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Abstract

Introduced approximately two decades ago, macrocyclic deprotonated tetraamido (4N) and, nearly a decade earlier, acyclic diamidodialkoxido or
diamidophenolato (2N/20) ligand systems have been used, among other things, for the synthesis of a wide variety of high-valent complexes of iron,
manganese, cobalt, vanadium, nickel, chromium, and copper. Structural, magnetic, and catalytic properties of these mononuclear, dinuclear, and
polynuclear complexes created by the Collins group are reviewed. The present account continues an overview of complexes of this type published
recently and devoted to iron species exclusively [Chanda et al., J. Inorg. Biochem., 100 (2006) 606], which provide the first highly effective small
molecule mimics of peroxidase enzymes, called TAML activators. The story of the reviewed first-row complexes does not include the diverse and
instructive chemistry discovered for osmium, but like the osmium chemistry, it derives its greatest significance from the fact that key members of
the various species mark the steps along the design pathway that led to iron-TAML activators. Consideration is given to recent questioning in the
literature of the innocence of a TAML system that was designed to be innocent. The reasons underlying the now 15-year old refocusing of our
research program on oxidation catalysis and green chemistry with the associated termination of research into designed molecule-based magnetic

* Corresponding authors. Tel.: +1 412 268 6335; fax: +1 412 268 1061.
E-mail address: tclu@andrew.cmu.edu (T.J. Collins).

0010-8545/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2007.11.006


mailto:tc1u@andrew.cmu.edu
dx.doi.org/10.1016/j.ccr.2007.11.006

D.-L. Popescu et al. / Coordination Chemistry Reviews 252 (2008) 2050-2071 2051

materials are explained. Our closing contributions from the mid-1990s to the design of molecule-based magnetic materials are reviewed. Previously
reported data are discussed in conjunction with newly obtained information on the complexes using density functional theory.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The powerful biological oxidizing systems of peroxidases,
cytochrome P450s and similar enzymes [1,2] challenge chemists
to understand and to reproduce their exceptional reactivity in
synthetic mimics in related or tangential design spaces [3].
The phenomenal oxidizing power of the enzymes coexists with
appreciable resistance to “self-oxidation”. This coexistence is
achieved by the employment of design elements that direct
the selectivity of the reactive intermediates toward rapid sub-
strate oxidation, thus allowing oxidatively fragile components
of the enzyme to be kinetically camouflaged and enabling
the enzymes to perform numerous catalytic turnovers before
they finally succumb to degradation under the intense reactiv-
ity pressure. Ideally, synthetic low-molecular-weight catalysts
should possess similar functional properties, preferably with an
easily accessible range of reactivity, diverse controllable selec-
tivity, and even superior performance especially in terms of the
turnover numbers. Now knowing what is needed, we can assert
that to create such catalysts requires one to focus intently upon
the design and synthesis of appropriate ligand systems that both
convey what one imagines will be the required electronic struc-
ture to the chosen catalytic metal atom while also being resistant
to hydrolysis (given that the most important solvent to master is
water) as well as to the aggressive oxidizing conditions that the
catalysts are being designed to unleash. Then, after complexa-
tion of a suitable metal, the man-made catalyst should activate
the primary oxidizing agents of nature, viz. hydrogen peroxide
and dioxygen. Their oxidizing equivalents should be delivered
to target molecules avoiding rapid catalystacidal self-oxidation
of both the suicidal and homicidal varieties.

The Collins group initiated such a design program more
than 25 years ago with a focus on learning how to slow down
the degradation processes of ligand systems conceived to
be electronically capable of supporting appropriate reactive
intermediates. This was seen as an alternative and more viable
technological approach to the ingenuity in enzyme evolution,
which focuses on speeding up the targeted reactions [3]. In
recent years, we have been able to confirm that the Collins iter-
ative design protocol, developed to understand how to protect
ligand systems from rapid oxidative and hydrolytic degrada-
tion, is a sine qua non for achieving useful small molecule
enzyme-like synthetic catalysts for oxidative processes [4]. At
the top of our research pyramid stand iron(III) complexes of the
TetraAmido Macrocyclic Ligand (TAML) system [5,6]. These
phenomenal activators of hydrogen peroxide in water [3,7,8]
and, less usefully at present of dioxygen in weakly coordinating
non-aqueous media [9], show superior activity in a variety
of industrially, environmentally, and strategically important

processes including persistent pollutant remediation, pulp and
paper bleaching [10], chemical effluent treatment, chemical
warfare and biological decontamination [11], degradation of per-
sistent chlorinated pollutants [12], desulfurization of diesel fuel
[13], fine chemical synthesis, and water purification [14].

A number of TAML systems that deliver the desired cat-
alytic activity have been designed, synthesized and thoroughly
explored. But the PolyAnionic Chelating (PAC) ligands that
were initially introduced differ noticeably from the more recent
TAML systems [15]. Almost a dozen transition metals have been
incorporated into PAC ligand and TAML systems. Although only
iron-TAML complexes have proven to date to be powerful oxi-
dation catalysts, manganese-TAMLs give less useful catalysts.
In addition, the many different metal systems have revealed a
spectrum of new features related to general aspects of coordi-
nation chemistry showing unusual geometries and coordination
numbers, and magnetic properties.

This last area deserves special mention in the introduction,
because our having to abandon it was especially chagrining.
A design program, complementary to the catalyst design pro-
gram, was aimed at contributing to developing the synthetic and
related thinking required for building magnetic crystals of pre-
determined magnetic behavior and it was beginning to bear fruit
by the early 1990s. This program arose as the unusual higher spin
ground states were being found for mononuclear M,PAC ligand
complexes and it was realized that M, PAC species could be cou-
pled to other paramagnetic ions (My) at the M,(OR), moieties
giving M,(p-OR)2Mp multimetallic ions that had the potential
to have ground state electronic configurations with high numbers
of weakly coupled spins. Moreover, it was realized that high-spin
ground states were to be reasonably expected in these multinu-
clear ions because the unpaired spin structures on M, ions are
such that they should favor ferromagnetic exchange interactions
with My, ions whenever M, had a d-electron count <7, regard-
less of the electronic structure of M. This notion was based on
the realization that the principal do orbital on M, is made espe-
cially antibonding by the strong PAC ligand o-donor system and
it was this feature that was giving rise to the high-spin ground
states of M,PAC species with the d-electrons being distributed
among the four remaining more closely grouped d orbitals. Thus,
the major M, d-orbital communicating through the —OR bridges
with My, could reliably be expected to be empty and therefore
to interact with My, to give ferromagnetic exchange. This, it was
further rationalized, meant that the PAC ligand systems offered
promise, following their further development into iterated com-
plexes capable of bridging two My magnetic ions, for use as
synthons for building magnetic crystals where one would be
able to predetermine the sign of the local exchange interactions
and extend these globally to the crystal and also to learn how
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to also control the magnitude of the exchange coupling interac-
tions. While it was understood that the idea could meet its demise
at the hands of other bridging interactions, such as those of -
symmetry, it was hoped that such work would lead to valuable
contributions to the intellectually striking and well-established
field of research which was at the time and is to this day targeting
synthetically designed magnetic crystals.

The challenges became those of showing that this idea was
valid in some multimetallic ion and also of designing (M, ), PAC
systems with internally aligned spins that could bridge My, ions
as an approach to designed magnetic crystals. It was further
rationalized that the bonding to My, of the (M,)>PAC bridging
complexes would need to be weak so that growing crystals would
be able to heal imperfections during a not too exothermic growth
process as an essential condition for obtaining designed mag-
netic crystals of reasonable size. This work, of course, required
much deliberation on the chemical, structural and electronic
requirements of the (M,),PAC systems and on the magnetic
crystals that might result before they were ever created in prac-
tice, and it was additionally satisfying because it was being
carried out in the context of an international field that is noth-
ing less than an intellectual banquet. Reasonable progress was
made in showing the idea concerning the control of the sign of
exchange coupling has validity in real systems via the multi-
metallic ion {Co'[Co™(PAC)]3}~. Significant advances were
made in moving toward (M,),PAC species that looked suit-
able for building designed magnetic crystals. A one-dimensional
chain based on [Mn(PAC)]~ was adventitiously discovered.
This work is highlighted in several places in the review, espe-
cially near the end.

However, this most stimulating area of the design of mag-
netic crystals with its uncompromising demands for full-time
intellectual and experimental engagement had to be terminated
in the 1990s. This was required by two developments. First, there
was the need to focus on oxidation catalysis following the dis-
covery of working Fe-TAML catalysts with their own obdurate
demands for focus. Second, the field of green chemistry began
emerging in the early 1990s, inspired by Paul Anastas, and the
Fe-TAML program fitted with it perfectly in rationale and objec-
tive. Thus, in the most rewarding of all developments in our
program, green chemistry became a central passion in the early
1990s with Carnegie Mellon University having the first course in
the area starting in 1992 and the Professor Collins’ group spend-
ing much of its time focusing on understanding how to engage
effectively in the extraordinarily broad challenges involved with
building a field of chemistry aimed at no less than construct-
ing the chemical dimension of a sustainable high-technology
civilization.

Catalysis-related features of the iron complexes in different
oxidation states have been recently reviewed [16]. This account
collects and reviews the chemistry of the other first-row transi-
tion metal complexes that has been important in the evolution of
the Fe-TAML activators. It opens with a brief description of the
Collins ligand systems, followed by a survey of mononuclear
metal complexes focusing on their structural features, spectro-
scopic characterization, and catalytic activity. A sizable section
is focused on countering a recent article contesting the innocence

of the TAML system designed by the Collins Group to be inno-
cent. In this section, we also thank the authors of the contesting
article for showing TAML systems can be excellent m-donors.
A description of polynuclear compounds with an emphasis on
their magnetic properties and design considerations concludes
the review. Many results were obtained before the density func-
tional theory (DFT) revealed its significant prediction potential.
Therefore, some of the systems have been probed by DFT [17]
and these results are also included here for the first time.'

2. A ligand survey

For the purposes of this review, a new nomenclature is
introduced (Table 1) to differentiate easily the many different
chelating systems. Development of the ligating systems dis-
cussed here commenced in 1980 and the first complexes were
introduced in the literature in 1984 by the example of the PAC
type H4L and H4P ligands (Table 1) [18]. Their acyclic sys-
tems contain two amido (V) and two alkoxido or phenolato (O)
donor centers (2N/20; H4LL and H4P, respectively). When pro-
tonated, these neutral N-H and O-H functionalities are weak
ligands with the protonated amide functional groups engaging
where possible in O-coordination, but they transform into very
powerful negatively charged, predominantly o-donating amido-
N ligands upon deprotonation. The overall ligand charge of —4
also makes the ligands particularly suitable for metal centers in
higher oxidation states. Though transition metal salts in lower
oxidation states have often been used as starting materials dur-
ing the syntheses, the metal oxidation states in the stable isolated
complexes are normally higher. This general feature was in fact
predicted. The o-donor centers additively enforce a significant
decrease in the redox potentials of the complexes [19] such
that low-valent species, deriving from low-valent metal ions
used for insertions, once formed can be oxidized rapidly by a
variety of components of the reaction media, including dioxy-
gen, where it has not been excluded, as well as by deliberately
added more powerful oxidizing agents such as hydrogen perox-
ide, tert-butyl hydroperoxide, peroxy acids, or diacylperoxides.
Because of their special significance in oxidation chemistry, it is
worth pointing out that such added oxidizing agents are required
to date for the formation of terminal oxo complexes, but the
intermediate formation of iron(V)oxo complexes is implied in
the chemistry of iron(III)-TAML complexes with dioxygen in
weakly coordinating solvents where the products are p-oxo-
[Fe(IV)(Q)]2 complexes [9]. The conceptual merger of two HyLL
ligand systems gave rise to the binucleating ligands HgL' and
HgL” (Table 1), the prototype (M,)2PAC complexes introduced
above, produced with the design of molecule-based magnetic

! Density functional calculations were performed using Becke’s three-
parameter hybrid functional (B3LYP) and basis set 6-31G, unless stated
otherwise, provided by the Gaussian 03 (release B.05) software package. Geom-
etry optimizations were terminated upon reaching the default convergence
criteria. Mulliken population analysis was employed to monitor the electron dis-
tribution. The SCF calculations used tight convergence criteria (10~° root mean
square, RMS, deviation in the density matrix and 10~8 atomic unit maximum
deviation in energy).
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Table 1
The ligand systems designed and discussed in this review

Ligand system Abbreviation Head Tail R/R

w1 © NH HN S H,L! m n/a

n/a
OH HO
H,L? n/a
H,4L3 H/—
H,L* 3,4-Cly/—

TN

HO™ PN NI oH
I:[ HgL/ n/a
How__HN Nd__OH n/a
N\
HO/\HN NH on
HgL” n/a
HO__HN NbOH

0]

o) NH HN

H4P H,P! l \ —/4 ,6/-Cl
1 \~OH HO—/ \3 na
e -
RI ./ 6‘ ."""--.5‘ R,
H,P? H/H
H,P3 H/4,6'-Cl,
H,P* 3,4-Cb/4’,6'-Cl,
O -NH  HN 0
H4Q H4Q! n/a
NH HN
H,Q? H/—
H,Q? 3,4-Clo/—
H,Q* 0 O  3,4-(OMe)y/—
H,Q° 3,4-Mey/—

H,Q° n/a



2054 D.-L. Popescu et al. / Coordination Chemistry Reviews 252 (2008) 2050-2071

Table 1 (Continued )

Ligand system Abbreviation Head Tail R/R’
H,Q’ 3 4 H/
H4Q? 5 / \ 5 o 3,4-Clp/—
H,Q° (0] 3,4-(OMe)y/—
-
O NH HN O
H4T H,T! 3/ \4 H/—
NH HN 2/ 5 o o
i
H,T? 3,4-Cly/—
H,T3 3,4-(OMe),/—

materials in mind. The binding of two paramagnetic metal ions
led to ideal systems for the study of exchange interactions
through extended ligand bridges and for the exploration of the
production of magnetic crystals [20].

The 2N/20 donor system realized in the open H4L ligands
ruled out cyclization while retaining high-negative charge, so
no 2N/20 macrocyclic ligands were synthesized. One obstacle
is the valency limitation of the oxygen phenolato and alkoxido
ligands. However, nitrogen provides the extra valency required
for forming macrocycles and therefore a crucial switch to the
4N tetraamido system was made in 1991 by which time it had
become obvious that the acyclic Collins ligands are limited by a
formidable propensity to undergo hydrolysis in their derivative
first row complexes, that they can be susceptible to a oxida-
tive chelate ring cleavage when the metal center is oxidizing,
and that they can be prone in strongly oxidizing complexes to
undergo a non-planar amidato-N ligand formation that reverses
upon reduction of the metal [5]. With regard to the second limi-
tation, the following of the Design Protocol led to the realization
that the oxidative ring cleavage could be obviated by the transi-
tion from an alkoxido-O to an amidato-N donor, as this change
reduced from two to one the number of lone pairs on the donor
atom while leaving the sole remaining lone pair orthogonal to
the o bond being cleaved by the oxidative process found when
two are present, thereby shutting down an essential compo-
nent of the electron flow that we hypothesized is required for
the observed ligand decomposition. When the substitution did
indeed result in a much more oxidatively robust chelate system,
this understanding was generalized as one of the Collins Rules
for protecting chelating ligands from oxidative destruction. The
resulting H4Q ligands, referred to as the TAML systems, were
introduced (Table 1) in answer to these many complications of
the acyclic systems that had clearly become impediments to
designing functional oxidation catalysts [21,22].

The study of TAMLs containing different “head” and “tail”
groups provided a broad spectrum of high-valent metal com-
plexes with unique structural, magnetic, and catalytic properties.

Formally high-valent metal complexes can be rather controver-
sial in terms of the localization of oxidation equivalents, i.e.,
they could be localized entirely on a central metal, reside on a
ligand, or be split between the metal and a ligand. In the context
of the subject ligand systems, diverse “head” and “tail” groups
(Table 1) are either unable (redox innocent) or able (redox non-
innocent) to distribute significant positive charge to the point
of holding full oxidation equivalents on the ligands via the =
network. This is somewhat of a murky area as delocalization
can result in a continuum between the two extremes of localized
oxidation, metal or ligand, and there is no general acceptance of
the amount of deviation from the localized states that represent
the turning points when one should consider the innocent ligand
becomes non-innocent and visa versa. But the lack of a chain of
conjugation and/or aromatic fragments, as in H4Q1, preserves
ligand redox innocence and all oxidation equivalents are local-
ized on the metal center [22]. As the reader will see in Section
3.4, this property of H4Q? has been contested, but we will argue
that H4Q! is, in fact, an innocent ligand system.

3. High-valent mononuclear complexes

Complexes of Mn, Co, Ni, Cr, and Cu in high-oxidation states
stabilized by the ligands summarized in Table 1, were char-
acterized by I'H NMR, IR, Resonance Raman (RR), UV-vis,
cyclic voltammetry (CV), and EPR data. Many structures were
confirmed by X-ray crystallography. Their main features are
described below.

3.1. Manganese complexes

The complex [MnYO(L3)]~ was the first example of a struc-
turally characterized species with a stable MnY=0 unit [23].
It was synthesized from the corresponding [Mn'(L3)]~ pre-
cursor using tert-butyl hydroperoxide as the oxidizing agent.
Also notable was the polymeric motif of [Mn(L3)]~ in the
solid state; the high affinity of Mn'!! towards the oxygen led
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Scheme 1. Schematic diagram for the polymeric chain formed by [Mn"™(L3)]~ in the solid state. The closest intra- and inter-chain Mn—Mn separations equal 5.89

and 8.72 A, respectively.

to a polymeric network (Scheme 1). This polymeric structure
vanished upon the formation of the Mn"V=0 unit when one of
the two axial sites became occupied by the oxo (0?~) ligand
perhaps because of a major attenuation in the axial Lewis acid-
ity produced by the oxo ligand, but crystallization energetics
are also in play. The X-ray structure of [MnVO(L3)]_ showed
all four equatorial donor atoms (2N/20) to be almost planar
(RMS deviation from the plane equals 0.003 A). The square-
pyramidal compound was diamagnetic (low spin, d%) with the
Mn" center out of the 2N/20 plane by 0.620 A. A very short
manganese—oxygen bond distance (1.548 A) was consistent with
a triple bond Mn V=0 formulation [24]. No benzene ring distor-
tion was observed. This ruled out any cation radical character of
the complex and justified the Mn" assignment.

Since [MnYO(L?)]~ was unstable in water, and especially
because the formation of stable mononuclear iron coordination
complexes had eluded us with this acyclic tetradentate ligand
family, the new class of macrocyclic ligands, H4Q, contain-
ing four amide nitrogen atoms was designed and introduced.
Beautiful comprehensive studies of a binucleating Schiff base
manganese complex show, inter-alia, another type of aqueous
vulnerability [25]. A series of diamagnetic [Mn"VO(Q)]~ com-
plexes was synthesized from H4Q, Mn(acac)s, and terz-butyl
hydroperoxide without isolating the Mn'"! precursors. The X-ray
structural investigation of [MnYO(Q3)] ™ revealed a manganese-
oxo bond distance similar to that in [MnVO(L3)] ~ (Table 2). The
four amide nitrogen atoms were in one plane (RMS 0.026 A)
with the Mn center located 0.600 A out of the plane. Oxygen-18
labeled complexes [MnV(lgO)(L3 )]~ obtained by exchange of
the 10 oxo ligand with '30 from H,'80 were used to assign by
infrared spectroscopy the V=0 stretching frequencies. Data for
structurally related [MnVO(Q)]’ complexes showed a 9 cm™!
shift in the stretching frequency along with A« shift on moving
from [MnYO(Q%)]~ to [MnYO(Q%)]~. The reduction potentials
of the [MnYO(Q)]~ complexes were also affected by the sub-
stituents; a 0.690 V cathodic shift was observed on going from
the chloro to the methoxy ring-substituted species.

In the absence of available X-ray structural information, DFT
studies allowed the electronic effects brought about by differ-
ent substituents in the phenyl ring of the [MnYO(Q*%)]~ to
be probed. The validity of the DFT model used was evaluated
by comparing the geometry of the optimized structure and the
available X-ray data for [MnVO(QS)]’ (Table 2).

Unlike highly reactive porphyrin and salen based MnY-oxo
systems [26-28], the H4L. and H4Q based MnV-oxo complexes,
[MnVO(L)]_ and [MnVO(Q)]_, showed a limited oxygen
transfer capability towards olefins. This was attributed to the
high-negative charge and strong o-donating capacity of the
deprotonated amide nitrogen atoms of H4Qs. This feature pre-
sumably makes the oxo ligand significantly less electrophilic
and hence less reactive. To enhance the electrophilicity, a new
ligand system H4Q® containing a pyridine ring instead of the
phenyl ring, referred to as “switch” [29], was introduced. It was
anticipated that the pyridine N-donor center and its adjacent
amidato-O atom would chelate Lewis acids and therefore the
electrophilicity of the oxo ligand would be higher. The com-
plex [MnVO(Qﬁ)]_ was prepared from the Mn'™ precursor and
tert-butyl hydroperoxide [29]. Its X-ray structural investiga-
tion (Fig. 1) showed geometric similarities with MnYO(Q3)]~
(Table 2). Binding of cations to [MnVO(QG)]’ in CH3CN was
confirmed by UV-vis, IH NMR, 13C NMR, and CV studies. The
cations Li*, Na*, Ba>*, Zn>*, Mg?*, and Sc** induced observ-
able spectral changes. IR spectra of [an(lgO)(Qﬁ)]_ in the
presence of Li* or Zn?>* showed a 15cm™! blue shift for the
VMn=0 bond (from 939 for the [Mn" (*¥0)(Q%)]~ to 954 cm™),
demonstrating a decrease in the donor capacity of the macro-
cyclic ligand due to the cation binding. A three or 1250-fold rate

¥

02 l
‘I

o, s A\

i & - \/

\/\/\Nm /\
/N-.

\

Fig. 1. X-ray crystal structure of [MnYO(Q®)]~. Selected bond lengths
(A): Mn-0(2), 1.549(3); Mn-N(7), 1.884(4); Mn-N(8), 1.873(3); Mn-N(9),
1.881(3); Mn—N(10), 1.885(3).
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Table 2
Selected structural, spectral, and DFT computed properties of some manganese(V)-oxo complexes
Complex Bond distances (A) Out of plane shift A) v(Mn-"°0/Mn-'80) (cm™1) Mulliken charge®
Mn—Oyyial (Mn—Neg)avg IR RR Mn (6]
[MnVO(L3)]~ 1.548(4) 1.872, 1.828° 0.620 - - - -
(Mn¥O(Q%)]~ 1.555(4) 1.878, 1.900 0.600 979/942 981/942 - -
1.563% 1.891, 1.896 - - - 1251 —0.393
(Mn¥O(Q?)]~ 1.565% - - 972/934 972/934 1.245 —0.402
[Mn"VO(Q%)]~ 1.566* - - 973/936 976/939 1.244  —0.402
MnVO(QH1~ 1.5672 - - 970/933 973/933 1.245  —0.402
[MnVO(Q%)]~ 1.549(3) 1.884, 1.873 0.579 —/939 - - -
1.563% 1.897, 1.893 - - - - -
[MnVO(QS-Li)] 1.559% - - —/954 - 1.260 —0.369
[Mn"O(Q°-Na)] 1.560* - - - - 1.263 —0.371
[MnYO(Q8-Zn)1* 1.5602 - - —/954 - 1259 —0.354

4 Calculated by DFT.
b Mn—Ogq distance.

increase for the Ph3P oxidation into Ph3P=0 by [MnVO(Q6)]_
was observed in the presence of five equivalents of Na* or S¢3*,
respectively.

Induced by Zn?*, oxidation of 2,3-dimethyl-2-butene by
[MnVO(Q6)]_ produced the allylic alcohol derivative, 2,3-
dimethylbut-1-en-3-ol. There was no reaction in the absence of
Zn** (Scheme 2). In the presence of excess rert-butyl hydroper-
oxide, the formation of 2,3-dimethylbut-1-en-3-ol (~95%) and
2-methyl-1-butene-3-one was observed only with Zn>*, whereas
2,2,3,3-tetramethyloxirane and 2,3-dimethylbut-1-en-3-ol were
formed in the absence of cations indicating different reaction
mechanisms [29]. When [Mn" ('80)(Q®)]~ (ca. 27% by ESI-
MS) was used in the reaction, both the allylic alcohol and the
ketone contained 80 label (ca. 8% by GC-MS), suggesting that
the olefin oxidation followed an O-transfer mechanisminvolving
[MnYO(Q%)]".

The DFT simulation of the binding of Li* to [MnYO(Q%)]~
employing a simplified [Q®]*~ structure with the ethyl groups
replaced by hydrogen atoms, suggests the chelation by the pyri-
dine nitrogen and adjacent amide oxygen atom (Fig. 2). The

No reaction

OH
G )N

P e !
i Nozn" i

Scheme 2. Oxidation pathways of 2,3-dimethyl-2-butene in the presence of
[MnYO(Q%)]~ at 50 °C. Without oxidant the ratio of [MnY O(Q®)]~ /olefin was
1:11; under catalytic conditions the ratio of [Mn" O(Q®)]~ /olefin/'BuOOH was
1:132:266.

Li—Npyr and Li—Oymige bond distances were 1.979 and 1.886 A,
respectively. The binding does not perturb the overall structural
integrity of the molecule. Elongation of the Mn—Nypide (1.937
versus 1.884 A) and C=Opmige bonds (1.286 versus 1.251 A)
and shortening of the N-Cymige bond (1.338 versus 1.376 10\)
were observed. These changes, also found for Na* and Zn2+,
were rationalized in terms of the electron-withdrawing effect of
the bound cation. DFT calculations also suggest that binding
of cations increased the positive charge at both manganese and
oxygen, thus enhancing the electrophilicity of the oxo ligand.
The effect is more pronounced for the divalent cations (Zn?h)
than monovalent ones (Li* and Na*). These results agree with
the observed increase in the oxygen transfer reactivity of the
complexes towards 2,3-dimethyl-2-butene and PPhs.

3.2. Cobalt complexes

The first Co!Y complexes of H4P ligands were obtained by
Ce!V oxidation of the corresponding stable Co' octahedral

Fig. 2. Structure of [Mn"YO(Q®-Li)] suggested by DFT (purple: manganese;
blue: nitrogen; red: oxygen; yellow: lithium). Selected bond distances are given
in Table 2. Hydrogen atoms are not shown for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 3. X-ray crystal structure of [Co(P*)("Bu-4-py)].

complexes [30]. The X-ray crystal structure of the octahe-
dral complex [Co'Y (P*)(4-"Bupy),] is shown in Fig. 3. The
EPR data and magnetic susceptibility measurements indicated
a low spin S=1/2 Co!Y species as the most likely formula-
tion, although ligand non-innocence was also considered to be
a possible role player giving a significantly ligand-located oxi-
dation site. Indeed, there are strong suggestions in this review
based upon the electronic structures determined for other Co
complexes of non-innocent ligands that a Col-ligand radical
species is a more likely formulation. The cyclic voltammo-
gram of [COIV(P4)(4-’Bupy)2] showed two reversible features
at +0.390 and +0.840 V versus Fc*/Fc attributed to Co!V/I
and another process. The [Co!V (P*)(4-'Bupy),] complex gen-
erated electrochemically was identical to that obtained by Ce!¥
oxidation.

The tetra-anionic alkoxido ligands derived from H4L ligands
are stronger electron donors than those derived from the pheno-
lato H4P ligands. The large variation in the donor capacities is
an underlying factor responsible for the differences in the chem-
ical behavior of these Co''! centers. The phenolato and alkoxido
ligands coordinate Co'! to generate stable octahedral (pyridine
derivatives as axial ligands) and square planar metal center
geometries (with weak axial Lewis acidities), respectively. A

] Me, [/\(Me
Og-NH  HN__2O Oy NH  HN__O
---Et
Bt~ ~on HOK Me  Ph OH HO:/(
Mé Et Et Ph

Fig. 4. Structures of modified H4L2 and H4L1 ligands.

simple intuitive way to think about this is to consider that the
metal, as a Lewis acid, is looking to have its acidity quenched
by ligands. Starting from a six-coordinate complex and increas-
ing the equatorial Lewis basicity, the system will reach a point
where the Lewis acidity of the metal is quenched such that the
axial ligands can be released and the stable complexes become
five- or four-coordinate. Considering that the vast majority of
Co! complexes are octahedral, the stable square planar Co'!
configuration of [COHI(LZ"”)]_ provides a further indication of
the unusually high-donor capacities of these Collins ligands
[28,31,32]. The X-ray crystal structures showed shorter Co—O
and Co-N bond distances when compared to either octahe-
dral Co'" or square planar Co™! complexes of related ligands
[33]. Solid-state magnetic data and 'H NMR measurements
(in CD»Cl,) supported the assignment of a spin triplet (S=1)
ground state for both complexes. When a CD30OD solution of
square planar Na[CoT(L?)] was treated with two equivalents
of KCN, the low-symmetry diamagnetic, octahedral complex
[Col (L2)(CN)2]3_ was formed and characterized by IHNMR,
IR, and X-ray crystallography [31].

The first neutral square-planar Co complexes were obtained
by alkylation of [Co™(L?)]~ and related anionic complexes
(Scheme 3). The alkylations occurred cleanly with a variety of
alkylating agents [32]. The structure of one alkylated complex
was established by I'H NMR, IR, and MS data.

The catalytic activity of [Co™(L4)]= and [Co™(P*)]~
complexes was tested in the oxidation of styrene to styrene
oxide with iodosylarenes in acetonitrile (Table 3) [34]. The
[Co(L2)]~ complex showed the highest activity with PhIO,
to yield 5.5 turnover numbers, 67% conversion of styrene, and
80% of the catalyst remaining at the end of the reaction. Eight
different Co'' complexes of chiral ligands (Fig. 4) have been
used as catalysts for asymmetric epoxidation of ring-substituted
styrenes [35]. Reactions were performed in acetonitrile at ca.
0°C to afford the corresponding oxiranes in 25-86% yield.
Regrettably, the highest enantiomeric excess achieved did not
exceed 17%.

111

Sad
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Scheme 3. Alkylation of [Co™(L2)]~.
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Table 3

Catalytic oxidation of styrene in the presence of cobalt complexes in acetonitrile

Complex Oxidant T(°C) Conversion (%) TON Time (h)

Na[Co''(L?)] PhIO 0 56 37 1
PhIO 25 41 2.8 2
CgF310 0 26 2.0 1
2,4,6-Me3CgH,10 0 46 32 24

[PhyP][Co™ (L2)] PhIO 25 37 2.7 22

Na[Co™™! (L3)] PhIO 0 43 2.8 23

Na[Co'" (L*)] PhIO 0 67 5.5 22

Na[Co'" (P1)] PhIO 0 25 1.7 45

Na[Co'l" (P?)] PhIO 0 14 1.0 23

The deprotonated H;Q! ligand provided both an innocent
electronic environment and superior oxidative stability and,
therefore, was used to stabilize the first reported macrocyclic
square planar Colll complex [CoMl (Ql)] ~ [22,36]. Similar struc-
tures were obtained for the Ni'l' [37] and CrY [38] complexes of
this ligand. The "H NMR spectra for [Co(Q!#)]~ showed
paramagnetically shifted signals as expected for square pla-
nar S=1 systems. The cobalt complexes [COIH(QZ‘ 4)]_ were
dark purple, stable in aprotic solvents, and hydrolytically stable
[39]. These Co'! complexes were chemically or electrochemi-
cally oxidized into stable neutral species, e.g., [Co(Q3*)]. The
[Co™(Q3*)] complex was the first crystallographically charac-
terized neutral square planar cobalt species in an oxidation state
higher than +2. The structural changes in the macrocycle upon
oxidation of [Co™'(Q?)]~ into [Co™(Q3*)] indicate a redox non-
innocence of the ligand (Table 4). The Mulliken spin populations
as obtained from DFT analysis support the S=1 spin state for
the cobalt center.

Replacing the gem-dimethyl groups with a cyclohexyl ring
provided appreciable solubility of [Co™(T13*)] in hydrocar-
bons (~7.4 versus <0.2 mM for the gem-dimethylated analogue
[COHI(Q:’)]’ in cyclohexane) [40]. The blue cobalt complexes
[CoIH(Tl‘3')] oxidized various substrates in cyclohexane,
becoming in the processes Co'll species which precipitated
as fine purple solids. The precipitates were re-oxidized with
Br; into the original blue neutral species. The [Co(T1-3)]~
complexes showed a reversible oxidation process by cyclic
voltammetry, with the formal reduction potentials being 0.580,
0.740, and 0.180V versus Fc*/Fc for the complexes of H4T!,
H4T2, and H4T3, respectively. The neutral species [COIH(TZ')]
showed EPR signals (CH>Cl,, 4K) at g =2.58, 2.21, and
2.04 due to coupling between the S=1 Col center and
the organic radical of the oxidized ligand [31]. The oxi-
dation of tetramethyl-p-phenylenediamine, I, by [Co(T2*)]
yielded a charge-transfer, Wurster’s Blue radical cation salt

Table 4

[I**][Co™(T2)], the EPR spectrum of which (CH,Cl,, 4 K)
showed only the diagnostic g=2.00 signal of the organic rad-
ical [31]. Oxidation of decamethylferrocene and MgTPP by
[COHI(TI’3 *)] complexes were also studied [40]. Oxidative cou-
pling reactions converting thiophenol and tributyltin hydride
to diphenyl disulfide and the bis(tributyltin) dimer in cyclo-
hexane proceeded quantitatively with 'H NMR confirmation.
Only [COIH(TZ')] was a sufficiently strong oxidant to convert
hydroquinone to quinone [40].

[Co™(Q%)]?>~ and the crystallographically characterized
[Co™(Q®)]~ complexes were synthesized according to
Scheme 4 [39]. Asin the case of [MnVO(Q6)]_, these complexes
bound alkali and alkaline earth cations. Binding of cationic Ru'!
complexes in acetonitrile occurred as well. The elecrophilicity
of Co™ in acetonitrile is increased when [(bpy)2RuCl;]-2H,0
and [(Me;bpy)2RuCl;]-2H, 0O interact with the binding site of
this switching system. The binding of such Ru!! species caused
a 0.400 V anodic shift for the Co™! couple.

3.3. Chromium, nickel, and copper complexes

3.3.1. Chromium complexes

Square-pyramidal Cr¥ complexes [Cr¥O(Q)]~ of H4Q! and
H;Q? were obtained using CrCl, and fert-butyl hydroperoxide
(Fig. 5) [38]. H4Q! is a redox innocent ligand and therefore a
formal oxidation state of +5 could be assigned for chromium
in [Cr¥O(QY)]~. This assignment is supported by X-ray and
EPR data [38]. The Cr—O bond lengths in [CrVO(Q3)]_ and
[CrVOQY)]~ of 1.569(2) and 1.580(6) A, respectively, were
typical for a Cr¥=0 formulation [24]. Chromium was located
0.60 A above the plane containing the four amide nitrogen atoms
in [CrYO(Q3)]~. All four Cr-N bond lengths were similar (avg.
1.913 A). In contrast, the four nitrogen atoms of [CrVO(Ql)]’
alternated above and below the mean 4N plane, probably as
a result of the larger macrocycle resulting in a larger coor-

Selected X-ray/DFT bond distances (A) and spin densities for [Co™(Q3)]™ and [Co™(Q3*)]

Complex Co—Nhead Co—Nuil Nhead—Cphenyl C3-C4 Averaged Mulliken spin densities

Co Nhead CZ» Cs C3, C4
[Co(Q%)]~ 1.825(4)/1.840 1.824(4)/1.842 1.410(6)/1.409 1.380(4)/1.393 1.739 0.003 —0.002 0.004
[Co™(Q3*)] 1.823(4)/1.851 1.805(4)/1.815 1.353(6)/1.371 1.428(10)/1.426 1.629  —0.167 —0.125 —0.103
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Scheme 4. Syntheses of [Co''(Q®)]?>~ and [Co''(Q®)]~.

— 0 —-- — c Cl —_= 0.25A above and below their mean plane and Nill sat
0.09A out of this plane. The average Ni-N bond distance
o . was 1.84 A. Addition of cyanide at room temperature in
0 o / \ dichloromethane caused a change in color from purple to yel-
g N\“l V/N m o] low, offering evidence for the formation of an adduct (1:1) with
/Cr\ \ K>0oc=3.2£0.9) x 103 ML, Similar color changes occurred
- "N NT T~ / in the presence of ethanol, pyridine, 2,6-lutidine, and Me3P at
77K, and suggested that they were caused by changes in the
Q" e} 0% 0 coordination number of nickel. The EPR studies supported this
| Et" "Et _ | Et” "Et (Table 5). The spectrum of [Ni''(Q1)]~ in excess of CN~ at 4 K

Fig. 5. Structures of chromium(V) complexes [Cr¥O(QY)]~ and [CrVO(Q3)]’.

dinating cavity, with chromium being by 0.58 A out of the
plane.

The oxo nature of [Cr¥O(Q)]~ complexes was confirmed
by the IR data using '80-labeled species. The vc=o band
of [CrYO(Q%)]~ was found at 982 and 944cm™~! for 'O
and '80 species, respectively. In [CrYO(Q!)]~, the bands
were at 982 and 941 cm™!, respectively. The EPR spectra of
[CrVO(Q)]_ supported the CrV formulation. The redox non-
innocent H4Q3 ligand could hold oxidation equivalent/s. The
spectra of [Cr¥O(Q!)]~ and [Cr¥O(Q?)]™ in CH3CN at 294 K
were virtually identical and consisted of a strong nine-line
first-derivative signal centered at g=2.006 due to hyperfine
interactions with the four equivalent N donors AaN=27G). A
hyperfine interaction with 3Cr (I=3/2, 9.54% natural abun-
dance) of A®" =17.9 G produces a weaker four-line feature with
each component showing the nitrogen hyperfine interaction as
expected for chromium(V) complexes. These oxo complexes
provided model systems for the study.

3.3.2. Nickel complexes

A square-planar Nil'l complex of the redox innocent lig-
and H4Q1 was obtained using (Ph3P);NiBr, and ters-butyl
hydroperoxide [37]. The amide nitrogen atoms alternated

was rhombic (in CH,Cl, or EtOH glass). When 3CN~ was used,
the hyperfine pattern showed only one CN~ bound at 4 K. The
spectrum of [Ni''(Q1)]~ at 5K in 2,5-Me, THF/pyridine (2:1)
was also rhombic, confirming coordination of one pyridine. The
EPR spectra of these glasses have g1 ~ g2 =g >g| =g3 [37].

3.3.3. Copper complexes

The strongly donating PAC ligands H4LL and H4P stabilized
Cu! complexes when Cu(OAc); was used as a starting mate-
rial [41]. The X-ray crystal structure of [Cul(L3)]~ revealed
its square-planar geometry. The Cu—N,niqo bond lengths of
1.813(4) and 1.804(4) A were similar to those in the Cu™! tripep-
tide complex of tri-a-aminoisobutyric acid [42]. The oxidation
state of copper in complexes of potentially redox non-innocent
ligands was confirmed by cyclic voltammetry. The H4L3, H4L4,
H4P!, and H4P* ligands have aromatic rings and therefore could
be non-innocent. H4L? is a ligand without easy-to-oxidize cen-
ters; itis structurally similar to H4Q1 and therefore has been used
as a benchmark for all copper complexes. The Cu™! reduc-
tion potential for [Cu™(L2)]~ was very low, —1.08 V versus
Fc*/Fc in CH3CN. This was evidence for the powerful donor
capacity of the ligand. The low value ruled out any ligand-
centered character, i.e., ligand-oxidized Cul! species. The CulllI
reduction potentials of other complexes were also low: E°/V ver-
sus Fct/Fc [Cu(PhH]~, 0.025; [Cu(PYH)]~, —0.140; [Cu(LH]~,
—0.920; and [Cu(L?)]~, —0.945. The possibility of ligand oxi-

Table 5

EPR parameters of Ni'l complexes

Comp]ex Solvent 81 82 83 Aj (in G) Az (in G) A3 (in G)
INi"TT (Q"y(CN) >~ CH,Cl, with excess of CN~ 2.234 2.159 2.019

NI QY (CNY 12~ EtOH with excess of CN™ 2223 2.144 2.010

Nt (@H(13CN) 12~ EtOH with excess of 3CN~ 2.223 2.144 2.010 89 83 100
INi™ (Q)(py)I~ 2,5-Me, THF/pyridine (2:1) 2.380 2.269 1.994 - - 25
Nl ()]~ Toluene/CH,Cl, 2.366 2.303 1.994
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dation cannot be totally ruled out for the H4P complexes, but
it remains unlikely because of the very low potentials. The for-
mal reduction potentials of copper(IIT) complexes of H4Q? and
H4Q? ligands were —0.800 and —0.940 V, respectively (versus
Fc*/Fc) [43] indicating a noticeable influence of the aromatic
ring substituents of the macrocycle.

3.4. On TAML innocence in M{MAC*] complexes

In a recent publication entitled “A DFT overview of high-
valent iron, cobalt and nickel tetraamidomacrocyclic ligand
(TAML) complexes: the end of innocence?”, Conradie, Con-
radie and Ghosh have challenged the concept of the innocence
of H4Q1 [44]. A reviewer of our manuscript for this review
asked us to critically evaluate this paper and such an evaluation
therefore follows. The Ghosh group’s thinking is based on spin
density (SD) plots obtained from DFT calculations for MQ!
complexes of high-valent Fe, Co and Ni, which show through
Mulliken population analyses that the metal’s unpaired SD can
leak onto the four amide nitrogen atoms through interaction of
N(p) with M(dy,) and M(dy,) orbitals and also to a lesser extent
onto the other amide atoms as well as onto axial ligands. The
systems considered include examples with small as well as large
spin densities on the amido nitrogen atoms (up to 57%). This
study certainly provides the clearest evidence to date that the
amido ligands of MQ! complexes have m-donor properties and,
as such, is a genuine contribution to understanding of the elec-
tronic structures of MQ! complexes. But since the innocence
question has been raised as a result of the study, we are left to ask
if the results do indeed challenge the innocence of [Q1]4_ and,
inseparably, whether the metal’s formal oxidation state assign-
ment claimed in each of our papers should be reduced. We are left
to ask further, what do the interesting theoretical results mean for
the broader understanding of the electronic structures of MQ!
systems and for the interpretation of spectroscopic properties?
And perhaps most importantly of all, what might they mean for
the reaction chemistry of MQ complexes?

3.5. What do the DFT results mean for the oxidation state
assignment at the metal and the related concept of the
innocence of [Q ¥~ ?

We fundamentally disagree with the Ghosh group’s conclu-
sion that [Q']*~ is a non-innocent ligand for reasons that we
present hereafter. The atoms of a ligand that are in direct contact
with the metal, such as the amido nitrogen atoms of deprotonated
H4MAC* ([Q1]*7), are inevitably engaged in bonding interac-
tions with the metal due to significant orbital overlapping. The
bonding leads to the calculated spin transfer and, in the cases
considered by Conradie et al. [44], is of m-donation character
from the amido ligands to the metals. Almost invariably, much
larger measures of electron transfer from the Lewis basic coor-
dinating atoms to the Lewis acidic metal ions are enacted within
the o-bonding network. In accepting the current oxidation state
formalism, inorganic chemists have chosen to finesse the widely
varying o-donor capacities of ligands of like charge by ignoring
them. Why should we treat the -donor/acceptor differences any

g

i
Ro
o

S\
Xy
(A) (B)

Fig. 6. Diagram (A) illustrates the energetics and transfer of electron density for
a three-electron bond between M(dw) and N(pm) orbitals, using a spin-restricted
description; the orbital size reflects here the weight in the linear combination. The
bonding orbital (doubly occupied) transfers equal amounts of density for the o
and {3 electrons from the ligand to the metal (lower curved arrow); concomitantly,
the antibonding orbital transfers o density back onto the ligand (upper curved
arrow). The net transfer of « spin density is balanced, because the two o spin-
orbitals are occupied. As a result, there is a net ligand-to-metal transfer of
spin density (diagram B), leading to ligands carrying o spin density that is of
the same sign as present on the metal ion.

differently when these are not coming from a site that is remote
from the coordinated atoms where non-innocence is most rea-
sonably invoked, especially when we are dealing with small
coordinating atoms and good overlap terms with the metal? We
illustrate the spin polarization mechanism in a simplified way,
employing only one amido ligand (Fig. 6A) in which the molec-
ular orbital approach shows that the N(pm) orbital is mixing
with a metal dm orbital to produce an occupied bonding and
a half-occupied antibonding combination (Fig. 6A). Obviously
with four amido ligands, the appropriate linear combinations in
MQ! complexes involve mixing of all the amido pr and the
metal d orbitals. In Fig. 6A, we see that the amido ligand is
behaving as a classical m-donor to the metal, giving some elec-
tron density to the metal in the bonding orbital and, because the
dm orbital is half-occupied, taking only some back in the anti-
bonding orbital. On balance, the interaction gives rise to a net
ligand-to-metal transfer of B spin density (Fig. 6B), resulting in
a non-vanishing o spin density at the ligand that is of the same
sign as present on the metal. This spin-polarization mechanism
is found in virtually all complexes with paramagnetic transition
metal ions and suitable donor atoms.

Some of the spin polarizations reported for the MAC* com-
plexes by Conradie et al. [44] have been listed in Table 6,
together with our results for the anionic complexes [Co"Fg]3~
and [Co"VFg]%~. The former anion is found in the solid K3CoFg
and has a high-spin (§=2) ground state, both computationally
and experimentally [45,46]; the latter anion has computationally
a low spin (S=1/2) ground state, albeit by a small margin, but
has been analyzed in the high-spin (§'=5/2) state for the sake
of comparison in Table 6. The comparison shows a dramatic
increase in the spin polarization of the ligands upon increasing
the oxidation state of cobalt from III to IV. The increase corre-
lates with a shortening of the Co—F bond by 0.1 A. This is the
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Table 6
Charge and spin densities at metal coordinating atoms from Mulliken population analysis
Compound di Spin Total SD Charge Lig. SD SD (%) Fe-L (A) Reference
[Fe'Y(MAC*)(‘BuNC), d* 1 2 —0.50% 0.144% 29° 1.942 [44]
CoV(MAC*)(py)2 & 1/2 1 —0.532 0.1422 57° 1.88% [44]
[CoFg]3~ d° 2 4 —0.80° 0.115¢ 17¢ 1.99¢ This work®
[CoVFs]?~ & 5/2f 5 —0.642 0.2568 314 1.89¢ This work®

% Averages for charge, SD, and Fe-N distance taken over four amido nitrogen atoms of MAC*.
b Sum of SDs at four amido nitrogen atoms of MAC* as a percentage of total SD.
¢ Averages for charge, SD, and Co-F distances taken over six F ligands of a slightly Jahn-Teller distorted octahedron.

4 Sum of SDs at the six F ligands as a percentage of the total SD.

¢ Results at optimized structure obtained with B3LYP/6-311G for spin state indicated.

f The calculations predict an S = 1/2 ground state for this complex.
& Charge, SD, and Co-F distance at one of the six identical fluorides.

trend expected to be exhibited by the spin polarization mecha-
nism described in Fig. 6. Although we can all almost certainly
agree that fluoride is the quintessential innocent ligand, the spin
polarizations of this ligand in [Co'VFg]?~ are similar to those
for the purportedly non-innocent amido nitrogen atoms in the
MAC?* species (see below).> This example clearly shows that
spin densities at the metal-coordinating atoms of a ligand are an
improper measure for establishing redox non-innocence of that
ligand. Moreover, this type of m-donation has long been part of
fundamental electronic structure thinking in coordination chem-
istry. For example, it is invoked to help explain the ordering of
the spectrochemical series and in exactly this way can be invoked
to explain the high-spin configuration for K3CoFg.3 And if the
m-SD found on the amido ligands of MQ! complexes should be
taken to specify an affirmative answer to Professor Ghosh’s title
question, “The end of innocence?”, then it may as well also be
taken to stipulate the end of the oxidation state formalism.

To validate the spin polarization model of Fig. 6, we have
performed a detailed Mulliken population analysis based on the
DFT calculation for [CoVFg]?~ (Fig. 7). Out of a total elec-
tron density of 2.1 transferred from the fluorides to the metal,
1.6 is from B electron density accepted by 3dP orbitals. This
transfer accounts for the positive ligand spin density of about
1.6 (=6 x 0.26; cf. Fig. 7) and confirms the spin-polarization
model of Fig. 6. The o and 7 donations contribute about equally
to the spin polarization of the ligands. These donations are not
normally considered to represent a redox process in the same
way that, say, a porphyrin ligand can reduce an oxidized metal
ion from a delocalized and overall remote region to produce
what is best considered to be a porphyrin ligand radical cation
and a one-electron reduced metal. Due to their remoteness, the
redox orbitals in such cases are weakly coupled to the metal

2 The key parameter is the percentage of the total spin density that is located
at the ligands, indicated by bold face numerals in Table 6. The doubling of the
percentage for the Co complex relative to the Fe species will be explained in the
next section.

3 In spite of a larger pairing energy, the stronger metal-ligand bonds afforded
by Co!Y in [Co'VFg]*~ appear to have lowered the energy of the low spin state
to below the high spin state. In crystal field theory thinking, this correlates with
the expected increase in crystal field splitting that accompanies the increase in
oxidation state. We are not aware of experimental evidence in support of this
computational result.

and retain their original character in the interaction (see Fig. 8).
The transfer, normally of a full electron, is now driven by the
energy difference between the ligand and metal orbitals (Fig. 8)
and not by overlap interactions between these orbitals as in the
case of the MAC* complexes considered by Conradie et al. [44].
Again, the fact that these w-covalency interactions are strong in
MAC¥*, does not disqualify this ligand, in our estimation, from
being considered unambiguously as a redox innocent species.
Ligands that expose true redox non-innocence are discussed in
Section 3.2.

The arguments of the Ghosh Group contesting the innocence
of MAC* evoke consideration of the oxidation state formalism.
For all its obvious limitations, the formalism continues to be a
mainstay of classification and intuitive thinking, especially in
inorganic chemistry. Of course, given its extraordinary simplic-
ity, we have no right to expect the formalism to work as well
as it does in providing a method for systematizing knowledge
when dealing with something as complicated as the electronic

[CoVF J> 40
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Fig. 7. Mulliken population analysis of the geometry optimized DFT solution
for [Co'VFg]?~, obtained with B3LYP/6-311G. The total electron density trans-
ferred from the six fluorides to cobalt is indicated above the block arrow. The
transfer is decomposed with respect to the accepting metal orbitals by the num-
bers above the line arrows. The spin and charge densities indicated on the left
hand side are for a single fluoride.
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Fig. 8. Orbital diagram illustrating the interaction of a paramagnetic metal ion
with a non-innocent ligand. The metal (left) and ligand (right) orbitals retain
their character in the interaction because the coupling between them is weak;
the orbital size reflects here the weight in the linear combination. As the energy
of the metal orbital is below that of the ligand orbital, the 8 electron of the ligand
is transferred to the metal, creating a ligand radical species containing a metal
ion with a one-electron reduced formal oxidation state.

structures of transition metal coordination complexes. But in
our estimation, it continues to serve the field well, and proba-
bly should be retained. If we decide to advance our classification
approaches for coordination complexes to incorporate the power
of recently acquired computational abilities to better handle the
intricacies that are giving the Ghosh Group cause for concern,
then we will have to adapt the formalism for all complexes for
consistencies sake and jettison the simple formal oxidation states
altogether. Oxidation states, if we tried to retain such in this new
approach, would no longer have integer values (see Fig. 7).
Neither the Collins nor the Ghosh groups were protagonists
when the thinking on the oxidation state formalism was evolv-
ing to its current state, which has been in place for a very long
time. Were we to attempt to give an account of this history, we
would invariably miss many subtleties in accounting for the con-
tributions of so many people to this current state. Of course, the
process to attain this state involved much wavering to and fro
over the decades while trying to reconcile inconsistencies and
acknowledge complexities. From our current vantage point, we
can all accept that inorganic chemists have finessed the com-
plexities of the widely varying o- and m-donation properties of
ligands and retained a simple oxidation state formalism instead
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of discarding it for a more complicated scheme. While there
is always room for debate, we believe that the oxidation states
that we have assigned in our papers for MQ! systems, often
well supported by powerful spectroscopic studies especially in
the case of iron, are best left as they stand and that [MAC#*]4~
or [Q']*~ should still be considered to provide an excellent
innocent coordination environment for attaining complexes of
unusual high-oxidation states of middle and later transition metal
complexes.
Is there a way to do better than [MAC*]*~ in designing
an innocent ligand system to satisfy the Conradie et al. con-
cerns? Perhaps the best way to significantly neutralize by design
w-bonding effects would be to have no lone pairs on the coor-
dinating atoms, but this something that is hard to achieve for
high-oxidation states of middle and later transition metals that
tend to be powerfully oxidizing, while at the same time it is
straight-forward in comparison for early transition metals where
the high-oxidation states tend not to be oxidizing. Even if such
an approach is effected, with the exception of terminal hydride
and perhaps lithide ligands, there remains the potential for -
donor/acceptor interactions arising from the molecular orbitals
associated with bonding between the donor atoms and the groups
attached to it—Professor Ghosh’s concerns may still apply to the
resulting complexes. None of this discussion detracts from the
important contribution of Professor Ghosh and his collaborators
to understanding the electronic structures of [Q!]*~ complexes
by showing so beautifully that they can have significant w-donor

properties.

3.6. What do the DFT results mean for the broader
understanding of the electronic structures of MQ! systems
and for the interpretation of spectroscopic properties?

By studying the table of spin densities in Conradie et al.’s
paper [44], the conditions for large  spin densities at the amido
nitrogen atoms appear to be that (i) the metal is located inside
the 4N plane (planar complex) and that (ii) orbital dy, contains
an unpaired electron—here the y axis is as shown in Fig. 9 for
the idealized C,, symmetry (planar and octahedral complexes
with like axial ligands) or Cg symmetry (five coordinate or
octahedral complexes with unalike axial ligands). Condition
(i) ensures favorable overlap between the donor N(pw) and

AZ

Fig. 9. The axis system used for the discussions of the bonding in MQ! com-
plexes (h=head and t=tail).
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acceptor M(d) orbitals. Condition (ii) is rooted in the particular
geometry of the quadrangle prescribed by the amidato N atoms.
Taking [Fe!YQICI]~ as an example, the lateral distances are,
in clockwise order, given as Np—Nj =2.68 A, Nj—N{=2.52 A,
Ni-N;=2.72 A, and N-N,=2.52A, and correspond to the
angles Np—Fe-Nj =90°, N} —-Fe-N; =84°, N{-Fe-N;=91°, and
Ni—Fe—Nj, = 84°, respectively (h =head, t =tail). Since the y axis
bisects the sharp bond angles, Nj -M-N;{=N-M-Nj, <90°, the
dy, orbital is “squeezed” between the N(p) orbitals, leading
to a sizable transfer of electron density from, and associated
spin density toward the ligand in the case that the receptor
orbital is half-filled (see Fig. 6); in addition, the orbital energies
appear in the order E(dx,) < E(dy,) as a result of the squeezing
of dy, by the N(pw) orbitals and the concomitant relaxation
of dy,. This ordering yields an Aufbau principle according to
which dy, is filled before dy, (N.B.; the energy gap between
dx; and dy, is generally not large enough to overcome the
pairing energy, so that the electronic configurations are built in
the order (dx,)' = (dx2)'(dy2)! — (dx2)*(dy)" — (dxz)*(dy2)?).
Including the other d orbitals, the energy order-
ings are E(d2_,2)<E(d,2)<E(dx;)<E(dy,)<E(dxy) in
four-coordinate complexes (i.e., no axial ligands) and
E(dxzyz)<E(dxz)<E(dyz)<E(dzz)<E(dxy) in five- and six-
coordinate complexes (with one or two axial ligands). The
non-bonding orbital d,>_» is invariably lowest in energy and
the strongly o-antibonding orbital dyy is highest and formally
unoccupied in all isolated TAML species. The energy of the d 2
orbital, which is directed along the normal of the 4N plane, is
obviously strongly correlated with the number of axial ligands
and can move to higher energies than the dw orbitals with
added axial ligands. The metal in the four- and six-coordinate
complexes is in the 4N plane (cf. Ref. [16]).

Armed with the Aufbau principle and conditions (i)
and (ii), the relative magnitudes of the computational
results for the w spin densities at the amido-N atoms
can be easily predicted: [Co'VMAC*] (in-plane) has con-
figuration (dxy)*(d2)*(dx;)'! (S=1/2) and a small SD,
[Co'™MAC*(py)2] (in-plane) has (dxy)*(dx,)*(dy,)' (S=1/2)
and a large SD, [Fe!YMAC*('BuNC);] (in-plane) has
(dxy)*(dxz)'(dy,)' (S=1) and a large SD, [Ni'!'MAC*] (in-
plane) has (dxy)*(d.2)*(dxz)*(dy;)' (S=1/2) and a large SD, and
[FeVMAC*(0)]~ (out-of-plane) has (dxy)*(dx,)' (S=1/2) and
a small SD. We pointed out in footnote 2 that the relative spin
density at the ligand (i.e., the ligand SD divided by the total SD
times 100%) has increased from 29% in [Fe!YMAC*(‘BuNC),]
to 57% in [CoIVMAC*(py)z] (see Table 6). The increase is due
to a decrease, from 2 to 1, in the total spin density at nearly
unchanged ligand spin density. The invariance of the ligand spin
density in these two six-coordinate complexes is found because
the same dominating spin polarization mechanism underlies
both cases, namely spin polarization induced by an unpaired
electron in the dominant m-interacting dy, orbital (cf. Fig. 6).

Computational studies of complexes with an odd number of
electrons in the (dx., dy,) sub-shell should be conducted with
caution. For example, if we impose Cs symmetry on the complex
[FeVMAC*(0)]~, we obtain an optimized conformation simi-
lar to the one reported by Conradie et al. [44], with the unpaired

electron in dy,. However, symmetry unconstrained optimization
of the complex breaks the Cs symmetry and places the unpaired
electron in one of the “diagonal” orbitals, d,/; or d, (x'| IN;—N;
and y'||N,—-Np). The resulting C; conformation is ~2400 cm~!
lower in energy than the Cs conformation. A similar broken sym-
metry solution for [FeVB*(O)]_ has been reported [47]. The
amido nitrogen atoms in the C; structure for [FeYMAC*(0)]~
are in a non-planar conformation with unequal “trans” angles
Nj—Fe-N; = 164° and N,-Fe-N;=132° (*150° in C;) and dis-
tances Fe-N;~ Fe-Nj ~1.92 A and Fe-N{ ~ Fe-Np, ~ 1.85 A
(Fe-N~1.90 A in Cy) for the solution with the unpaired elec-
tron in dy,.* Concomitant with the electronic reorganization
there is an increase in the spin densities at the amido nitro-
gen atoms, +0.026 for N; and Ng and —0.046 for Ny, and N;
(~—0.01 in Cs). The negative spin densities of the latter atoms
are typical for donation into empty d orbitals (d/, and dxy) and
is caused by the spin polarization of the d* and d® acceptor
orbitals under the influence of the exchange field generated by
the unpaired electron in d,/, [47]. But again, while acknowl-
edging the propensity of [Q!]*~ to accommodate large spin
densities, this ligand remains innocent even as it engages in
strongly covalent interactions with high-valent metal ions.

3.7. What might the DFT results mean for the reaction
chemistry of MQ' complexes?

The established nondegeneracy of the MQ! dy, and dy,
orbitals is particularly interesting from a catalyst design point
of view. We have for some time, including before the paper in
question was published, been continuing the Collins catalyst
iterative design strategy with the hitherto unpublished goal of
further lifting the degeneracy of dy, and dy, to the point of over-
coming the electron pairing energy. A coveted goal is to attain
by design low spin Fe!V complexes instead of the intermediate
and high-spin Fe!Y—oxo species found to date, where one can
place by design the filled and empty 7* orbitals in known loca-
tions in space with respect to the molecular framework. This
could have real value in dictating selectivity in the reactions
of resulting complexes. For example, if a low spin Fe!¥—oxo
complex can be attained, then we may be able to achieve an
empty Fe!V—oxo 7* LUMO in a prescribed location, specifi-
cally dy, in a species of C; symmetry. This may be achievable
by clenching more strongly with the N(pm) lone pairs on the
dy, while simultaneously relaxing their grip on dx,, obviously
something one must do through iterative ligand design. Should
any of our current strategies succeed, the possibilities for bet-
ter controlling the electronic structure in the transition states of
imaginable energetically gentle oxygen-atom transfer reactions
are enticing. Such success would likely increase the value of
developing chiral Fe-TAML activators that also include the new
features targeted to control the Fe!V—oxo m* electronic distribu-
tion. Of course, this must be done by breaking the mirror plane
via changes to selected substituents on the TAML system. The

4 Results obtained with B3LYP/6-311G for MAC* with hydrogen atoms as
tail residues.
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same thinking may pertain to the more oxidizing FeY—oxo com-
plexes already in hand if these strongly oxidizing complexes
oxidize appropriate substrates via short range rather than long
range processes (electron transfer).

4. Magnetochemistry

Magnetochemistry is the branch of chemistry that focuses
on the relationship between magnetism and molecular structure
[48]. Recent interest in this field has been stimulated by the quest
for electronic devices that can perform computational and stor-
age operations at a molecular scale [49-51]. These efforts have
resulted in the synthesis of an increasing number of polynu-
clear transition-metal complexes of which the electronic spins,
Si, of the participating paramagnetic sites are ordered in vari-
ous patterns. The spin ordering in these systems is generated
by exchange interactions, which can often be described by an
additive, bilinear spin Hamiltonian, Z,K,Jlek - S; (the sum-
mations are over the paramagnetic sites of the complex) [48].
The exchange interactions are either ferromagnetic (Ji; <0) or
antiferromagnetic (Ji;>0) in nature. A number of coupling
mechanisms for explaining the two types of exchange have been
described in the literature [52,53]. A profound understanding of
the structural and electronic factors that control these mecha-
nisms is essential for the development of a rational approach
toward the design of magnetic molecules. As the majority of
complexes have antiferromagnetic (S = 0) ground states, the pur-
suit of a rational design strategy is critical for improving the
rate of success in attempts to synthesize molecular paramag-
netics (§>0). To provide a context for our contributions to this
endeavor, we present in the following paragraphs a brief survey
of the theory for exchange interactions in molecular complexes.

The constant J that couples the spins of two co-complexed
3d metal ions is the sum over the contributions pertaining to
pairs of 3d orbitals, d; and dj, located at the interacting metal
sites, labeled A and B, respectively: J = 3, c 442 ;e aplij [53]-
The dominant terms in the sum arise from 3d orbital pairs that
define pathways for metal-to-metal charge transfer (CT) interac-
tions. Goodenough has pointed out that the sign (ferromagnetic
or antiferromagnetic) of the CT contribution to the coupling
constant depends on the occupation numbers of the 3d orbitals
involved [52]. In the case of a half-filled—half-filled orbital pair,
in which d; and d; contain each an unpaired electron, the CT
contribution to the coupling is antiferromagnetic (j; >0). These
“half-half” pairs prevail in many homovalent binuclear com-
plexes of high-spin ions from the late 3d series, @*>>, and resultin
antiferromagnetic ground states. The CT contributions to j; are
of the form ,Bizj-/ U, where Bj is a (ligand-mediated) transfer inte-
gral connecting orbitals d; and d;, and U is the disproportionation

energy for the electron transfer My M+ — MX'+1)+ M}(gn_l)+,
which is a large quantity in homovalent complexes (typically
3-10eV). A comprehensive theoretical analysis of exchange
interactions has been given by Anderson [53]. The theory starts
from an independent particle model, in which the electrons are
described by an orthonormal set of orbitals that are obtained
by performing a localization transformation on the molecular

orbitals for the ferromagnetic state. Subsequently, J is expanded
in a many-body perturbational series comprising spin-dependent
electron correlation terms. The first-order term is an exchange
integral, j;; F ~—<d;d;||d;d;> (d; and d; are 3d-type orbitals that
are orthogonal to the ligand orbitals), which is ferromagnetic.
The second-order contribution includes the aforementioned CT
term, jij AF ~ ,BZZJ/U, which is antiferromagnetic. Anderson has
argued that j; and jj; Ar are the dominant terms in the pertur-
bational series, leading to a powerful formulation according to
which J is the sum of two antagonistic terms, J ~ Jg + JAF. JAF
is much larger than |Jg|, unless the transfer matrix elements B;;
vanish, either accidentally or for reasons of symmetry, which
explains the ubiquity of antiferromagnetic systems. Anderson’s
two-term expression for J has inspired the prevailing design
strategy, which aims at configuring molecules, through the
choice of ligands and metal ions, in ways that minimize the
transfer integrals B;; while maximizing (d;d;||d;d;) [48]. A nice
example of a detailed analysis, based on Anderson’s superex-
change theory, of the magneto-structural correlations in Cr'l!
dimers is presented in Ref. [54]. In the following paragraph,
we describe an alternative route toward the control of exchange
interactions in multimetallic ions, which is based on CT in half-
filled—empty orbital pairs.

Goodenough has shown that CT in a half-filled—empty orbital
pair results in a ferromagnetic contribution to the exchange
coupling constant [52]. A perturbational treatment gives the
expression j ~ 82J;/U%, where g and U have similar meanings
as above, and J; is an intra-atomic exchange coupling constant
(for details, see Scheme 5 and Refs. [52,55]).

For d"=> configurations, empty 3d orbitals are only avail-
able if the metal ion is in a state of less than maximum spin.

.

BT:_ . U+|Ji|
+ N+
-+ + —+ +

Scheme 5. The scheme shows an orbital level diagram of a binuclear d?—d"
system, illustrating a mechanism of ferromagnetic exchange, proposed by Good-
enough [52]. It occurs in the case of electron transfer interaction between a
half-filled orbital and an empty orbital. B is a metal-to-metal transfer integral,
U is the energy difference between the donor (solid spin arrow) and accep-
tor (broken spin arrow) states in the ferromagnetic (F) configuration, and J; is
an intra-atomic exchange integral (J; <0 in J;S;-S> convention). Intra-atomic
exchange is ferromagnetic according to Hund’s rule and raises the energy of the
charge transfer configuration in the antiferromagnetic (AF) state relative to the
energy of the ferromagnetic state. As a consequence, the transfer interaction low-
ers the AF ground configuration less in energy than the F configuration, resulting
in an effective ferromagnetic exchange coupling (/) between the spins at the two
metal sites. A second-order perturbation theory treatment of the transfer inter-
action yields the energies —B%/U and —B2%/(U+ |J;|) for the F and AF states,
respectively. The two expressions yield, after expansion (assuming |J;|//U< 1),
a J coupling on the order of —B2|J;|/U>.
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Scheme 6. Example of exchange pathway between the two Co'!l centers.

Interestingly, intermediate spin states are the hallmark of the
square-planar coordination complexes of L and Q'. This prop-
erty follows from the presence of a strong equatorial ligand field,
which raises the dyy level (the x and y axes are defined as in Fig. 9)
and forces any electron residing in this orbital to pair-off into
a lower lying d orbital. For example, all [Co™Li]~ (d®) com-
plexes, for which magnetic data are available, have intermediate
(§=1) spin states. Under the influence of the strong o-donor
interactions, the empty dxy orbital at the tetradentate coordina-
tion site of L is significantly delocalized onto the 2N/20 atoms,
providing an effective communication with the d; orbitals of
metal ions bound to the exterior, bidentate (O/O) coordination
site of L (i.e., Bijis large for j = dxy). An example of an exchange
pathway involving the empty dxy orbital is shown in Scheme 6.

In [{Co™(L?)}3Co]~ (Scheme 7), the bidentate coordina-
tion sites of the three d®, § = 1 Co"(L?) fragments are occupied
by a shared Co!! ion (d7, §=3/2) [56]. The mixed-valency of
the Co™(L2)Co™! motifs is essential for enhancing the Goode-
nough term, je_,. Given that j_p, is proportional to 1/U2, a small
value for U will strengthen j._p. Obviously, U=0 for the elec-
tron transfer M" MYV — MUY M+ in mixed-valence
dimers with identical coordination sites. In the U=0 case, the
expression for j._ and the bilinear spin Hamiltonian it repre-
sents are not applicable anymore and should be replaced by the
effective operator for double exchange [57]. However, the U in
[{COHI(LZ)}gCoH]_ is a nonzero quantity because the cobalt
ions are placed in different coordination spheres (Co!! has an
octahedral 60 coordination and Co'!! has a square-planar 2N/20

w
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coordination). As U is now a ligand-field splitting and not a dis-
proportionation energy, its value is most likely smaller than in
homo-valent species (see above).

In summary, complex [{COIH(LZ)}3C0H]_ presents a set of
favorable conditions for ferromagnetic coupling between the
central Co'! and the terminal Co!™! sites because: (i) the Co!ll
ions have an empty d orbital, (ii) there are large transfer matrix
elements connecting these empty d orbitals with the half-filled
orbitals at Col, and (iii) U is relatively small due to the mixed-
valency of the multinuclear ion.

Since the complex lacks effective exchange pathways
between the Co'! sites, the couplings between them can be
assumed to be negligibly small. The magnetic state of the com-
plex is thus determined by the ferromagnetic exchange couplings
between the central Co!l and the peripheral Co' ions. These
interactions it was thought would align the S=1 spins of the
three Co'" ions parallel to the S =3/2 spin of the Co'! and result
in a ground state with total spin §=9/2. This prediction was
tested by variable-temperature EPR and magnetic susceptibility
measurements on [{COIH(LZ)}3C0H][PPh4]. The EPR shows an
axial signal with g =9.65, which is close to the g; ~ 10 pre-
dicted for the Ms = +1/2 doublet of the anticipated ground-state
spin S =9/2 multiplet. The curve of pef versus temperature has a
maximum of 9.7up at 40 K, which is close to the spin-only value
9.95up for $=9/2. The value of ues decreases when the tem-
perature is raised above 40 K due to population of excited states
with lower spin. The temperature dependence of uegr has been
analyzed with a theoretical model that accounts for exchange
and spin—orbit coupling, which both have an important impact
on the energy levels of the complex [43]. The analysis yields a
ferromagnetic coupling, J(Co'-Col)= —22 +5cm™~!.

High-spin multinuclear ions with axial zero-field splittings,
DSZZ, have for D<0 a twofold degenerate ground doublet,
Mg =+£S. Since for large values of S the lifetimes of the two
states can be considerable, multinuclear ions have been pro-
posed as data storage devices [50,51,58]. However, the positive
zero-field splitting prevailing in [{Co™(L?)}3Co!"]~ makes this
multinuclear ion unsuitable for storage purposes and the group
was turning its attention in the mid-1990s to finding more
desirable multinuclear ions for exploration in such application
areas.

Scheme 7. Synthesis of the tetranuclear ion [{Co[(L?)};Co!]~.
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Fig. 10. Structures of [(Co™),(L/)]*~ and [(VY0),(L/)]?>~ dimers.

The exchange interactions considered thus far are transmit-
ted through diamagnetic ligand bridges and are often referred
to as ‘indirect’ or ‘super’ exchange [53]. In this paragraph, we
consider spin ordering induced by paramagnetic ligands, which
can be obtained by oxidizing non-innocent ligands, such as the
phenyl-centered ligand L. Such species came under design
as beginning efforts aimed at extending the local control an
[{Ma(LZ)}gMb]”_ ion to larger multimetallic multinuclear ions
and eventually to crystals. Two precursor ML’ complexes were
characterized by X-ray crystallography, namely, [(VY0),L/]*~
and [Co,™L/1?~ (Fig. 10 and Table 7) [20,43].

The cyclic voltammogram of [(VVO),L'1>~ showed a le~-
oxidation at E°=0.350V (in [BuyN]*[PFs] /CH3CN versus
SSCE) [59]. The oxidation product has been isolated and
assigned to a radical species, L”>*, as the d° configuration
of VV precludes metal-based oxidation. This assignment was
confirmed by EPR measurements, which revealed a narrow,
isotropic g =2 signal typical for organic radicals. The magnetic
susceptibility data for [Co,"'L/]?>~ revealed the presence of two
weakly interacting S = 1 sites, J(Co-Co!") 2 0, indicating that
the central [C6H2N4]4_ moiety of L’ provides an inefficient
superexchange pathway between these metal ions. [Co,ML/]?~
undergoes electrochemical oxidation at E°=0.290V (versus
SSCE). The oxidation potential is close to the potential for
the vanadyl complex, which suggests that the oxidation of
[Co,™ML/1?~ is also ligand based. Since the phenyl group is
the only site for a ligand-based oxidation, [Co, L/ 1~ must con-
tain two Co'! sites linked by a radical: [CoL/-*Co™]~. The
radical has a dramatic effect on the magnetic properties of the
cobalt complex. Taking into consideration that the metals and
the radical are neighbors and assuming the common ‘half-half’
type of exchange, the coupling constants J(Co''-L-*) between
the radical and the two Co!l ions should be strong and anti-
ferromagnetic. The couplings align the Co'l! spins antiparallel
to the radical spin, leading to parallel ordering of the Co!
spins and a ground state with total spin S=3/2 (Scheme 8).

Table 7

S=1

S=1

centers and ligand radical cation in the

Scheme 8. Spin alignment of the Co'l!

S§=3/2 system.

The ferrimagnetic [Co,™L"*] units can subsequently be used
as linkers for inducing parallel alignment of the spins of the
paramagnetic centers, My, in a hypothetical complex such as
{[Cor™ML/1,Mp[Cor™L/>* 1My, [Coo™L/],}*~, which is begin-
ning to look like the type of multinuclear ion from which one
might extend the structure to build a magnetic crystal.

The spin functions for the ground and excited states of
[COzIHL/ »*] are eigenstates of the Hamiltonian J(Sa + SB)-SRr,
where J =J(C0HI—L’ **), SA =S =1 are the spins for the cobalt
atoms, Sr =1/2 is the radical spin, and the coupling constant
between the cobalt ions is assumed to vanish as in [Co,TL/12~.
The spin states can be formulated as |(Sag, SrR)S>, where the
coupled spin Sap of the two cobalt centers can take the val-
ues 0, 1, 2, and the total spin S is confined by the triangular
condition |Sap — 1/2| <S8 < Sap + 1/2. The energies are given
by E(S, SaB) = 1/2J[S(S+ 1) — SaAB(SaB + 1) — 3/4]. The ground
state, |(2, 1/2)§=3/2>, is supported by EPR measurements

Selected X-ray/DFT bond lengths (A) and Mulliken spin density values of cobalt and vanadium dimers

Complex M-O M-N C5-C6 C6-C7 Mulliken spin densities

Co C5 Co6 Cc7
[(Coy,(L)1>~ 1.796(4)/1.820 1.821(4)/1.838 1.415(4)/1.423 1.385(4)/1.403 —/1.760 —/0.002 —/0.002 —/0.013
[(Coly, (L))~ —/1.802 —/1.843 —/1.462 —/1.400 —/1.725 —/—0.163 —/—0.163 —/0.106
[(VVOR@M)HI*~ 1.803(4)/1.803 2.006(4)/2.039 1.400(4)/1.457 1.391(4)/1.401
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Fig. 11. DFT spin density mappings: (A) [(Co™M), (L)%~ (S=2) and (B) [(Co™),(L">*)]~ (S=3/2). Positive and negative spin densities are in blue and green,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

of [PPh4][Co,L*] in frozen CH,Cl, solution, which show a
rhombic signal with effective g factors g; =5.63, g» =4.01, and
g3=1.98. The average (g1 + g2)/2=4.8 is larger than the spin-
only value 4 for the ground doublet |S=3/2, M==+£1/2> due to
orbital contributions to the intrinsic g values which arise from
spin—orbit coupling. The three-spin formulation of [Co,L/>*]~
implies that the spin ladder includes states with total spin S =1/2,
3/2, and 5/2. Of the three states, the S=5/2 state is highest
in energy and the Boltzmann population of this state should
give rise to an increase of e upon raising the temperature.
The S=5/2 state is absent in the two-spin formulation perti-
nent to the event of metal-based oxidation, [Co™L/Co!'V]~. In
this case the spin states are |[(Sa =1, S =1/2)S> and there is,
in addition to the S=3/2 ground state, only an S=1/2 excited
state. In the two-spin scenario, the Boltzmann population of
the §=1/2 state should increase upon raising the temperature
and result in a decrease of pegr. These predictions were tested
by performing magnetic susceptibility measurements on a pow-
der sample of [CoyL/][PPhy] [59]. The value of e increases
with increasing temperature as predicted by three-spin model.
A spin-Hamiltonian fit of the p.fr versus T plot yields, as pre-
dicted, a large antiferromagnetic exchange coupling constant,

Z!l

‘\,-

@ C3 ‘C yshifted

J(CoM-L/»*)~ 75 cm™!, which implies an ferrimagnetic align-
ment of the three spins. The radical nature of the bridging ligand
in [CoL/»*]™ is supported by DFT calculations. The spin den-
sity plot obtained for the Mg = 3/2 state shows that on oxidation
of [Cor™ML/1?~ amrelectron is removed from the bridge (Fig. 11).
In conclusion, a comparison of the magnetic data for [Co,L/]?~
and [Co,L/-*]~ shows that the oxidation of a weak superex-
change bridge to a radical may turn it into a potent enforcer
of ferromagnetic spin ordering. The complex [Co,L/>*]™ is, by
no means, the only example of a polynuclear radical species.
Other examples of these interesting systems have recently been
reported by Wieghardt and coworkers [60-62].

As work continued to obtain a network solid based on
[CoL/1%~ or related dimers, we began considering a priori the
types of network solids that might be achievable. Tetranuclear
[{CoM(L?)}3Co'"]~, the basic model from which we hoped to
design network crystals, belongs to the D3 point group. This
point group does not contain an improper rotation axis, there-
fore, D3 ions are chiral. Moreover, one can realize that the species
is propeller-like in structure (Fig. 12). If adjacent My, sites in a
network solid have alternating handedness, then a planar sheet
structure is obtained (Fig. 13). In such a crystal, anisotropic

C p;'ojcction

/

Fig. 12. (Left) Schematic representation of geometry of the tetranuclear complex showing the orthogonality of the “propeller blades” represented by the bridging
O-atoms and the Co'™! centers. (Right) A representation of one propeller blade showing important angles. The angle 90°—« is designated p.
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Fig. 13. (A) Counterclockwise molecular propeller. (B) Clockwise molecular
propeller. (C) Planar sheet structure with alternating chirality for adjacent My,
ions.

effects of pressure on the magnetic properties could be imag-
ined. Network solids comprised of interconnected helices result
when adjacent D3 sites retain the same handedness and exam-
ples were being described in the literature at the time [20]. It
was reasoned that the My, ion might be the focus of a significant
magneto-structural relationship. Specifically, the structures and
exchange interactions of network solids should be dependent on
the My-related angle, 90°-a, designated p (Fig. 12). The angle p
is the angle the propeller blades make with the C3 axis or more
generally with the local My, based z axis; we called p “the pitch
angle”. For certain My, ions, e.g., high-spin Fel and high-spin
Mn!!, we considered it likely that the p of a [{Co'!! (L?) My )" -
like complex would be free to move over a considerable range.
In these cases, there would be no crystal field stabilization to
require the Mp-ligand bonding to be strongly directional. The
M, contribution to controlling the structure should be valence
shell electron pair repulsion-like. Other ions with weak crystal
field stabilizations such as intermediate spin Co!! should also
possess a flexible p. Thus, for certain ions, the pitch angle of
the propeller blades should be free to move in solution primar-
ily within the limits of steric interactions. In the solid state, we
envisioned the size of p would be determined by local steric and
crystal packing forces including counterion effects, periodicity
requirements and steric forces. In [{Co(L2)}3Co™']~, p was
determined to be 35.3°. And in this compound, steric reasons
for preventing formation of the D3}, structure with p=0° were
not evident such that if one assumed a sufficiently weak direc-
tionality of the Co"-O bonding, all angles between 0° and the
experimentally observed 35.3° could be accessible in solution.

While we never got to investigate the possibility for reasons
described in the introduction and repeated shortly below, a sys-
tem with ferric ion as My, was particularly interesting because if
a network solid with [Co,L/]>~ could be crystallized, its overall
charge would be neutral and it would possibly be easy to crys-
tallize as a result. We reasoned that following the diffusion of an
oxidant such as a halogen into the crystal lattice to convert the
[CooL/1?~ to [Co,L/>*]~, the magnetic effects would be able to
be turned on progressively.
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(7/32)
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Fig. 14. Diagram showing significant dependence of the helical extension on p.

Many interesting consequences of a variable p are conceiv-
able. Solution EPR resonances could be broadened; variable
p-induced broadenings could be present in the EPR spectrum of
[{CoM(L?)}3Co'"]~. For a growing helix based upon a repeat-
ing unit of, for example, [{Co, ™ML’} {Co™(L?)} Fe"'], the linear
growth rate per multimetallic ion would be p dependent. This
dependence is schematically depicted in Fig. 14 for the pitch
angle range of 7/32-3m/32. It is also likely that the exchange
coupling would be p sensitive. Thus, it seemed reasonable to
propose that the magnetic properties of macromolecular solids
of the type that we and others were targeting at the time would
be strongly pressure dependent [20]. The dependence should be
found for networks based on helices, chains or sheets and should
also exist for solids based on smaller oligomers such as rings.
These ideas called for many novel investigations.

It was further noted at the time [20] that two other significant
molecular parameters are constant for a given building unit; L,
the distance between two consecutive My, ions, and 27, the angle
at a given My, ion spanned by the two adjacent My, ions; for a
D3 multimetallic ion, 7 is 60°. Theoretical structures composed
of the molecular units defined by the local values of p, 7, and
L can be generated by a sequence of rotations, translations or
reflections performed on a single molecular unit. For instance,
a sequence of rotations and translations performed on a sin-
gle repeat unit of composition [{Co, ™ML/} {Co™(k* — 1)}Co'']
(also of neutral charge) yields the helix of Fig. 15A, where we
have found a mathematical treatment to be helpful in appreci-
ating the various allowed structures and their inter-relationships
especially with respect to the key molecular variable p. The
relevant molecular and helical parameters were presented in
Fig. 15B [20] which depicts a single Co"-Co! step in the con-
text of the cylinder around which an ideal helix would wind; this
helix would pass through each Co!! ion. The structural proper-
ties of the helix can be expressed as functions of the molecular
parameters p, L and 7. Important additional parameters are: h;,
the z axis of the cylinder; w, the radius of the cylinder; [, the
projection of L onto the (hy, hy) plane; 0 an angle analogous to
the variable ® from the helical function, z = k®; ¢, the projection
of L onto h; y, the angle subtended between L and I; and f, the
lines joining the origin of each Co!!-containing circular section
of the cylinder to each of the immediate Co! neighbors.

While p is the key molecular variable for controlling the heli-
cal extension (Fig. 14), y employed within the helical coordinate
system (x1, y1, z1) is the key variable for controlling the helical
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Fig. 15. (A) Helix generated by a sequence of rotations and translations performed on a single repeat unit of composition [{Cop ™ML’} {Co™(x* — 1)}Co!"]: green

polygons—idealized PAC ligands, orange spheres—Co'l!

ions, yellow spheres—Co'! ions B. Diagram defining significant molecular and helical parameters of a

piece cut from a cylinder around which an ideal helix would wind depicting a single Co'"-Co!! step.

extension which is presented in the framework of the molecular
variables. In the graphic of Fig. 15, p, t, L can be either quan-
tities known from an X-ray structural determination, quantities
assessed from the structure of a D3 building block, or hypothet-
ical quantities varied for the sake of theoretical analysis. It was
determined that all of the important helical parameters could be
stated explicitly in terms of the local variables p, t and L in the
following equations.

tan y = tan 7 sin p, y = arctan[tan  sin p]

Il =Lcosy, t=Lsiny,
cos? y . [cost
w=L , 0 =2arcsin
2cost cos y

Based on the known structures of the [{COHI(LZ)}3C0H]_
and [Co, /1>~ ions, we analyzed a hypothetical helical structure
for a [{Coy™L/}{CoM(k* — 1)}Co'"] repeating unit in which
L=13.7A and 7 =60° are fixed estimated values. Fig. 16 shows
for such a structure the calculated variation with p of the param-
eters: N=2 /6, where N is the number of repeat units in 27; £,
where ¢ is the helical extension along h; for each Co'-Co!l
step; and Nt, where Nt is the helical extension along h; for
each 27 rotation of the helix. In Fig. 16, the solid lines were
generated from the mathematical equations above, while the
data points are for structures generated numerically through
sequences of rotations and translations. In addition to the struc-
tural properties, other physical properties such as the exchange
interactions should also be functions of p for structures with
M, ions that allow for a variation in p. Ultimately, it was our
aim to obtain both planar and helical extended arrays, includ-
ing three-dimensional structures involving interlocking helices,
which may arise for specific values of p, and to attempt to gain
design control over the magnetic properties leaving open the pos-
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Fig. 16. Dependence on p of t, the helical extension between adjacent Co!! ions;
N, the number of repeating units found per 27 rotation about the helical axis, h;;
Nt, the helical extension per 27 rotation. Values of ¢ and L were fixed at £ =60°
and L=13.7A.

sibility of examining many interesting features such as pressure
effects on the magnetic, electrical and optical properties.

While this line of research still holds promise for contribut-
ing to the outstanding efforts of other researchers in obtaining
molecular-based magnetic materials by design, as noted in the
introduction, more than a decade ago breakthroughs in our major
research theme, namely the pursuit of nontoxic catalysts for
activating hydrogen peroxide and oxygen, together with our
growing passion for green chemistry induced us to refocus our
efforts [4,6].

5. Conclusions

This review highlights the component of our research arising
from the study of first row metals other than iron that is an inte-
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gral component of the genesis of an oxidatively resistant set of
ligands that are capable of stabilizing high-oxidation state mid-
dle and later transition-metal complexes and delivering potent
peroxidase mimics. The ligand systems have provided a stimu-
lating landscape on which to explore many aspects of inorganic
chemistry emphasizing the interplay of design and measure-
ment to achieve targeted properties. Some of the more intriguing
features suggest technologically useful products and processes
beyond those now well-established for Fe-TAML activators. The
ligand systems of PAC (H4L and H4P) were redesigned into
the macrocyclic systems of TAMLs (H4Q and H4T) in the pur-
suit of much more advantageous coordination environments for
attaining our most important strategic goal, namely the design
of effective small molecule oxidation catalysis to reproduce the
chemistry of oxygenase and peroxidase enzymes. Though the
complexes described here have revealed a wide spectrum of
intriguing properties, none of these species have turned out to be
great oxidation catalysts. While each design step was taken with
the hope that it would lead to effective oxidation catalysts, the
frustrations of inadequate catalysts found for so many cycles of
the design loop was by no means fatally discouraging. In hind-
sight, we can recognize that each step was simply part of what
turned out to be a necessary 15-year design evolution to the
successful Fe-TAML oxidation catalysts. With each new iter-
ated ligand, iron was the first element to have its coordination
chemistry explored. As it turned out, much of the exploratory
chemistry had to be performed on osmium (not described
here) and non-iron first row metals (reviewed here) because
the iron coordination chemistry would not give mononuclear
species (each such disappointing discovery was not reported
by us). The solid background described here cleared the way
for developing the chemistry of iron, nature’s primary transi-
tion metal for oxidation catalysis, when we reached the TAML
ligand systems. TAML systems were first reported in 1990 to
have appropriate electronic and coordinative properties to give
the much-desired iron-mononuclear species [63]. However, it
then took till 1995 for us to convincingly achieve Fe-TAML
systems with sufficient resistance to oxidative and hydrolytic
decay and show them to be long enough lived to be useful.
The now-familiar catalysis story involving extremely useful
peroxidase and intriguing oxygenase mimics evolved from
there [4].
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