit
contains half of a [Ni(L10)4)?" cation. The asymmetric unit also
contains one disordered [CID anion with one of its oxygen atoms
disordered over two positions, both at 0.5 occupancy. Subsequent
isotropic refinement also located a lattice MeCN molecule at 0.5

(8) O’Connor, C. JProg. Inorg. Chem1982 29, 203.
(9) Sheldrick, G. MSHELXTL-PCversion 4.1; Siemens X-ray Analytical
Instruments, Inc.: Madison, WI, 1989.
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Table 1. Crystallographic Data and Data Collection Parameters fog([ArD)4][BF 4]2:H20, [Cus(L10)4][BF 4]2:2MeCN,
[Niz(L1O)][ClO4]o*MeCN-0.5H,0, [Cos(L10O)J][BF 4]sMeCN, and [Mr(L10)(MeCN)][CIO4],+1.4MeCN

compound
param [ZA(L1O)4][BF 4]2 [Cus(L1O4][BF 4]2 [Ni3(L10)4][ClO4]2 [Co3(L1O)4][BF 4]2 [Mn3(L10)4(MeCN)][CIOq4]2

formula GoHaaN16B2FgOsZn3  CseHaaNgB2CusFgOs  CsaHaaN17CIoNisO125  CsaHaaN17B2C03Fs04 Csg.6d4144N18.34C12MN3012
space group C2lc C2lc C2lc C2lc Pbcn
a, 18.572(4) 40.574(2) 12.324(4) 112.395(2) 15.471(2)
b, A 22.400(5) 16.701(1) 26.537(2) 26.483(3) 17.364(2)
c A 15.921(3) 19.841(2) 18.829(3) 18.703(4) 24.216(2)
o, deg 90.003(9) 89.983(6) 89.942(8) 90.04(1) 90.03(1)
B, deg 112.439(8) 111.388(5) 102.78(1) 103.22(2) 90.005(8)
y, deg 90.01(1) 90.012(5) 89.95(2) 89.996(6) 90.001(9)
v, A3 6121.8(35) 12518.9(17) 6005.4(15) 5977.1(21) 6505.5(12)
p,gcnt3 1.455 1.483 1.524 1.495 1.440
z 4 8 4 4 4
fw 1340.7 1397.3 1378.1 1345.5 1409.7
cryst size, mm 0.6 0.6 x 0.4 0.6x 0.6 x 0.15 0.5x 0.4x 0.2 0.6x 0.4x 0.2 0.7x 0.5x 0.3
cryst color, habit colorless, block dark brown, plate brown, block red/purple, block colorless, block
u, mnmt 1.248 1.094 1.096 0.908 0.729
no. unique data 3866 8064 3874 3875 3818
no. obsd data 192%(> 50(F)) 4363 F > 40(F)) 2031 f > 4o(F)) 2521 ¢ > 50(F)) 2236 > 50(F))
data:param ratio 4.8:1 5.4:1 4.8:1 5.1:1 5.2:1
transm factors 0.7606/0.9641 0.7486/0.7843
R2 5.36 6.21 5.28 4.64 6.82

a 6.63 6.82 5.51 5.62 8.28
max diff peak, e A2 —0.50 +0.77 -0.37 +0.57 +0.54
Alo(mean) 0.001 0.033 0.012 0.017 0.078

2 Quantity minimizedow(Fo — Fc)? R= S |Fo — F¢l/wFo. Ry = (wW(Fo —

temperature, 298 K; scan typ@;-26.

occupancy and a lattice water molecule at 0.25 occupancy. All non-
hydrogen atoms were refined anisotropically with the exception of the
lattice water molecule. Hydrogen atoms were included in calculated
positions using a riding model and fixed isotropic thermal parameters
with the exception of the lattice solvent molecules.

For [Coy(L10)4)[BF4]2*MeCN structure solution was achieved via
the Patterson function with the asymmetric unit containing half of a
linear trimeric [C@(L10)4)%* cation and a disordered [BF anion with
one fluorine atom disordered over two positions (at 0.7 and 0.3
occupancies). Subsequent, isotropic refinement located a lattice MeCN
molecule at 0.5 occupancy. All the non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were located by difference Fourier
synthesis and were refined isotropically.

Solution of the structure of [MyiL10)s(MeCN)][CIO4]»*1.4MeCN
by direct methods revealed half of a [Mh1O),(MeCN)]** cation,
the other half being generated by a 2-fold rotation about a crystal-
lographicC, axis. Additionally a disordered [CKP~ was located in
the asymmetric unit with one oxygen atom disordered over two
positions, one at 0.6 and the other at 0.4 occupancy. Isotropic
refinement located a lattice MeCN molecule, the occupancy of which
was refined to 0.7. All non-hydrogen atoms were refined anisotropically
with the exception of the lower occupancy (0.4) oxygen atom of the
disordered [CIGQ}~ group. The hydrogen atoms were included in
calculated positions using a riding model with fixed isotropic thermal
parameters with the exception of the lattice MeCN molecule whose
hydrogen atoms were not included in the calculation.

Results

Description of Structures. The crystal structure of complex
1 consists of asymmetric units containing half of a linear trimeric
[Zn3(L10)4)%" cation, one [BE~ anion, and four water
molecules at 0.25 occupancy (Figure 1). The linear trimeric
[Zn3(L10)4)%" cation has the three Zh atoms positioned on
the crystallographic 2-fold rotation axis. It has two terminal
Zn?* atoms which are 6-coordinated by two [LIO]gands in
a tripodal, tridentate fashion. For each terminafZthe two
coordinated [L10O7 ligands are in a cis orientation with respect
to the phenolate oxygen atom donors which bridge to another
(the central) Z&" atom forming the linear trimeric moiety. The
central metal atom, Zn1l, thus possessedigated 4-coordina-

Fo)23 (wFo)?)Y2 Data collection range, 3-545.C°; radiation, Mo Ku;

Figure 1. ORTEP diagram showing 30% probability ellipsoids and
partial atomic labeling ofl.

tion, the dihedral angle between the twofhinaC2ZNcentral
planes of 79.9being close to the value for an “ideal” tetrahedral
geometry (90). The individual O-Zn—0O angles show con-
siderable distortion from “ideal” tetrahedral values (10%.5
however, with O+Zn1—-01A and O2-Zn1—02A (83.4(5) and
83.5(4Y, respectively) being highly compressed due to formation
of the four-membered Z8minaO2ZNcentraiChelate ring which in
turn results in a corresponding expansion of the otheZ®-0
angles (Table 2). The geometries of the terminal, 6-coordinate
Zn?t atoms are distorted octahedral, the most distorted angles
are the cis G-Zn—0 angles (average, 77)0 These angles
being compressed by the formation of the.dRaO2ZNerminal
four-membered chelate rings. The Z® bond distances for
the central metal atom (average, 1.956 A) are smaller than the
corresponding bond lengths for the terminal metal atoms
(average, 2.123 A). This difference is attributable to the
difference in stereochemistry between the central and terminal
Zn?t atoms (tetrahedral versus octahedral). TheZD1—Zn3

and Znt02-Zn2 bond angles of 99.7(4) and 99.9(3)
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Table 2. Bond Distances (A) and Angles (deg) for
[an(L10)4][BF4]2-HZO

Zn2 Bond Distances

Zn2—-02 2.095(7) Zn2-N5 2.102(11)
Zn2-N8 2.125(10) Zn2-02A 2.095(7)
Zn2—N5A 2.102(11) Zn2-N8A 2.125(10)
Zn2 Angles
02-Zn2—-N5 83.3(3) 02-Zn2—N8 92.9(3)
N5—Zn2—02A 101.5(4) N5-Zn2—N5A 174.0(5)
O2A-Zn2—-N5A 83.3(3) 02-Zn2—N8A 165.4(4)
N8—Zn2—N8A 99.0(5) N5A-Zn2-N8A 87.4(4)
N5—Zn2—N8 87.4(4) 02-Zn2—-02A 76.8(4)
N8—Zn2—02A 165.4(4) 02Zn2—N5A 101.5(4)
N8—Zn2—N5A 88.7(4) N5-Zn2—N8A 88.7(4)
O2A-Zn2—-N8A 92.9(3)
Zn3 Bond Distances
Zn3—N2 2.153(12) Zn3-01 2.088(8)
Zn3—01A 2.088(8) Zn3-N4 2.110(9)
Zn3—N4A 2.110(9) Zn3-N2A 2.153(12)
Zn3 Angles
01-Zn3—-N2 93.6(4) N2-Zn3—N4 86.8(4)
01-Zn3-N4 84.6(4) Ot+Zn3-01A 77.2(5)
N2—-Zn3—-01A 169.8(4) N4-Zn3—-01A 96.6(4)
N2—Zn3—N2A 95.8(6) OXZn3—N2A 169.8(4)
O1A-Zn3—-N2A 93.6(4) N4-Zn3—N2A 92.2(4)
01-Zn3—N4A 96.6(4) N2-Zn3—N4A 92.2(4)
N4—2Zn3—N4A 178.5(6) O1A-Zn3-N4A 84.6(4)
N2A-Zn3—N4A 86.8(4)
Zn1 Bond Distances
Zn1l-01 1.959(8) Znt02A 1.953(7)
Zn1-02 1.953(7) Zn+01A 1.959(8)
Znl Angles
02-7Zn1-01 129.4(3) 02Zn1-02A 83.5(4)
01-Zn1-02A 118.7(3) 02-Zn1-01A 118.7(3)
01-Zn1-01A 83.4(5) 0O2A-Zn+01A 129.4(3)
Zn---Zn Distances
Znl---Zn2 3.098 Zn1:+Zn3 3.095
Zn—0—Zn Angles
Zn1—-01-Zn3 99.7(4) Zn2-02—-2Znl1 99.9(3)

respectively, mediate ZnZn separations of 3.098 A (Zrt
Zn2) and 3.095 A (Zn#-Zn3).

The asymmetric unit of2 contains one complete [Gu
(L10)4)2" cation, two [BR]~ anions, and two molecules of
lattice MeCN. The [Cy(L10)4]%" cation contains three €t
atoms in an almost linear array, and a slight “bending” of the
trimer is observed as indicated by the Ct2ul—Cu3 angle of
175.4. The two terminal C&" atoms are both coordinated by
two tridentate [L1OY ligands in a cis fashion with respect to
the phenolate oxygen ligands, theCligand sphere thus being
6-coordinate MO,. Each phenolate oxygen ligand further
bridges to another Gt atom, the central metal atom of the
trimeric moiety, this being 4-coordinate,@iyated. The dihedral
angle between the two GHninaO2Clcentral pPlanes is 46.8

Higgs et al.

Figure 2. ORTEP diagram showing 30% probability ellipsoids and
partial atomic labeling 08.

02 (82.3(3) and 82.9(3)respectively) highly compressed from
either “ideal” square-planar or tetrahedral values (90 and 109.5
respectively) due to formation of the GihinaO2CleentraiChelate
rings. The O4Cul-01 and O3-Cul—-02 angles (104.0(3)
and 106.6(3), respectively) are much closer to “ideal” tetra-
hedral values. The terminal €ucoordination geometries are
distorted octahedral with the most highly distorted angles again
being the Cy/mina@2Cleentraichelate ring compressed<@u—0
angles (average, 74)/ For each terminal Cd atom, two
bonds are considerably elongated with respect to the other four
(Cu3-04, 2.109(7) A; Cu3N10, 2.151(9) A; Cu2 02, 2.200-

(7) A; Cu2—N2, 2.239(10) A) consistent with the JahTeller
effect. This indicates that the equatorial coordination plane is
N3O ligated (for Cu3, N12, N14, N16, O3; for Cu2; N4, N6,
N8, O1), and the axial positions are taken by one N-donor and
one O-donor (for Cu3, N10 and O4; for Cu2, N2 and O2). The
Cu—0 bond lengths of the central €uatom (average, 1.925
A) are shorter than those of the shortest, equatoriat@bonds

of the terminal C&" atoms (average, 2.031 A); this is again
attributable to the differences in the stereochemistries of these
two types of metal atom. There is an asymmetry in the-Cu
O—Cu bond angles of the [G(L10)4]%" cation, with two large
(Cul—03—Cus3, 102.2(3), and Cut-01—-Cu2, 104.4(3)) and

two small (Cut-04—Cus3, 100.0(3), and Cut-02—Cuz2, 98.7-
(3)°). This asymmetry is due to the CuyCu bridging mode

for the linear trimer being “quasi” parallel-plan¥r;12 with the
small Cu-O—Cu angle coming from an axially elongated term-
inal Cu—0 bond and a relatively short flattened tetrahedral cen-
tral Cu—O bond, and the large CtO—Cu angle resulting from

a short equatorial terminal GtO bond and a short central
Cu—O bond. These CuO—Cu bridging angles mediate
Cu--+Cu separations of 3.125 A (CuiCu2) and 3.091 A
(Cul---Cu3).

approximately midway between that for a square-planar and = Te Jinear trimeric cation o8, [Niz(L10)4]2" (Figure 2),

tetrahedral geometry (0 and QQespectively). This dihedral
angle is a surprisingly large value for €uwhere square-planar

contains three Ni" atoms located on a crystallograpliig axis
with separations of 3.082 A (NiNi2) and 3.055 A (Ni1Ni3).

geometries are far more common than the quasi or flattenedThe two terminal N&+ atoms are each coordinated to two

tetrahedral which are comparatively rare. This observation cany) 10]- ligands in a tridentate manner, and the phenolate oxygen
be accounted for by steric interactions between the adjacentyonor atoms are coordinated in a cis mode and each bridging

phenyl rings of the phenolate ligands which do not allow a

square planar geometry but rather force the Cul, O3, O4 plane(10) Lintvedt, R. L.; Glick, M. D.; Tomlonovic, B. K.; Gavel, D. P.; Kuszaj,

to twist with respect to the Cul, O1, O2 plane forming a
flattened tetrahedral geometry. The-Ou—O angles of the
central Cd+ atom of the trimer exhibit considerable deviation
from regularity, with two angles G4Cul-03 and Ot Cul—

J. M. Inorg. Chem.1976 15, 1633.

(11) Calderazzo, F.; Marchetti, F.; Dell’Amico, G.; Pelizzi, G.; Colligiani,
A. J. Chem. Soc., Dalton Tran$98Q 1419.

(12) Higgs, T. C.; Helliwell, M.; Mclnnes, E. J. L.; Mabbs, F. E.; Harding,
C. J.; Garner, C. DJ. Chem. Soc., Dalton Tran&997 927.
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Figure 3. ORTEP diagram showing 30% probability ellipsoids and
partial atomic labeling ob.

to a third NP*, the central metal atom of the trimer. The-O
ligated central Nit has a flattened tetrahedral geometry with a
dihedral angle of 604 between the two NiminaO2Nicentral
planes. The ©Ni—0O angles of this metal atom show signi-
ficant deviation from regularity, mainly due to induced com-
pression of the O2Ni—0O2A and O}F-Ni—O1A angles, to val-
ues of 80.3(3) and 81.4(%) by formation of the Nirminar
OzNicentral four-membered chelate ring which causes a corre-
sponding expansion of the ©Ni1l—02 and O1A-Nit-O2A
angles to values of 141.8(3) and 141.8(3)The terminal
6-coordinate Ni" atoms have distorted octahedral geometries,
the main source of the geometric distortion again being due to
compression of the G2Ni2—OA (76.4(3}) and OFNi3—0O1A
(76.8(3y) angles by the formation of the PMininaO2Nicentral
chelate ring. The N+O bond distances of the central, flattened
tetrahedral Ni* atom (average, 1.938 A) are shorter than those
of the distorted octahedral terminal Niatoms again due to

Inorganic Chemistry, Vol. 37, No. 9, 1998267

positions contain the two bridging phenolate oxygen ligands
(01 and O1A) with a trans OiMn2—01A angle of 174.3-
(3)°, close to the ideal value of 180 The equatorial Mn20
bonds of Mn2 are somewhat shorter at 2.005(6) A than the axial
Mn2—O bonds (2.139(6) A). The O2AMn2—02 angle
(115.4(4y) of the equatorial plane is compressed from the ideal
trigonal value of 120, and the two N-Mn2—0 angles of this
plane (122.3(2) are slightly expanded. The observed slight
distortions in the equatorial plane angles of this stereochemistry
are a result of accommodating the formation of the four-
membered M@minaQ2MncentraiChelate ring in forming the linear
trimeric moiety. The MR-O—Mn bridging angles are asym-
metric with Mn1-O1—-Mn2 having a value of 97.2(2)and
Mn1—02—Mn2 a value of 101.0(3) The phenolate oxygen
bridging atoms mediate a MrtMn2 separation of 3.215 A,
significantly longer than the other members of this series (vide
supra). The nonlinear MrIMn2—Mn1A angle of 161.8
indicates that this system is perhaps better described as a
isosceles triangular trimer with two short giexygen-bridged
Mn---Mn distances and one nonbridged long MMn separa-
tion. This Mn1-Mn2—Mn1A bend is a result of the equatorial/
axial nature of the phenolate oxygen bridges caused by the
addition of the fifth ligand to the central metal atom.
Electronic Properties. The band positions and intensities
in the electronic spectra of [GL1O)4][BF4]2:3H20, [Nis-
(L10)4][C|O4]2'H20 and [CQ(L10)4][BF4]2'2H20 in MeCN
solution are summarized in Table 7. For{iLO)][ClO4]»-H-0
and [Ca(L10)4][BF 4]2-2H,0 band assignments were made on
the basis of the intensities of the observed absorptions since
the intensities of the €ld bands in aly or pseudotetrahedral
crystal field are more intense by about a factor of 10 than those
in an octahedral field due to the absence of a center of
symmetry!* Therefore the transitions due to the flattened
tetrahedral central metal atom of these two systems largely
dominate the visible region of their respective electronic spectra.
However for [Ng(L10)4][CIO4]2:H20 the lowest energy transi-

the different stereochemistries of the central and terminal metal tion in its spectrum (near 820 nm) has an energy and intensity

atoms. The phenolate oxygen bridging ligands make angles of(6

100.9(3) (Ni1—0O1—Ni3) and 101.4(2) (Nil—0O2—Ni2) with
the three N&™ atoms of the linear trimeric [N{L10)4]?* cation.

The coordination of the Co id is nearly identical to that of
its Ni analogue. The central Co@dopts a flattened tetrahedral
stereochemistry with a dihedral angle of &1lki&tween the two
COermina@2C0cenraplanes and Ce-Co separations of 3.088 A
(Col---Co2) and 3.063 A (Co1-Co3).

The crystal structure d is considerably different from that
of the other metal complexes. As in the Zn, Co, Ni, and Cu
analogues the [MyiL10)4(MeCN)J?* cation contains one M
atom (Mn1, Figure 3) coordinated to two tridentate [L1O]

ligands with the two phenolate oxygens orientated cis to each

other; these also bridge to a second?¥latom (Mn2) located

on a crystallographi€, axis (which generates the other half of
the cation). However, in this case Mn2 is further coordinated
to an exogenous ligand, a MeCN solvent molecule which is
also sitting on th&, axis. The two symmetry-related terminal
Mn2t atoms are therefore A9, ligated, 6-coordinate, in a
distorted octahedral geometry while the central?Matom is
N;04 ligated, giving a 5-coordinate slightly distorted trigonal
bipyramidal coordination geometry. The structural index,
(wheret = (8 — a)/60, wherefs and o are the two largest
coordination angleg; = 0 for square-based pyramidal geometry,
andzt = 1 for trigonal bipyramidal geometry$,has a value of
0.87. The equatorial plane of the TBP is defined by two
bridging phenolate oxygen donors (O2 and O2A) and the
nitrogen of the coordinated MeCN solvent molecule. The axial

= 12 per terminal Ni*) consistent with either afA,q —
3T,g Or 3Apq — 3T14 OCtahedral crystal field transition.

In [Cus(L1O)4][BF 4]2-3H,0 the visible region of the spectrum
is dominated by an intense asymmetric absorption centered
approximately 480 nm which is made up from two overlapping
bands (452 nn = 3856, and 512 sk, = 3044). The intensity
of this absorption clearly precludes it being adltransition;
hence, this feature is assigned as being due to phenolate oxygen
to CU' charge-transfer transitions. It is tempting to infer that
one of these PhOCU' CT bands is due terminal €uCT and
the other to central Ci CT in the [Cw(L10)4%" cation;
however, more detailed studies are needed to verify this point.
The other transition in the visible region of the electronic
spectrum of this complex is a much less intense band at 762
nm (€ = 253), which is the expected-dl transition.

Magnetism and EPR. We have obtained variable-temper-
ature magnetic data on compounés5 and completed a
preliminary analysis (Figure 4). A more detailed analysis of
the data is beyond the scope of this work and will be reported
in a separate publication along with comparative data on the
dinuclear and triangular trinuclear complexes we have previously

(13) (a) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C.J. Chem. Soc., Dalton Tran4984 1349. (b) Zoeteman, M.;
Bouwman, E.; de Graff, R. A. G.; Driessen, W. L.; Reedijk, J.; Zanello,
P.lnorg. Chem.199Q 29, 3487.

(14) Nicholls, D. Comprehensie Inorganic Chemistry Bailar, J. C.,
Emeleus, H. J., Nyholm, R., Trotman-Dickenson, A. F., Eds;
Pergamon Press: Oxford, U.K., 1973; Vol. 3, pp 133259.
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Table 3. Bond Distances (A) and Angles (deg) for
[Cus(L10),][BF 4]2»2MeCN

Table 4. Bond Distances (A) and Angles (deg) for
[Ni3(L10)4][ClO4]2-MeCN-0.5H,O

Cu3 Bond Distances

Ni2 Bond Distances

Cu3-03 2.038(6) Cu304 2.109(7) Ni3—01 2.029(6) Ni3-N2 2.065(8)
Cu3-N10 2.151(9) Cu3N12 2.045(8) Ni3—N4 2.052(7) Ni3-O1A 2.029(6)
Cu3-N14 2.066(9) Cu3N16 2.061(9) Ni3—N2A 2.065(8) Ni3-N4A 2.052(7)
Cu3 Angles Ni2 Angles
03—Cu3-N10 92.3(3) 04-Cu3—-N10 166.7(3) 02—-Ni2—N5 85.1(3) O2-Ni2—N8 94.7(3)
03—Cu3-N12 84.5(3) 04-Cu3—N12 95.4(3) N5—Ni2—N8 87.4(3) O2-Ni2—02A 76.4(3)
N10—-Cu3—-N12 88.7(3) 03-Cu3-N14 169.5(3) N5—Ni2—02A 92.5(3) N8-Ni2—02A 171.0(3)
04—Cu3-N14 95.6(3) N16-Cu3-N14 97.0(4) 02—Ni2—N5A 92.5(3) N5-Ni2—N5A 177.1(4)
N12—-Cu3—-N14 90.8(4) 03-Cu3—-N16 97.3(3) N8—Ni2—N5A 94.6(3) O2A-Ni2-N5A 85.1(3)
04—Cu3-N16 83.7(3) N16-Cu3-N16 92.7(3) 02—Ni2—N8A 171.0(3) N5-Ni2—N8A 94.6(3)
N12—-Cu3—-N16 177.7(4) N14Cu3-N16 87.1(3) N8—Ni2—N8A 94.3(4) O2A-Ni2-N8A 94.7(3)
03—Cu3-04 75.5(3) N5A-Ni2—N8A 87.4(3)
Cu2 Bond Distances Ni3 Bond Distances
Cu2-01 2.024(7) Cu202 2.200(7) Ni3—01 2.029(6) Ni3-N2 2.065(8)
Cu2—N2 2.239(10) CuzN4 1.997(7) Ni3—N4 2.052(7) Ni3-O1A 2.029(6)
Cu2-N6 2.047(10) Cuz2N8 1.994(7) Ni3—N2A 2.065(8) Ni3-N4A 2.052(7)
Cu2 Angles Ni3 Angles
01-Cu2-02 73.9(3) O%Cu2-N2 93.4(4) O1-Ni3—N4 86.5(3) N2-Ni3—N4 88.3(3)
02—Cu2-N2 166.3(3) O+Cu2-N4 85.5(3) O1-Ni3—-01A 76.8(3) N2-Ni3—01A 170.8(3)
02—-Cu2-N4 96.4(3) N2-Cu2-N4 87.7(3) N4—Ni3—01A 92.6(3) O%Ni3—N2A 170.8(3)
O1-Cu2-N6 168.8(3) 02-Cu2-N6 95.0(3) N2—Ni3—N2A 95.0(4) N4-Ni3—N2A 92.5(3)
N2—Cu2—-N6 97.8(4) N4-Cu2—-N6 93.8(4) O1A-Ni3—N2A 94.1(3) OL-Ni3—N4A 92.6(3)
0O1-Cu2-N8 92.4(3) 02-Cu2-N8 82.5(3) N2—Ni3—N4A 92.5(3) N4-Ni3—N4A 178.8(4)
N2—Cu2—-N8 93.0(3) N4-Cu2—-N8 177.8(4) O1A-Ni3—N4A 86.5(3) N2A-Ni3-N4A 88.3(3)
N6—Cu2—N8 88.2(3) O1-Ni3—N2 94.1(3)
Cul Bond Distances Nil Bond Distances
Cul-01 1.931(6) Cut02 1.911(7) Nil-01 1.932(6) Nit-02 1.944(5)
Cul-03 1.933(6) Cut04 1.924(7) Ni1l—02A 1.944(5) Nit-01A 1.932(6)
Cul Angles Nil Angles
01-Cul-02 82.9(3) O%+Cul-03 146.7(2) 01-Ni1-02 141.8(3) OENi1l-01A 81.4(4)
02—-Cul-03 106.6(3) O%Cul-04 104.0(3) 02—-Ni1-01A 111.6(2) O%Ni1—-02A 111.6(2)
02—-Cul-04 152.4(2) 03-Cul-04 82.3(3) 02—-Ni1—-02A 80.8(3) O1A-NiT-0O2A 141.8(3)
Cu---Cu Distances Ni---Ni Distances
Cul:--Cu2 3.125 Cu-Cu3 3.091 Nil---Ni2 3.082 NiZ--Ni3 3.055
Cu2-Cul—Cu3 Angle Ni—O—Ni Angles
Cu2—Cul—Cu 3175.4 Ni1—01-Ni3 100.9(3) Nit-02—Ni2 101.4(2)
Cul—03—Cu3 15;28) cu A2%|§504_Cu3 100.0(3) (Figure 5) shows a rhombic signal withvalues near 10, 2.7,
Cul—-02—-Cu2 98.7(3) Cu+01-Cu2 104.4(3) and 1.6 and hyperfine splitting from the= 7/, Co observable

in the low-field feature, consistent with &= 9/, ground state.

For 2, T varies from about 4.3 at 300 K to 0.45 gmol~!
K at 2 K. The value expected for &= 1/, ground state would
be 0.375 suggesting significant antiferromagnetic coupling of
the three C&" ions. Fits of the data give an adjacent coupling
of —19.95 cnml, a terminal coupling of O cr¥, g-octahedral
2.140,g-tetrahedral 2.103, and TIP of 1.2010°215 The 20
K EPR spectrum shows an axial signal centered gear 2,
typical of a tetragonally distorted copper environment and
consistent with ar§ = Y/, ground state.
The theoretical expression fgT can be found in ref 7. While The value ofy T for the Mn complexp, drops from about 20
this approach generally yielded satisfactory results, in some cm® mol™! K at room temperature to 4.5 at 2 K. The low-
cases a more detailed crystal field treatment may be warranted temperature limit is nearly exactly that expected forSaa />

« T per mole of complex fod has an essentially temperature- ground state arising from an antiferromagnetically coupled
independent value of ca. 10.6 #émol~1 K over the range from  System as is the hyperfine split EPR spectrum at 20 or 42 K.
300 to 50 K. Below 50 K it rises sharply to a value of 12.1 The magnetic data were again fit to a spin Hamiltonian which
cm® mol~1 K which is close to that (12.37) expected for 8
9/, ground state resulting from ferromagnetic coupling of three (15) Although in theory there are two independent coupling constants, one
ns d Co* ions before faling again at very low temperature. o1 ¢ =acert and one fr e terminal niesctons, thee i no
This behavior is consistent with a very strongly ferromagneti- fits were imperceptibly improved by the additional parameter and (b)
cally coupled system with significant zero-field splitting (ZFS). if two J values were used they were highly correlated and averaged
The lack of a temperature dependence Toover most of the to a value the same as that of the sindleeported; hence, as is

e . . . commonly done, the terminal couplinds, was set to zero. Kessis-

range makes it impossible to determind walue, but it must
be greater than 60 cth. The EPR spectrum of at 10 K

reported:? In general the data have been fit to the HDVV
(Heisenberg-Dirac—Van Vleck) spin Hamiltonian for linear
trinuclear complexes (eq 1), whege= S, = S3 andJiz = Joa.

A-—-A--A
S S S

Hexen= —2[31°S1S, + 355555+ 3,375, S)] 1)

soglou, D. P.; Kirk, M. L.; Lah, M. S.; Li, X.; Raptopoulou, C.;
Hatfield, W. E.; Pecoraro, V. Linorg. Chem 1992 31, 5424.
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Table 5. Bond Distances (A) and Angles (deg) for Table 6. Bond Distances (A) and Angles (deg) for
[Cos(L10),][BF 4]2-MeCN [Mn3(L10)y(MeCN)][CIO,] +1.4MeCN
Co2 Bond Distances Mn1 Bond Distances
Co02-02 2.069(4) Co2N5 2.093(5) Mn1-02 2.111(6) Mn+0O1 2.149(6)
Co2-N8 2.117(5) Co202A 2.069(4) Mn1—N4 2.227(9) MntN2 2.183(9)
Co2-N5A 2.093(5) Co2-N8A 2.117(5) Mn1—N8 2.257(9) Mn1-N6 2.211(8)
Co2 Angles Mn1 Angles
02-Co2-N5 84.8(2) 02-Co2-N8 93.8(2) 01-Mn1-02 77.8(2) 02-Mn1-N2 108.8(3)
N5—Co2-N8 86.02) 02Co2-02A 77.5(2) 01-Mn1-N2 84.4(3) O+Mn1-N4 165.1(3)
N5—Co2-02A 93.8(2) N8-Co2-02A  171.2(2) 02—Mn1—-N4 95.8(3) N2-Mn1—N4 85.1(3)
02-Co2-N5A 93.8(2) N5-Co2-N5A  178.2(3) 02-Mn1-N6 162.9(3) O+Mn1-N6 92.0(3)
N8—Co2-N5A 95.2(2)  O2A-Co2-N5A 84.8(2) N4—Mn1-N6 97.3(3) N2-Mn1—N6 83.3(3)
02—-Co2-N8A 171.2(2)  N5-Co2-N8A 95.2(2) 01-Mn1-N8 110.2(3) 02-Mn1-N8 79.0(3)
N8—Co2-N8A 95.03)  O2A-Co2-N8A 93.8(2) N2—Mn1-N8 165.0(3) N4-Mn1—-N8 81.3(3)
N5A—Co2-N8A 86.0(2) N6—Mn1—N8 92.1(3)
Co3 Bond Distances Mn2 Bond Distances
Co3-01 2.067(4) Co3N2 2.088(5) Mn2—02 2.055(6) Mn2-01 2.139(6)
Co3-N4 2.083(5) Co3-01A 2.067(4) Mn2—01A 2.139(6) Mn2-02A 2.055(6)
Co3-N2A 2.088(5) Co3-N4A 2.083(5) Mn2—N9 2.272(17)
Co3 Angles Mn2 Angles
01-C03-N2 86.0(2) OT-Co03-N4 92.8(2) 02—Mn2—N9 122.3(2) OFMn2-02 79.2(2)
N2—Co03-N4 87.8(2) OLCo03-O1A 78.1(2) 01-Mn2—-0O1A  174.3(3)  OtMn2—-N9 87.2(2)
N2—C03-01A 93.1(2) N4-Co3-01A 170.8(2) N9—Mn2—01A 87.2(2) 0O2Mn2—-01A 103.9(2)
01-C03-N2A 93.1(2) N2-Co3-N2A 178.8(3) 02-Mn2—-02A  115.4(4) Ot-Mn2-02A 103.9(2)
N4—Co03-N2A 93.0(2) O1A-Co3-N2A 86.0(2) N9—Mn2—-02A  122.3(2)  O1A-Mn202A 79.2(2)
01—-Co3-N4A 170.8(2)  N2-Co3-N4A 93.0(2) .
N4—Co3-N4A 96.3(3)  O1A-Co3-N4A 92.8(2) Mn1.--Mn2 Distance
N2A-Co3-N4A 87.8(2) Mn1---Mn2 3.215
Co1 Bond Distances Mnl-Mn2-MnlA Angle
Col-01 1.955(4) Cot02A 1.962(4) Mn1—Mn2—Mnl1A 161.8
Col-02 1.962(4) CotO1A 1.955(4) Mn—O—Mn Angles
Col Angles Mn1-O1-Mn2  97.2(2)  Mnt-02-Mn2  101.0(3)
01-Col-02 140.5(2)  0xCol-O1A 83.6(2)

Table 7. Summary of Electronic Spectra for [gU10)4][BF 4],

Qa-Col-o1f  L0A()  OFCorozs Lol [Ni3(L10)][ClO4]>-H0, and [Ca(L1O)][BF ]2-2H;0 in MeCN

02-Co1-02A 82.6(2) O1A-CorO2A  140.5(2)

Solution
Cor--Co Distances - —
Col:++Co2 3.088 Co#-Co3 3.063 bil'ﬁgt;%’;'ﬁs’ eéggff“eon prgggged
Co—0—Co Angles complex nm (cnl)  M~tcm™? assgnt
Col-02-Coz ~ 99.9(2)  Co¥O1-Co3  99.1(2) [Cus(L1O)[BF 4. 328sh (30490) 4300 E-Cu' CT
gave values ofl; of —1.8 cnt?, Ji3 of 0, g-octahedral 1.87, gig gzhz(i)g%)go) %%542 ':,T}%gﬂ:: (C;
g-tetrahedral 1.68, and TIP of 3.2 10°2. Thus although the 762 (13 120) 253  dd
coupling is still overall antiferromagnetic, it is considerably [Ni3(L10)4[ClO4]2H,O 354 sh (28 250) 1510 £ Ni"CT
weaker for Mn as compared to Cu. Interestingly thealue 454 sh (22 025) 120 d (tet)
for trinuclear5 which has phenolate oxygen bridges between 492 (20 325) 106 dd (tet)
Mn2* centers of differing geometry is virtually the same as that Sazgegg (91225)195) Aé% ig Egegt))
seen in an analogous actetate-bridged, all octahedral, Mn trimer|coy1 10),][BF ]»2H,0 346 sh (28 900) 934 bCd'CT
despite the somewhat shorter MNIn distances in the formée. 472 (21 185) 140  ¢d (tet)
Finally, for the N?* trimer, 3, 4T decreases from about 6 at 564 sh (17 730) 152  dd (tet)
300 K to 1.95 crimol~1 K at 2 K suggesting a8 = 1 ground 584 (17 125) 171 dd (tet)

state with some significant population of higher moment states
of a spin ladder. In this case adequate fits of the data required
bothterminal and adjacent coupling constants withof +22.7
cm1, J;3 —23.18 cn1l, g-octahedral 2.201g-tetrahedral 1.918,
and TIP of 8.9x 1073, Attempts to fit the data foB with only

a singleJ gave approximately 1000-fold greatgt values {2

= 5 (expt— calcd/expt]). TheS= 1 ground-state assignment

is also consistent with the lack of an observable low-temperature
EPR spectra as expected for an integral spin system.

cations of the form [(LLOMMM(L10) ;)%™ with the M2* ions

Zn?t, CW2*, Ni2t, C**, and Mr#". These trimeric cations
exhibit a remarkable consistency in their overall gross structure
throughout the series, with the sole exception of2Mwhich
possesses a 5-coordinate, rather than 4-coordinate, central metal
atom. For the Z#&", Ci2™, Ni2+, and C8" cations in fact, apart
from the obvious metal-dependent (small) variations irIM

bond distances and angles, the only major structural difference
between these species is the dihedral anglef the (flattened)
Discussion tetrahedral central metal atom (46(&u), 60.4 (Ni), and 61.2

The trid ‘N . » ligand (2-hvd henvl (Co)). This sort of consistency in molecular structure, for a
e tridentate “heteroscorpionate” ligand (2-hydroxyphenyl)- - o icy1ar ligand type, across the first row of the transition metals

bis(pyrazolyl)methane forms stable linear homometallic trimeric is rarely observed, the other striking example being that
(16) Tangoulis, V.. Malamatari, D. A Soulti, K.; Stergiou, V.. Rapto- described by Wieghardt et al., with the hexadentate ligand 1,4,7-

poulou, C. P.; Terzis, A.; Kabanous, T. A.; Kessissooglou, Dnérg. '_tris(3,'_S-dimethyl-2-hydroxybenz_y|)-1,4,7-triazacyc|ononane and
Chem 1996 35, 4974. its thio analogué ® These ligands also form phenolate
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Figure 4. Plots ofyT vs T along with fits of the data to the HDVV 8 ImTl

Hamiltonian as described in the text for the @utop), Mn,5 (middle), ) .
and Ni, 3 (bottom), trinuclear complexes. Figure 5. EPR spectra of solid samples of the @b(top), Mn, 5

(_center), and Cu2 (bottom), trinuclear complexes at 20 K. Condi-
(thiolate)-bridged linear trinuclear complexes of the form tions: 20uW/40 dB, 9.642 GHz1 G modulation amplitude.
[LMMML] ™, but the trimeric unit is composed of three face- ) ) ) )
sharing octahedra, in contrast to the octahedralitetrahedral/€Xist with the terminal and central €uatoms in 4-, 5-, or
octahedral motif found i@—5. While other examples of linear 6-coordinate coordination environments. One exception is the
trimeric homometallic complexes with O- or S-bridges are very complex [Clfs(OCH,CH,CH,NHa)4(dmf)][Culel1q],* which
common, their specific structural properties seem to be mediatedP0SS€sses a square-planar/flattened tetrahedral/square-planar
mainly by the structural preferences of the metatj(stereo- ~ Motif with a dihedral anglew, about the central Cul of 40°,
chemical, coordination number, etc.) rather than by the ligand, thus pozs+sess!ng somi similarity to the _centraﬂ*(m the [Cus-
which leads to gross structural differences in a series of metal (L10)a*" cation. Cé* trinuclear species also often possess
complexes. For example, linear trimeric?Nicomplexes often  €ither “chair® or “bent?> conformations with octahedral
possess trinuclear units in a “chair” conformation with square- terminal and central C6 atom geometry. o
planar or octahedral, terminal, and centraNatomsL7-20 For Several characteristics of the L1OH ligand mediate important
CW?* trinuclear species (commonly synthesized from Schiff- Structural features in the [ML10)4]*" cations formed from it,
base ligands) “flat2122 “bent”, and “chair®® conformations providing a major contribution to the overall consistency of
structure throughout the first-row transition metal series. For

(17) Turner, M. A_; Driessen, W. L.; Reedijk, horg. Chem.199Q 29,

3331. (22) Ferguson, G.; Langrick, R.; Parker, D.; Matthes, KJEChem. Soc.,
(18) Bullen, G. J.; Mason, R.; Pauling, Piorg. Chem.1965 4, 456. Chem. Commuril985 1609.
(19) Wei, C. H.; Dahl, L. Flnorg. Chem.197Q 9, 1878. (23) Epstein, J. M.; Figgis, B. N.; White, A. H.; Willis, A. Q. Chem.
(20) Barrera, H.; Suades, J.; Perucaud, M. C.; Brianso, Polyhedron Soc., Dalton Trans1974 1954.

1984 3, 839. (24) Myllyviita, S.; Sillanpaa, RJ. Chem. Soc., Dalton Tran£994 2125.
(21) Chiari, B.; Piovesana, O.; Tarantelli, T.; Zanazzi, Plnerg. Chem. (25) Fukuhara, C.; Asato, E.; Shimoji, T.; Katsura, K.; Mori, M.; Matsu-

1985 24, 4615. moto, K.; Ooi, S.J. Chem. Soc., Dalton Tran&987 1305.
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Figure 6. Schematic diagram showing the “cis” and “trans” isomers
present in the linear trinuclear complexes.

example the intramolecular steric interactions between the
bridging phenolate rings of terminal metal atoms precludes the
formation of a square-planar geometry about the central metal

Inorganic Chemistry, Vol. 37, No. 9, 1992271

OPh—M bridging phenolate-O [L10] ligands (the two O1 or
02 [L10] ligands within the MGMO,M moiety in Figure 6)
chelated so that the “axial” pyrazoles of these two [L10O]
ligands areboth located below or above the,MO,MO;MN
plane, and the other two [L1O]ligands of the trinuclear unit
have their pyrazoles located on the opposite side of this plane.
The Zn complex}, adopts this structure. For the “trans” isomer,
the M—OPh—M—OPh—M bridging phenolate-O [L10] ligands
(the two O1 or O2 [L1Oft ligands within the MGQMO,M
moiety in Figure 6) are chelated so that one of the “axially”
coordinated pyrazoles, of this [L1OJigand pair, is positioned
above the MMO,MO,;MN; plane and the other below this
plane. This isomer is observed in the2€pNi2*, and Cd"
cations.

The Mr#* complex is somewhat anomalous in this series of
compounds in that the central Kfhatom isfive coordinate
with a trigonal bipyramidal geometry. High-spifi Min2* has
no CFSE and hence no preference for any particular stereo-
chemistry with coordination numbers of 4, 5, and 6 all relatively
common. Although 6-coordination about the centraPMatom
is precluded by the steric hindrance imposed by the four
phenolate rings, the degree of steric hindrance imposed by these
ligands is apparently insufficient to prevent 5-coordination,
provided that only a small exogenous ligand occupies the fifth
coordination site. Examination of Figure 4 clearly indicates
that steric interactions within the Mh trinuclear unit do not

and encourages formation of tetrahedral type geometries everappear to be appreciably different than those in th&e Zaw+,

when these are not preferred. Most notable in this regard is
the [Cw(L10)42" cation with a dihedral angle of 46.8
considerably larger those commonly observed in 4-coordinate
Cu' centers where dihedral angles larger thahdre rare. The

Ni2*, and C38™ trinuclear complexes, and as a result, it is not
immediately clear why the Cti and NF™ complexes (metals

for which 5-coordination is possible) do not similarly accom-
modate an exogenous MeCN ligand, since crystallization

induced tetrahedral geometry of the central metal also preventsconditions were the same for all these compounds.

the adoption of the more common “chair” conformation in the
trinuclear unit observed in many other Ni and Cé"
systemd7-2025 The the flattened tetrahedral geometry adopted
by both the Nt and C&* with dihedral anglesyp, of 60.4 and
61.2, respectively, is somewhat unexpected considering that
regular tetrahedral geometries are quite common for both of

these metals and that the steric interactions between the pheny:.

rings would seem to encourage such a geometry. While for
Ni2* square-planar geometries are also commonly observed an
so stereochemical flexibility between these two extremes is not
unreasonable, such is not the case fo?'Co

Another significant structural feature only becomes evident
upon close examination of the [gL10)4]%", [Ni3(L10)4?t,
and [Cq(L10)4?" cations and reveals an apparent stacking
interaction between the phenyl rings of the bridging phenolates.
The fact that the stacked phenyl rings are not exactly parallel
with dihedral anglesg, of 21-22° and that the average
separation of the rings is approximately 389 A suggests
that these are not trua-stacking interactions in the usual
sensé’ Interestingly the [ZgL10)4%" cation does not show

this stacking and indeed the phenyl rings are almost orthogonal

to each other. We first attributed this to the differencewin
values between the €4, Ni2t, C?", and Z#" complexes;
however, it became obvious that such cannot account for this
large difference in phenyl ring disposition. This brought to our
attention a subtle form of “cis” and “trans” isomerism present
in these [M(L10)4]2" cations and which is illustrated schemati-
cally in Figure 6. The “cis” isomer has the two MIPh—M—

(26) Solari, E.; Floriani, C.; Cunningham, D.; Higgins, T.; McArdle JP.
Chem. Soc., Dalton Tran§991 3139.

(27) Hunter, C. A.; Sanders, J. K. Ml. Am. Chem. Socl99Q 112
5525.

Variable-temperature magnetic and EPR data have been used
to identify the low-temperature ground magnetic states and
indicate that the overall couplings in the Ll O);]2" and [Nis-
(L10)4)2" cations are modestigntiferromagneticin the [Ca-
(L10)4)2" cationstrongly ferromagneticand in the [Ma(L10),-
gMeCN)]2+ cation weaklyantiferromagnetic. The Ni complex,

, can be compared to the Ni dimers and trinuclear complexes

repared by Wieghardt and Ginsbér§. In the case of the face-

haring octahedral/octahedral/octahedral systems with acac or
phenolate bridges the overall ground stateSiss 3 with a
dominant ferromagnetic adjacent coupling (¢4.2—15 cnt?)
and a smaller antiferromagnetie-4 to —6 cnTt) terminal
interaction® The ferromagnetic ground state is attributed to the
orthogonality of the magnetic orbitals due to the neaf 90
bridging angle. In the case of the thiolate-bridged analogue,
the relative sign of the coupling has been reversed diith=
—28 cnrt andJ;3 = +12 cntl, the resulting ground state being
S= 15 The rationalization here is that the more acute bridging
angle (ca. 7% removes the accidental orthogonality between
the magnetic orbitals and that a new antiferromagnetic super-
exchange pathway becomes available due to the better energy
match between the metal 3d orbital and the sulfur 3s orbitals.
For the phenolate-bridged dinuclear octahedral/tetrahedral nickel
complex the adjacent interaction is also antiferromagnetic but
of larger magnitude (perhaps due to the lack of the competing
ferromagnetic terminal interactioh) The angles in this system
are also very acute leading to a loss of orthogonality between
the magnetic orbitals (with its attendant ferromagnetic interac-
tion) and an antiferromagnetic superexchange pathway, involv-
ing net overlap of the typeplitz, becomes available, resulting
in the S= 1 ground staté. In the case oB we see adjacent
and terminal couplings that are nearly equal in magnitude but
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opposite in sign which also lead to &= 1 ground state. ties ofoctahedral/tetrahedralimers of the type [M(LLOQMCI;]
However here the bridging angles are greater than(®@erage and heterometallic species where the nature of the metal in the
ca. 100). terminal and central positions can be varied are required to more
The weak to modest overall antiferromagnetism (the terminal fully elucidate the spirspin interactions. These studies are

coupling appears to be near zero) in the Cu and Mn complexescurrently in progress and will be detailed in a future paper.

is not really surprising and can probably be rationalized via a
number of different models (such as the so-called “crossed
interactions28). However, there seems to be no simple model
that can explain the magnetic results &irfour complexes. In
particular the very strong ferromagnetic interactions between
the C@" ions in4 appears to be unprecedented. These initial
results are clearly indicative of spitspin interactions displaying Supporting Information Available: Complete listings of atomic
considerable variety in behavior between the different metals. positions, bond lengths and angles, anisotropic thermal parameters,

Thus the synthesis and characterization of the magnetic proper-ydrogen atom coordinates, and data collection and crystal parameters
and ORTEP diagrams fat—5 (50 pages). Ordering information is
(28) Hotzelmann, R.; Wieghardt, K.; Florke, U.; Haupt, H. J.; Weatherburn, given on any current masthead page.

D. C.; Bonvoisin, J.; Blondin, G.; Girerd, J. J. Am. Chem. Soc

1992 114 1681. 1C970844S
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