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Abstract

A new pentadentate ligand, a,0,0’,a’-tetra(pyrazolyl)lutidine, pzslut, has been prepared by a CoCls-
catalyzed rearrangement reaction between 2,6-pyridinedicarboxaldehyde and dipyrazolylthione. The
coordination chemistry with some divalent first-row transition metal (Mn, Fe, Co, Ni, Cu, and Zn)
chlorides has been explored. The electronic properties indicate that the new «°N ligand is a slightly
stronger-field donor to Ni2* and Co?* than a related pentadentate ligand with five pyridyl donors
presumably because of greater interaction between the metal and axial pyridyl.

There has been recent interest in tetrapodal pentadentate ligands that bind metals in a MAE4
(M = metal; A = axial; E = equatorial) fashion for studies in fundamental coordination
chemistry especially those involving modeling of the reactivity of biologically important
species such as the hemes and cobalamins.! The continued development of pentadentate
ligands has led to the discovery of interesting new nonheme metal complexes capable of
facilitating many spectacular organic transformations, highlighted by the oxidation of alkanes.
2 pentadentate ligands of particular relevance to the current study are those derived from
tetrakis(2-pyridyl)-m-lutidine (Figure 1, left). Numerous coordination modes have been
observed for each,® with the pentadentate mode being more extensively structurally
authenticated for PY54 than for other PY5-R derivatives.® Transition-metal complexes of
pentadentate PY5 have an unusual structural feature in that the dihedral angle between the
axial pyridyl and the equatorial N4 plane significantly deviates from ideal orthogonality. Such
a deformation likely reduces the efficiency of both - and n-orbital interactions between the
axial hetero-cycle and the metal d orbitals, a possible factor influencing the reactivity of the
complexes. Molecular models suggest that this unusual arrangement is enforced by steric
interactions about the quaternary carbons specifically between the methoxy and pyridyl groups.
While this deformation may not be as pronounced in solution,® we conjectured that
modification of the pentadentate ligand backbone might provide a key to tuning the properties
and chemical reactivity of the resulting metal complexes because, in metal complexes, the cone
angle for steric accessibility is larger for ligands with five-membered pyrazolyl rings compared
to those with similarly substituted six-membered pyridyl rings. To this end, we have developed
a new class of pentadentate ligands based on the o,a,a’,0'- tetra(pyrazolyl)lutidine, pz4lut,
scaffold (Figure 1) and have initiated an investigation into their coordination chemistry. The
new ligands offer some advantageous design features that can be exploited for further
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systematic studies, including (i) the ease of synthesis of pyrazoles with nearly limitless
substitution patterns that allow for facile means to control steric and electronic properties of
the resulting metal complexes and, by appropriate pyrazolyl substitution, allow for the
deliberate construction of supramolecular assemblies’ and (ii) the flexible ligand synthesis
permitting ready substitution of the fourth group (R’ in Figure 1, right) of the sp® C atoms,
which will allow further evaluation of the impact of this substituent on the properties of the
resulting metal complex.

In this Communication, we report on the synthesis of the new ligand and its coordination
complexes with a series divalent first-row transition-metal halides. A brief survey of the
structural and electronic properties of the complexes is discussed. Future papers in this series
will elaborate on the electronic properties and chemical reactivity of these and related
complexes, where special attention will be paid to the effects of substitution along the organic
skeleton and to the various ligand coordination modes.

The synthesis of the new ligand, pzslut (Scheme 1), exploits the CoCl,-catalyzed
rearrangement reaction8 between 2,6-pyridinedicarboxaldehyde® (prepared by SeO, oxidation
of 2,6-pyridinedimethanol) and the appropriate di(pyrazolyl)-sulfone (prepared in situ by the
reaction between NaH, Hpz, and SOCI,)10 in THF. Typically, the CoCl,-catalyzed
rearrangement reaction with dialdehydes affords high yields (>70%) of product. In the current
case, the yield is typically only 40%. Presumably, the relatively higher stability and lower
solubility of the cobalt complex of this ligand sequesters the catalyst, lowering its performance.
We are currently working on methods to improve the catalyst performance or, otherwise, to
optimize the synthesis of the ligand. Regardless, synthetically useful quantities of ligand are
obtained.

X-ray-quality crystals of divalent metal chloride complexes [MCI(x°N-pz4lut)]* were
obtained by layering of methanol solutions of the transition-metal salts (except Ni, for which
ethanol gave better quality crystals) onto CH,Cl, or CHCI3 solutions of the ligands and
allowing the solvents to slowly diffuse over several days. The complexes with M = Mn, Fe,
Co, and Cu contain a chloride anion and a methylene chloride solvent molecule. The nickel
derivative crystallizes with a chloride anion but as an ethanol solvate, while the zinc derivative
contains the [ZnCl3(MeOH)]™ anion. The structure and metrical parameters for each complex
are given in the Supporting Information, while the structure of a representative cation, [NiCl
(pzglut)]*, is provided in Figure 2. The six metal cations prepared in this study share a number
of common features. All have MN5sCI kernels as a result of °-ligand coordination with pyridyl
and chloride axial groups and four pyrazolyl N atoms occupying the equatorial plane of the
pseudooctahedral metal center. The average metal-nitrogen(pz) bond distances Mn!'-N 2.26
A (d°), Fe'"-N 2.20 A (dg), and Co''-N 2.15 A (d”) are indicative of high-spin systems.11 The
local MN4(pz)N(py) environment deviates from ideal C4, symmetry because of various
differences in the equatorial M—N bond distances and associated angles, as is more fully
addressed in the Supporting Information. Also, with the exception of the copper derivative (see
the Supporting Information), the bond distances and angles of the MNsCI kernels are
comparable to those for related high-spin [MCI(PY5)](Cl) complexes.* One significant
structural difference between the [MCI(k®N-L)]* cations (L = PY5 or pz4lut) is the angle
between the mean plane of the axial pyridyl ring and that defined by the equatorial N atoms of
each type of ligand; that for the PY5 complexes deviates from orthogonality to a greater extent
than the corresponding angle in the pz4lut complexes, as is illustrated for the nickel cations in
the top of Figure 3. This and other ligand distortions can also be quantified by examining the
average heterocycle ring twisting,12 measured by the torsion angle MN-NC(sp2) for metal-
bound pyrazolyls or MN-CC(sp?) for metal-bound pyridyls; ideally, this torsion angle should
be 0°. In all cases, there is more ring twisting in the PY5 complexes than in the pz4lut cases,
with the greatest contribution in the former cases from the axial pyridyl, illustrated in the bottom
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of Figure 3. For the two [NiCI(L)]* cations, the average ring twisting for L = PY5 is 9.8°,
whereas it is 1.8° for L = pz,lut.

Selected electronic properties of the complexes are summarized in Table 1. The magnetic and
electronic properties, are consistent with the high-spin configurations of the Mn!!, Fe!!, and
Co!! derivatives (see the Supporting Information for the spectra). The solid-state magnetic
moment of each [M''CI(pz,lut)]* gives values close to the expected spin-only moments for
Mn'! (high spin), Ni'!, and Cu'!, whereas those for Fe!! and Co!! are a little higher because of
the expected orbital angular momentum contribution. The various paramagnetic [M''CI
(pz4lut)]* derivatives as frozen (10 K) dispersions in silicon oil were also subject to X-band
(9.6 GHz) electron paramagnetic resonance (EPR) spectroscopic studies to verify spin
multiplicities. The data are collected in Table 1, while EPR spectra and detailed discussions
are given in the Supporting Information. The complexes generally displayed axial signals,
expected from the solid-state geometries. The Mn!! and Co!! EPR spectra indicated the S = 5/2
and S = 3/2 high-spin configurations, respectively. The zero-field splitting, A, was much larger
than the Zeeman interaction in both cases. In the case of Mn'!, it appears that excited-state
doublets were populated at 10 K (i.e., 7 cm™1 < A > 0.3 cm™1), whereas for Co'l, A » 7
cmL. No EPR signal was detected for the Ni'l complex, typical of a non-Kramers (S = 1)
system with significant zero-field splitting. Interestingly, an EPR signal for [Fe!!Cl(pz4lut)]
(CI) was observed at gefs ~ 9 at low temperatures despite a non-Kramers (S = 2) spin multiplicity
owing to some proportion of the zero-field splitting envelope satisfying the condition A < 0.3
em113

The electronic spectra of the ligand and metal complexes are provided in the Supporting
Information. For each, there are two rather intense bands near 200 nm (g ~ 25 000 M1
cm~1) and 260 nm (g ~ 5000 M~1 cm™1), assigned to =-* intraligand transitions on the basis
of intensity. For all of the metal complexes, an additional shoulder near 300 nm (g ~ 50-2700
M~1 cm™) is observed that is absent in the free ligand and is tentatively assigned as metal-to-
ligand charge transfer in nature. For Fe!l, Co!!, Ni!!, and Cu'!, lower-energy low-intensity (e <
50 M~1 cm™1) spin-allowed d—d bands are also observed; the spin-forbidden bands in Mn!! are
not observed. The single d—d band in the spectra of each Fe!! and Cu!! shows a pronounced
shoulder from the expected Jahn-Teller distortions. The crystal-field splitting parameters
(Table 1) calculated from the observed d—d bands gave the metal-dependent spectrochemical
series Col' > Nil' > Fell > cu! for the pz4lut complexes.14 In the cases of Co!! and Ni!!, where
full data are readily available for comparison, the crystal-field splitting parameters for [MCI
(L)]* (L = pzalut, PY5) indicate that the pz4lut ligand exerts a slightly stronger field (Co'!,
10 Dg = 11582 cm™1; Ni'!, 10 Dg = 11 442 cm™1) than the related PYS5 ligand (Co!!, 10 Dq =
10915 cm™1; Ni'!, 10 Dg = 10 707 cm™1).# Because pyridyls are generally stronger field donors
than pyrazolyls, this rather surprising observation may be a result of the greater ligand
distortions in the PY5 framework compared to the pzlut cases. A greater degree of ring
twisting in the former may potentially reduce the full c-donor (and m-accepting) capabilities
of the PY5 ligand.

In summary, a new pentadentate ligand, a,0,0’,a’-tetra(pyrazolyl) lutidine, pzslut, and several
coordination complexes with [MCl(pzslut)]* (M = Mn, Fe, Co, Ni, Cu, Zn) cations have been
prepared. A survey of the structural features of the complexes shows that the ligand binds in
the expected k>N mode with the axial pyridyl group nearly orthogonal to the equatorial N4
plane. Analysis of ligand distortions in related [MCI(L)]* (L = pz4lut, PY5) complexes
indicated a lower degree of ring twisting in the current system relative to the PY5 complexes.
This feature might be responsible for the rather surprising electronic properties because
pzslut is a slightly stronger field ligand to Co!' and Ni'! compared to the all-pyridyl-based
PY5 ligand, contrary to initial expectations. The simple synthesis of the new ligand architecture
combined with ready modifications using numerous available substituted pyrazolyls permits
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easy access to derivatives with variable steric and electronic properties, chemical reactivity,
and ligand denticity, as will be disseminated shortly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Related pentadentate ligand scaffolds.
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Figure 2.
Two ORTEP (50% probability ellipsoids) views of the [NiCl(pz4lut)]* cation.
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Figure 3.

Comparison of the structures of related [NiCI(L)]* cations (L = PY5, left; L = pz4lut, right).
H atoms are omitted. Top: views orthogonal to the axial pyridyl. Bottom: views down C-O
(PY5) or C-H (pz4lut) bonds.
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Scheme 1.
Preparation of the pz4lut Ligand
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Summary of the Electronic Properties of Transition-Metal Complexes of pz4lut

Table 1
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complex Hefrllg Amaxe NM (&, M~ cm™), MeOH 10 Dg, cm™* EPR X-band (9.6
GHZ)! Oefr

[MnCl(pz,lut)]* 5.9 215 (29 404), 264 (5614), 342 sh (53) g, 405, g,0.99
[FeCl(pz lut)]* 5.2 263 (8762), 300 sh (2677), 428 (282), 10393 Ut ~9

888 (19), 1050 sh (5)
[CoCl(pz,lut)]* 36 264 (4936), 300 sh (608), 472 (20), 11582 g, 4.32, g, 2.30

934 (4) (Grear ~ 2.2)
[NiCI(pz4Iut)]+ 2.3 268 (3455), 300 sh (188), 536 (25), 11442

764 sh (7), 874 (13)
[CuCl(pz,lut)]* 18 270 (3611), 424 (278), 700 (43), 1150 ~9820 g, 207,0,2.28 (A=

sh (12)

17 mT)
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