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Abstract

Metal complexes of the macrocycle porphyrinogen (calix[4]pyrrole) are studied with an
emphasis on the redox activity (“non-innocence”) of the ligand (Chapter I).

Porphyrinogen complexes of spherical, redox-inert metal dications exist in three oxidation
states, dianionic, neutral, and dicationic, characterized structurally by zero, one, and two direct
bonds between adjacent pyrroles, respectively. All three are isolated on the preparative scale,
and interconverted electrochemically (Chapter Il). Each carbon-carbon bond functions as a
reservoir of two redox equivalents. The neutral oxidation state exhibits an optical intervalence
charge transfer transition, characteristic of ligand-based two-electron mixed valency
(Chapter lll). Dianionic zinc porphyrinogen reacts with carbon dioxide, and neutral
zirconium(lV) porphyrinogen with dioxygen. Two zirconium porphyrinogen units can carry a
water molecule as an oxo bridging the metals and two protons on the ligands (Chapter IV).

Iron porphyrinogen has three available oxidation states, a dianion, a monoanion, and a
dication. The interconversion of the latter two is a selective three-electron transformation,
preparatively and electrochemically (Chapter V). Crystallographic analysis shows that both
anionic oxidation states contain the reduced ligand, whereas the dicationic state is based on
the oxidized ligand (with two C—C bonds). Paramagnetic NMR confirms the structures in
solution. Spectroscopies (EPR, Mossbauer) allow the assignment of well-defined individual
oxidation and spin states states for the metal within each overall oxidation state of the
complex (Chapter VI). The iron porphyrinogen dication is an oxidant based on an iron(ll)
center; it oxidizes iodide to diiodine (Chapter VII). The cobalt(ll) porphyrinogen dianion can
take up two protons, then photoreact to yield reduction of at least one proton to a metal-
bound hydride, as evidenced by infrared spectroscopy (Chapter VIII).

Overall, the results afford a picture of metal-porphyrinogens including structure, electronic
structure, and reactivity. The ligand supplements the central metal ion by functioning as a
multielectron reservoir. Therefore, the (metal-based) coordination and (ligand-based) redox
properties of a given porphyrinogen complex are largely decoupled from each other and can
be chosen independently (Chapter IX).
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Chapter |
A perspective on multielectron reactions and the agents that perform them

Pure electron transfer (ET) is the simplest type of redox reaction. More complex redox
transformations can involve the exchange of several electrons as well as nuclei, as in proton-
coupled electron transfers, group transfers and oxidative additions / reductive eliminations. As
a general characteristic, such reactions are slow when performed via a concerted pathway, this
because acid-base and ET reactive coordinates mutually affect each other. Enzymes often
accelerate them by decoupling the acid-base coordinate from the ET coordinate and
performing the reaction in a series of steps, each involving a pure ET or pure acid-base event.
This is particularly true in metalloenzymes implicated in the metabolism of dioxygen. One of
the methods evolved by biological systems to partly separate ET and acid-base coordinates is
the use of a ligand as an ancillary redox reservoir. In synthetic systems, instances of such
ligand-based redox activity have been established, however the phenomenon has remained
very limited in terms of applications and extensions to multiple redox equivalents.
Porphyrinogen is a ligand with demonstrated extensive redox possibilities (four equivalents)
but properties that have remained undefined to date. Its accurate study is proposed.

Chapter i
Electron transfer series of porphyrinogen complexes with redox-inert metal dications —
synthesis and structures

Porphyrinogen complexes of the redox-inert, spherical dications of magnesium, zinc and
calcium can be prepared in three oxidation states — dianionic ([LM"1*), neutral ([L*M"]), and
dicationic ([L**M"]*), in the exclusive presence of counter-ions that are redox-inactive,
spectroscopically silent, and chemically unreactive. The dianions are defined structurally in
solution by NMR to contain the reduced, D»s-symmetric ligand L*, and the dications the
oxidized, C,-symmetric L**. The solid-state structure of [L*Zn] shows that the intermediary
oxidation state L*> of the ligand features a dipyrrole oxidized by two electrons and with a
direct C—C bond, juxtaposed with a reduced dipyrrole. The presence of a C—C bond creates
an equilateral cyclopropane (A) between a pair of adjacent pyrroles. The structure of [L*Mg] is
qualitatively and quantitatively identical to that of [L“Zn], with the exception of the position of
the M* ion within the macrocycle: relative to Zn*, the smaller Mg®* moves closer to the
smaller cleft defined by the oxidized dipyrrole. The electrochemistry of Zn-porphyrinogen is
defined by two waves at +0.21 and +0.63 V vs NHE, corresponding to the redox couples [L*M"]
/ [LM"-and [L**M"]>* / [L®M"], respectively.

Chapter il
Electron transfer series of porphyrinogen complexes with redox-inert metal dications —
electronic structures

The [L*M"] complexes are red, orange, and yellow for M=Mg, Zn, and Ca, respectively,
whereas the reduced and oxidized counterparts are colorless. The energy dependence of the
corresponding UV-vis absorption on solvent polarity and metal ion position is consistent with
its assignment to an intervalence charge transfer (IVCT) transition. Theoretical methods give a
comprehensive picture of the two-electron mixed-valent nature of the L*> ligand, the
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localization of the HOMOs on the reduced dipyrrole and of the LUMOs on the oxidized
dipyrrole, and the electrostatic effect of the central metal ion which gives rise to the observed
tuning of the IVCT as a function of structure. Ultrafast spectroscopy establishes that no excited
state has a lifetime exceeding 20 ps, an observation attributed to the large reorganization
necessary between the mixed-valent ground state and the valence-symmetric excited state.
However, a structurally fourfold symmetrical triplet excited state exists at very low energy.

Chapter IV
Reactivity of porphyrinogen complexes of redox-inactive d° and d'° metal ions

The ligand meso-octabenzylporphyrinogen is synthesized from pyrrole and dibenzylketone.
The metallation of it and the octamethyl version to the corresponding zirconium(IV)
complexes are performed with a homoleptic zirconium amide reagent. Structurally, the high
Lewis acidity of the Zr(IV) center is manifested in the presentation of one of the porphyrinogen
pyrroles in n°> mode. A 2:1 adduct of Zr-porphyrinogen with water is characterized in which
water has been split to its constituent ions: the oxide bridges both Zr centers, and the protons
are coordinated to a C* atom of two pyrroles. Preliminary experiments show that the neutral
Zr(IV)-octabenzylporphyrinogen reacts with dioxygen and xenon difluoride, and Zn-
octamethylporphyrinogen with carbon dioxide.

Chapter V
Electron transfer series of iron porphyrinogen — synthesis and structures

Iron porphyrinogen can be isolated in three oxidation states (OSs) — dianionic ([LFe"]*),
monoanionic (LFe"]), and dicationic ([L**Fe"]**) — as salts of counter-ions that are exclusively
redox-inactive, spectroscopically silent, and chemically inert. The transformation between
[LFe"]" and [L**Fe']** is a selective three-electron event. The two redox couples appear
electrochemically at -0.57 and +0.77 V vs NHE. In the solid state, the anionic species exist as
D,¢-symmetrical entities based on a square coordination of the metal, while the pyrrole
nitrogens of the dication define a rectangle, the short sides of which correspond to each
cyclopropanated dipyrrole. Relative to this rectangle, the iron center is out-of-plane,
completing its coordination with an acetonitrile solvent molecule. Structural analysis of the
three paramagnetic species in solution is possible by NMR. 'H and ?H spectra of the meso-
deuterated compounds reveal their symmetry properties simply and unambiguously

Chapter VI
Electron transfer series of iron porphyrinogen — electronic structures

Within each of the three overall OSs available to the Fe-porphyrinogen entity, an integer
individual OS of the ligand is assigned unambiguously from the structural information
provided in the solid state by diffraction methods, and in solution by NMR, given that each “A”
C—C bond is worth two units of OS. Individual OSs for the metal are determined
spectroscopically and magnetically. EPR, Mdssbauer, UV-vis spectroscopies as well as SQUID
magnetometry concur to assign a Fe(lll, S=3/2) to [LFe"T, Fe(ll, S=2) to [LFe"]*, and Fe(ll,
S=1) to [L**Fe"**. Theoretical methods confirm that metal-based and ligand-based orbitals
are clearly separated from each other, which results in less than 1% of the spin being located

10
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on the organic periphery. Ultrafast techniques are used to probe the dynamics of the system,
and establish that the charge-transfer excited state decays extremely quickly because the
large structural reorganization that it requires strongly couples it to the ground state through
the corresponding vibrational mode(s).

Chapter VI
Multielectron reactivity of the iron porphyrinogen dication, [L**Fe"**

The iron porphyrinogen dication, [L**Fe"]**, is an unusual oxidant based on a low-valent Fe(ll)
center. Its low Lewis acidic character manifests itself in its reaction with iodide: instead of
forming a thermodynamically stable adduct with the halide, it oxidizes it stoichiometrically to
the dihalogen. The chloride adduct is stable, however, and can be obtained either from
[L**Fe"]** by reaction with a chloride salt or from [[L**Fe"]** by oxidation with AuCls or PhICl,.
The trimethylsiloxo adduct yields an oxidant upon cleavage of the Si—O bond with a fluoride,
which is then reduced to [LFe"]" upon reaction with a variety of substrates, however without
detectable formation of products of O atom transfer. Such behavior is attributed to
preferential H atom abstraction from solvent and substrate.

Chapter VIII
Photochemical reduction of a proton by cobalt porphyrinogen

The cobalt(ll) porphyrinogen dianion features a square coordination of Co(ll) by the four
pyrroles. Its electrochemistry shows two waves at -0.30 and +0.65 V, akin to those observed
with the related Fe compound. It can be protonated by two equivalents of pyridinium with
retention of the Co ion, both protons being bonded to the ligand as witnessed in NMR by a
complete loss of symmetry. The protonated species undergoes a clean photoreaction in the
near UV in dichloromethane, and the photoproduct has regained fourfold symmetry. The
presence of a '"H NMR signal at extreme downfield shifts (6 > +140 ppm) and of infrared bands
in the 1900-cm™ region are evidence for the presence of at least one Co—H bond. Thus,
cobalt(ll) porphyrinogen is able to simultaneously store two protons and two electrons thanks
to the active participation of the ligand, and photochemically reduces a proton to a hydride.

Chapter IX
Conclusions and outlook

The findings of the previous seven Chapters are reviewed and put in perspective. The
dissertation establishes synthetic methods to obtain oxidized metal porphyrinogens without
special stabilization by complicated transition metal-containing polynuclear counter-ions.
Electrochemical benchmarks are defined, and series of species differing only by their OS are
compared structurally. A palette of experimental and theoretical techniques contribute to
drawing a detailed picture of the electronic structures in ground and, to some extent, excited
states. Complexes of oxidized porphyrinogen tend to react in single-electron steps that are
challenging to control but are reminiscent of the behavior of redox metalloenzymes. This is
likely a hallmark of ligand-based redox activity, and could potentially be exploited towards the
design of novel chemical transformations.
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A perspective on multielectron reactions

and the agents that perform them
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.1. Redox reactions

Inorganic chemists traditionally distinguish between acid-base reactions and
oxidations-reductions. The principles governing the former are well established,’
based on reliable kinetic observations dating from the early 20" century? and
theoretical foundations laid slightly later.>* In contrast to this, redox chemistry remains
an area in which much remains to be tested and discovered, despite a large body of

existing experimental and theoretical work.

l.1.a. Single electron transfer

The first measurements of the rates of electron transfer (ET) were enabled in the 1950’s
by advances in nuclear chemistry, which allowed tagging of one reactant in self-

exchange reactions of the type

[ *Fe(CN)g|* + [FelCN)g|*™ === [*Fe(CN)g|™ + |Fe(CN)s|*

where *Fe denotes a mixture of iron radioisotopes, in other words, radiolabeled
iron.>2* The data allowed differentiation between outer-sphere ET, which was found to
be fast and to occur between coordinatively inert ions such as [Fe(CN)s]* (a = 3, 4) and
[MnO4]*- (b =1, 2), and inner-sphere ET, which gave rise to slower rates because it was
gated by a rate-determining acid-base event. However, at the time the experiments
did not give any insight into the essence of the (much faster) ET event itself. The
process was first described (and its dynamics predicted) theoretically when the Franck-
Condon principle, describing the probabilities of vibronic transitions,>? was applied
to ET events, initially by Libby? and Weiss.?® Marcus*3? and Hush* developed the idea

within a transition state model and formulated a complete theory.

The theoretical predictions could not be tested until new experimental
techniques became available. The main hurdles were the necessity to maintain a
known and fixed distance between reactants — in essence, to study intramolecular ET
— and the very fast nature of such ET events. An initial approach to the problem relied

on the broadening of a frequency-domain signal, namely in the electron paramagnetic
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resonance (EPR) of cyclophanes.** The first very successful strategy was pioneered by
Taube, with the preparation of a wealth of dinuclear transition metal compounds,
asymmetrical at first,*® and later on symmetrical, mixed-valent ones¢*° the near-
infrared (NIR) and electrochemical properties of which could be analyzed in a
framework developed by Hush to yield ET rate constants.*’ Early examples of direct
resolution of ET in the time domain were achieved by stopped-flow* and
temperature-jump®* techniques. The second very fruitful strategy, developed by Gray,
was the application of short laser pulses to both the photogeneration of redox-active
excited states and the probing of the ensuing redox reaction. In its initial
implementation, the technique relied on ET between a dissolved transition metal
complex and the redox cofactor of a protein;**¢ later on, the inorganic center was
covalently attached to a single site of the peptide’s surface, for an accurate control of
distance and orientation between both redox entities.*”>' The Marcus theory was
finally validated unambiguously with the experimental observation of the quadratic
dependence of the logarithm of ET rate with driving force, especially in the so-called
“inverted region”, which features a decrease in rate when a reaction becomes

increasingly favorable thermodynamically.>***

1.1.b. More involved redox reactions

The transfer of a single electron between two well-defined redox centers is quite well
understood.> But it only represents a small fraction of all redox reactions. In most
cases, electron transfer occurs either in a concerted event that also involves bond
rearrangement, or in a multistep process that overall corresponds to the transfer of
several electrons and one or more nuclei. Such reactions are indeed the more
prevalent ones in organometallic chemistry, in the catalysis of fine organic
transformations and in processes of industrial importance, as well as in biology. To

date, there exists no general theoretical framework that accounts for them.

Proton-coupled electron transfer

The simplest case is proton-coupled electron transfer (PCET), whereby the motion of

the electron either is affected by the position of a proton, H* (along or across the ET
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Scheme I.1. Two examples of PCET.>”®? Mes = mesityl = 2,4,6-trimethylphenyl; tBu = tert-butyl
= 1,1-dimethylethyl.

path), or is accompanied (in a simultaneous or consecutive fashion) by the transfer of
the proton.>>% Scheme I.1 displays representative examples of those two prototypical
limits. In the upper panel, a porphyrin singlet excited state transfers an electron to the
naphthalene diimide acceptor through a salt bridge. The presence of the salt bridge
and its isotopic constitution affect the observed ET rates, although there is no
evidence of complete proton transfer within the salt bridge.””¢' In the lower panel, a
transition metal complex transfers both an electron (mostly from the metal ion) and a
proton (from the ligand) to an organic radical.®> One can arguably consider PCET as a
particular case of Marcus-type ET,*® in which the proton is part of the medium and its
vibrational mode dominates the solvent reorganization coordinate. However, two

special features, firstly its extreme case hydrogen atom transfer (HAT) and secondly
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the small mass and quantum nature of H*, make it distinct. Phenomenologically, HAT,
that is, the situation in which electron and proton move together in time and
(approximately) in space, is more akin to atom transfer (vide infra) than to pure ET.
From a theoretical viewpoint, the treatment of the medium as an ensemble of classical

oscillators does not apply to H*.

Because in thermodynamic terms PCET and HAT amount to an electrostatic
stabilization of ET, they are a prevalent method of charge transfer and storage in non-
aqueous media such as proteins and lipidic membranes. For example, in the
Escherichia Coli (E. Coli) ribonucleotide reductase (which catalyzes the conversion of
nucleotides to deoxynucleotides), a radical is transferred over a 35-A PCET pathway
from tyrosine Y122 adjacent to the diiron initiaton cofactor to cysteine C439 in the
active site.> The photolyase of E. Coli (which repairs photoadducts of nucleobase pairs)
similarly shuttles a redox equivalent between the flavin adenine dinucleotide cofactor
and the active-site tryptophan W306 13 A away.®® Perhaps most prominently, PCET lies
at the heart of nature’s energy management. Stepwise oxidation of the manganese-
(hydr)oxo cluster constituting the oxygen-evolving complex (OEC) of plant
photosystem Il (PSIl) by the neighboring tyrosine Y; to yield O, from H,O involves
shuttling of four electrons and four protons.®*%> Charge transfer between PSIl and
neighboring membrane-bound cytochromes occurs via the so-called quinone pool:
each quinone must accept and deliver both e~ and H* in order to remain neutral and
thereby membrane-soluble.®* And in respiration, the creation of a transmembrane
gradient of proton concentration is effected by coupling proton translocation to

electron transfer.667

Group transfer

As alluded to in the context of HAT, a transformation in which, overall and
formally, one or several electrons are transferred together with a mononuclear or
polynuclear ion can be called group transfer. The simplest situation is illustrated in the
upper panel of Schemel.2 by the so-called oxygen atom transfer (OAT) between
oxochromium porphyrins and phosphines.®®° Because the most stable oxidation state
of O is the oxide (formally O(-Il) as a ligand), the reaction entails the reduction of Cr(IV)

to Cr(ll) and concomitant oxidation of P(lll) to P(V). This case is the simplest from a
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Scheme 1.2. Two cases of oxygen atom transfer.®®>> The upper reaction occurs in a single
mechanistic step and transfers the O atom from one atom (or ion) to another; the lower one is
a multistep process involving rearrangement of several covalent bonds. R; represents a nucleic
base and R; a diphosphate group.

mechanistic viewpoint (single step), and is classified as redox only because of formal
oxidation state assignments. In fact, the closest description of the process is the
transfer of an O atom, with concerted Cr=0 and P=0 bond breaking and forming,
respectively. The other extreme of OAT is typified by the reaction catalyzed by RNR,
namely the extrusion (or insertion) of a formal O atom into (or from) a C—H bond
(lower panel of Scheme 1.2). This case involves a multistep mechanism made of pure ET
events and protonation of the leaving hydroxy group;® thus, the formal O(-II)

assignment approximates the physical reality reasonably well.

Although a variety of other group transfers are well-documented, O atom
transfer holds a preeminent position among them, essentially because epoxidations
and dihydroxylations have become, in their enantioselective versions, workhorses in

asymmetric organic synthesis.”’”?

Organometallic transformations as redox reactions

Many C—C and C—H bond-forming and bond-breaking reactions of interest to
organic chemistry are catalyzed by transition metal complexes, the metal center of
which undergoes changes in oxidation state during catalysis. Among a wealth of other
examples, the Suzuki-Miyaura coupling’ of Scheme 1.3 illustrates that many oxidative
addition / reductive elimination steps of organometallic transformations can in

principle be treated as group transfers. For example, the L,Pd fragment is formally
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—_— —_—

L,pd" L,Pd"

L,Pd°
-2L \ - IB(OH),

O,

Scheme I.3. Suzuki-Miyaura coupling of an aryl halide with an aryl boronate. The oxidative
addition can be considered as the transfer of an L,Pd group into a C—I bond, and the
reductive elimination its extrusion from a C—C bond. Mes = mesityl, L = triphenylphosphine,
2-MeOC¢H4l = 2-methoxyphenyl iodide.

transferred into the aryl—I bond. More generally, a variety of reactions between or at

coordinated ligands result in changes in the formal oxidation state of the metal.

Multielectron processes in small-molecule management

The management of simple entities such as O,, H,O, H,0,, O,*~, N, NO>7, NH;
and CO; in biology and chemistry proceeds through multistep mechanisms, many of
which are atom transfers or PCETs. It is, however, worthy of separate consideration
because of its importance to life and technology, and because inorganic chemists tend
to consider it as a field of study of its own. Among the processes of colossal
importance based on such reactions are aerobic and anaerobic respiration, fuel cell
operation, fermentation, photosynthesis, destruction of reactive oxygen species in
cells, and nitrogen fixation (by bacteria in a metalloenzyme, or industrially by the

Haber-Bosch process).

Some particularly well-resolved cases from that list are illustrated by
Scheme 1.4. The first, featuring the splitting of the inert molecule dinitrogen by two
molybdenum centers, can be described as a double N atom transfer to Mo(lll).”> The
very closely related system presented immediately below achieves the same
transformation by a completely different mechanism, that is, a series of PCETs.”® Then,

catalytic turnover from the nitride is made possible by destabilization of dinuclear

37



Chapter |

/tBu
Ar—N\ Ar N tBu
2 Mo—N  + Ny —> 2 gy Mo—N
tBu—N Bu N A
\ Ar /N—tBU
Ar Ar
N t 36
ar M 3HY, 3¢ Ar
\N N Ar —~NH, \N N A
A~ =Mo—N Arsa=Mo—N
N7 3H", 3¢, N |
o : &
~NH;3
Ho_ f! 2H,0 Ho_ [
—
i /C?\o 0o H P2 /C\a\o
M”_O\\O* Al -3H*, -4e Mn—Q0~/\
M / Mn"Mn \/ Mn Mn
n\é)/ Mn\

Scheme 1.4. Examples of characterized small-molecule transformations in chemistry and
biology. In the upper panel, dinitrogen is split into two nitrides by two transition metal
complexes: the six-electron reduction is achieved in a dinuclear system, by the transformation
of two Mo(lll) centers to Mo(VI1).”® In the central panel, the same transformation is obtained in a
mononuclear compound by three PCET events; moreover, the second N atom is further
functionalized, and the inorganic center concomitantly reduced, by three additional PCETs.”®
In the lower panel, dioxygen is formed from coordinated O centers in formal O(-Il) oxidation
state by the OEC of PSIl in what can be considered a group transfer reaction; then, acid-base
and ET events regenerate the O,-evolving state.” tBu = tertbutyl; Ar = 3,5-dimethylphenyl; Ar’
= 3,5-bis(2,4,6-triisopropylphenyl)phenyl; the structure of the OEC is putative, and is a
fragment (i. e., charges are not balanced and not all ligands are represented).

species (by steric bulk), weakening of the Mo=N bond (by geometric changes
destabilizing the m-bonding Mo d, and dy, orbitals), and subtle tuning of the external
proton and electron donor strengths. The machinery of photosystem II, which
photochemically produces O, from H,O in order to use the electrons generated for
energy storage, uses several photoinduced PCETs”” to produce a high-valent
manganese(V) oxo and high-valent appended manganese-based cluster. Dioxygen

evolution occurs by transfer of the O atom to a neighboring hydroxide (or water).”88

38



Chapter |

l.1.c. Commonalities of all multicomponent redox reactions,

and coping strategies

A simple description of ET, PCET, and HAT

Paragraph 1.1.b sampled an extraordinarily wide variety of reactions. A majority of
useful inorganic reactions are of redox nature, and most of them are more involved
than pure single ET. However, some common traits can be found in that perplexing

diversity.

In Marcus terms,*=? single ET can be described in a three-dimensional space

.
H,0 OHa i
|/f|(|)HZ | |OHZ
H,0—Cor—Cl—Fe—O0H,
H,0
mo 0

OH,

Figure L.1. Single electron transfer. Inner-sphere ET between aquated [Co"CI]** and [Fe"]** is
taken as an example. The electron moves from its initial localization on Fe to Co when the
surroundings have moved along a complex nuclear coordinate g to a midpoint (particularly,
when Co-ligand bonds have lengthened and Fe-ligand ones have shortened) where Franck-
Condon overlap between the vibrational wavefunctions of starting material and product is
optimal, at which point it tunnels over. The vertical panel represents the vibrational wells of
isolated starting material and product (gray) and the composite energy curve resulting from
their interaction (black). The blue ribbon approximates the evolution of the system during an
ET event.
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represented in Figure I.1. The position of the electron depends on a complex nuclear
coordinate (labeled q), which in energetic terms gives rise to a double well. The course
of the reaction in the electron coordinate / nuclear coordinate plane can be loosely
described as consisting of three segments. The first is along the vibrational axis, the
second corresponds to the electron tunneling through the metal-metal axis, and the
last represents the end of the vibrational rearrangement. It is worth emphasizing that

a diagonal pathway is not possible — it would correspond to a continuous motion of

H H D D
H e i
H Tpos"cl, D 1posVal,

H NH D NH,
H Todd D Tobdl
pOs ™ Cl, TpOs™Cl,

H H D. D
€]
H NH; D NH
H Tpos'cl D TpOsVcl
H D 2 2
H H D. D
@
H NH> D NH,
H Tpos''cl, D Tpos"cl,

H D. D

@@ )
e D i
H Tpos"cl, D 1p0s"cl,

H H D D
H NH, D NH,
H TposVcl, D Tpos''cl,

Figure 1.2. Two contrasting PCET mechanisms in closely related systems.?" In the upper panel,
the pair of corresponding Os(IV) anilide and Os(lll) aniline exchange the e” and the H* as an H
atom in a concerted, “diagonal” fashion. In the lower panel, a protonated pair carries out the
exchange in separate proton transfer and ET. Tp™ = trispyrazolylborate.
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the electron through space between the metal centers, which does not happen in the

physical reality.

Despite its higher complexity, PCET can be qualitatively described in a similar
manner. If the gu- coordinate convolutes the motion of the proton with the other
nuclear rearrangements (which is an approximation because of the disparate masses),
then the plane of gu+ and ge (ge- being the electron coordinate) defines the space of
the reaction (energy could be added as a third dimension). In such a representation,
the two extreme PCET mechanisms described in 1.1.b can be clearly opposed
(Figure 1.2). PCET in the Os(IV) anilide / Os(lll) aniline system studied in detail by Soper
and Mayer®' occurs along a diagonal trace as a (slow) concerted HAT, without
intermediate (upper panel). Trace acid acts as a catalyst because the protonated Os(IV)
anilide / Os(lll) aniline pair achieves a stepwise PCET in two orthogonal segments, as a
(fast) sequence of consecutive proton transfer and electron transfer with a distinct

intermediate.

Finally, group transfer is in this formalism very analogous to PCET. The
mechanisms of the two disparate examples of OAT of 1.1.b are illustrated in
Scheme I.5, again with an emphasis on the two orthogonal constitutive coordinates,
acid-base (horizontal, transfers of H* and O(-Il)) and ET (vertical). It is immediately
apparent that OAT from oxo chromium porphyrin to phosphine is diagonal,®® just as
concerted HAT is, and that, conversely, extrusion of O from a ribose C—H bond under

|ll

RNR catalysis occurs in discrete, “orthogonal” acid-base and ET steps,’® just as

consecutive PCET does.

With this, the reaction types of I.1.b have been somewhat unified in terms of
their possible mechanisms. They have other aspects in common as well. The
entanglement of electron and acid-base coordinates often leads to practical
limitations. Mayer’'s example (Figurel.2) is particularly telling: concerted HAT is
particularly slow. In the absence of catalysis, separation of the acid-base and electron
coordinates is impossible because both mutually affect each other through metal-
ligand bonding and through electrostatic forces. Both possible first steps of a
hypothetical stepwise sequence, that is, protonation of the high-oxidation state (high-

0S) Os anilide on the one hand, and ET to it on the other hand, are unreasonable, the
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Scheme I.5. Two OAT reactions with disparate mechanisms. In the upper panel, OAT from an
oxo chromium porphyrin to a phosphine occurs in a concerted manner, “diagonally” across
the ET / acid-base plane. In the lower panel, extrusion of an O atom from a ribose C—H bond
under RNR catalysis happens in a series of “orthogonal” steps, each of which is purely ET or
purely Brgnsted in nature. R; represents a nucleic base, R, a diphosphate group, and (porph) a
porphyrin dianion.

Os=N multiple bond is too strong. The kinetic bottleneck is only circumvented when
an additional proton is part of the system: it disrupts the mutual stabilization of a high
metal OS and a deprotonated ligand prone to multiple bonding, and allows the
system to take the stepwise path. The double nature of the metal’s d orbitals — as

those exchanging electrons and carrying the coordination bonding to the ligand —
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lies at the heart of the slow rates of coupled acid-base / redox processes occurring at

many mononuclear coordination complexes.

This limitation becomes even more stringent when one deals with
multielectron processes, such as group transfers. OATs (two-electron processes) from
(Ox-derived) metal oxos to organic substrates, being of the concerted nature, not the
stepwise one, often are affected: the stability of the multiple bond between the
reduced oxo and the high-valent metal center tends to restrict reactivity to
thermodynamically facile substrates, despite the remarkable oxidizing power of O..
Further, dinitrogen activation and reductive cleavage (a six-electron process) remains
highly challenging to chemists, despite isolated successes (cf. Scheme [.4). Most
known examples of cleavage are driven thermodynamically by the formation of a very
strong M=N triple bond, which often is then extremely inert to further
functionalization of the concerted, or “diagonal”, type. Indeed, the only known
example of room-temperature catalytic N, conversion to ammonia in solution was
achieved by subtly tuning the thermodynamics to a unique situation that allows the

reaction to be broken down and performed in individual “orthogonal” steps.

The function of many enzymes can be reviewed from this perspective — in
numerous cases, multielectron enzymes operate at least in part by separating ET
activity from Lewis and Brgnsted acid-base events (functionally and spatially). Quite
dramatically, the mechanism proposed for the chemistry of ribonucleotide reductase”
(Scheme 1.5) involves cysteine residues which carry out ET steps, and acid-base groups
which perform proton transfers. Thus, RNR uses no metal ion in its active site, and

separates H* and e~ coordinates almost perfectly.

How metalloenzymes cope with the multielectron nature of O,

Of the redox enzymes the active sites of which do contain at least one
transition metal ion, many have evolved strategies to avoid the kinetic bottleneck of
an excessively stable high-valent, multiply bonded metal-substrate oxidizing
intermediate. Such strategies are particularly prevalent for the proteins involved in O,
management, as shown in Scheme 1.6, because of the four-electron couple between
0, and O(-II) (as found in H,O, ROH).
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Scheme I.6. Three different coping strategies evolved by metalloenzymes to deal with the
multielectron nature of the O, substrate. In the upper panel, the MMO hydroxylase uses a
dinuclear center and shuttles between Fe'/Fe" and Fe"/Fe".#? In the middle panel, cytochrome
P450 involves an external reductant between the O, binding event and the O—O bond
breaking, and calls the porphyrin ligand to take a redox-active role.**%* And in the lower panel,
the OEC of PSIl uses a Mn-oxo cluster as an ancillary redox (and acid-base) reservoir.”®%° R
represents the protein’s peptidic backbone.

44



Chapter |

Monooxygenases use O, as the oxidant to hydroxylate a C—H bond; of the four
redox equivalents provided by each O, molecule, only two are used in productive
catalysis, the other two are transferred to a sacrificial reductant such as NADH + H*
(nicotinamide adenine dinucleotide), with H,O as by-product. The hydroxylase in the
soluble methane monooxygenase (MMO) complex of Methanococcus capsulatus
(Bath), a methanotroph, uses a dinuclear strategy to cope with O, such that it
oscillates between Fe'/Fe" and Fe/Fe" as its extreme oxidation states (upper panel of
Scheme 1.6).32 Cytochrome P450, which hydroxylates a variety of less
thermodynamically challenging substrates, is mononuclear, but overcomes the
difficulty of addressing the four-electron entity O, with the mostly two-electron metal
Fe by using two artifices (central panel of Scheme 1.6).8384 Firstly, O, coordination at
Fe(ll) does not immediately result in its cleavage. Instead, O, is only reduced by a
single electron to a superoxide (bound to Fe(lll)), the next step involving external
reduction of the entity to the Fe(lll) peroxide. Secondly, the elimination of water after
double protonation requires two additional electrons from the inorganic center, which
is nearly impossible from Fe(lll),>#% and one of them is provided by the porphyrin

periphery. Thus, an Fe(lIV) porphyrin cation radical serves as a masked Fe(V) center.

The function of the OEC in PSII of green plants and photosynthetic bacteria is
to extract electrons from the transformation of water into dioxygen and protons for
the eventual storage of chemical energy in the synthesis of sugars from CO.. Thereby,
its importance to aerobic life, and indirectly to engineering, is primordial. The
transitional metal used is this time Mn (lower panel of Scheme 1.6).””% A single Mn
center holds a substrate water which is oxidized stepwise to a high-valent Mn-oxo,
whereas the second substrate water is presumably deprotonated upon coordination
to a redox-inert Ca?* cation. Since the Mn ion that holds H,O can only shuttle by two
redox units (from Mn"—OH, to Mn"=0), it is supplemented by an ancillary redox-
active trinuclear manganese-oxo cluster which provides a nearby two-electron redox

reservoir.

2 The oxidation state Fe(V) has been in exceptional cases invoked in intermediates or
observed spectroscopically in unstable compounds,®® and remains controversial.
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1.2. Redox-active ligands

The necessity for catalytic inorganic centers to provide two or more redox equivalents
in multielectron reactions while avoiding the kinetic bottleneck of too stable high-
valent, multiply bonded metal-substrate intermediates — most prevalently in small
molecule activation and management — has prompted biological systems to develop
three main strategies to alleviate the redox requirements on the substrate-binding
metal: share the redox burden between (i) two substrate-binding metal ions working
in concert, (ii)the substrate-binding ion and its redox-active ligand, or (iij) the
substrate-binding ion and a neighboring redox-active cluster. Such strategies can be an
inspiration for chemists attempting to approach nature’s efficiency, selectivity and
control in small molecule management. Certainly, the limitations and approaches of
synthetic inorganic chemists are different from those of biological organisms: the
former confront more stringent restrictions in time, tackle problems in (somewhat)
logical terms, and have access to the whole periodic table, whereas the latter have
evolved for billions of years, building large structures of redundant complication by
trial and error, and from a relatively small set of elements and building blocks.
Nevertheless, nature can be a source of inspiration to the chemist. In particular, the
vast majority of inorganic chemistry has dealt with mononuclear complexes of metal
ions with redox-inert ligands, and there is still ample space for experimentation in the

concepts (i) to (iii) listed above.

This thesis explores idea (ii), that is, the use of a redox-active ligand in concert
with a central metal ion. Traditionally, inorganic chemists tend to consider a metal ion
as both the Lewis acid-base center (in particular, the site of substrate binding) and the
sole redox actor, therefore use one or several chelating or macrocyclic ligands —
cyclopentadienyl (Cp), trispyrazolylborate (Tp’), porphyrins, calixarenes, salens,
bis(diphenylphosphino)ethane, and many more — aptly called ancillary. For the most
part, ancillary ligands prevent undesirable reaction pathways by blocking a number of
coordination sites with an inert barrier, and adjust the steric and electronic properties
of the metal ion in a purely static manner. Breaking free from this restrictive (however
successful) thinking, and reserving a more active role for the supporting ligand(s),

might open up different horizons in inorganic chemistry.
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l.2.a. Small molecules, the oxidation state of which changes

upon coordination

Some ligands have long given rise to discussions concerning the best description of
their oxidation state (OS) in coordination complexes, because their most stable OS in
the free form often does not approximate their real behavior when coordinated. In
other words, they oxidize or reduce the metal (or may do so) upon coordination.
Nitrous oxide, the open-shell, neutral molecule ‘NO, is a case in point2 In its
coordination compounds it is usually considered formally as either the cation NO*
(isoelectronic to CO) or the anion NO- (isoelectronic to O,). For example, reaction of NO
gas with iron(lll) octaethyl- or tetraphenylporphyrin (OEP or TPP) yields a linear
Fe—N=0 unit, that is, formally Fe(ll) (NO*).829°

Reaction of sodium metal with naphthalene in ethers yields the green solvated
adduct (CioHg)Na(solv),, where solv designates coordinating solvent molecules.”’ Its
very color is indicative of its nature: an anion radical delocalized in the aromatic
system, coordinating a stable Na* cation. The naphthalenide anion radical is quite
frequent as n* or n° ligand in complexes of low-valent transition metals as well.*>?* The
phenomenon extends to other polyaromatics, a prevalent example being the bent

magnesium anthracene, (Ci4sH10)Mg(THF); (THF = tetrahydrofuran).*

Cyclooctatetraene (cot) presents a two-electron example in the same category.
As an isolated species it exists as the ruffled neutral molecule. However, most of its (s-
and f-block) metal complexes feature it as a flat octagon, therefore the 10w, aromatic
dianion CgHs>.%>7 Zero-valent transition metal complexes of cot, however, bind it as a

neutral diene.®®

Those ligands are redox-active in the sense that their OS in the complex can be
different from that of the free entity; however, they do not usually display any redox
changes once coordinated (but for some adaptation to changes in the metal’s OS
brought about by external redox agents, manifested by hapticity changes).**'** For
that reason, they cannot be used as supporting redox agents in coordination

compounds.
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1.2.b. Constructs with redox-active fragments appended onto

ligands

A very different class of redox-active ligands encompasses molecules built from
fragments with an engineering approach. Robust units with well-established, reliable
redox properties, in particular ferrocene (Fc) and tetrathiafulvalene (TTF), can be
grafted onto ligands, the coordination properties of which usually remain unchanged

(Scheme 1.7).10>111

The number of redox-active units on each ligand, as well as the type of tether,
can be varied to obtain different electrochemical behaviors. In many cases,

compounds possessing several such tethered redox-active units exhibit a single

Fe N 0 0 N Fe
A A
@ s SEPS
/Zn\ /Zn\
s%S s&S

Ets/%/S )Ss:%\s&
EtS SEt
Scheme I.7. Two examples of ligands with several appended one-electron redox units. In the
upper panel, Fc moieties are loosely connected to a dithiocarbamate - crown ether
framework, with potential applications in sensing.'® In the lower panel, TTFs are fused into the

© system of a phthalocyanin, with potential applications in magnetic materials.'"
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(broadened) electrochemical signal, indicative of very limited electronic interaction
between the redox actors at the periphery and the center of the coordination
complex. Consequently, such constructs are, for the time being, mostly interesting in
applications based on electrostatic interactions, such as ion sensing. Exploration of the
properties of such constructs in (multielectron) reaction chemistry, however, deserves

an interest which, to date, is absent from the literature.

l.2.c. Genuine redox-active ligands

In order to draw clear-cut lines, we will call “genuine redox-active ligand” an organic
molecule or ion that inherently is able to coordinate to a metal cation in a certain OS

and, once coordinated, change OS upon reaction with external redox agents.

Ditihiolenes and catecholates

The first examples of such behavior (dithiolene complexes of group 9 to group
11 ions, Scheme 1.8) were investigated in the 1960’s by magnetometry, EPR and
electronic absorption spectroscopy, initially by Schrauzer and Mayweg,''*'"* then in
great detail by Davison and Holm,""*'?* on the one hand, and by Gray,'**'?® on the
other hand. Controversy arose because EPR parameters, that is, the presence of
hyperfine coupling to the central metal nucleus (where applicable) and a relatively
wide spread of g values, indicated the presence of unpaired spin density on the central
metal in paramagnetic complexes such as [(R.C:S,):Nil". After a fierce crusade fought
by the Don Quixote from Columbia against “the myth of nickel(lll)”,'?® it was quickly
recognized that the electronic structure consists of a mostly ligand-based radical with
strong stabilization in the covalent binding to the transition metal. “The persisting
problem is the establishment of the quantitative degree of metal orbital involvement
in these series of complexes which possess, in the phraseology of Schrauzer and

Mayweg,'"? ‘delocalized ground states.’ "%

Wieghardt reinvestigated the question more recently, in similar compounds
(mostly dithiolenes and catecholates of late transition metals) but with a wider variety
of spectroscopic techniques and with modern theoretical methods.””™*° The

conclusions have not changed, and density functional theoretical (DFT) treatment
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Scheme I.8. A common and well-established type of genuine redox-active ligands. Upper left,
the main target of the initial studies (z=-2, -1, 0; R = Ph, CF;, CN, CH;, ...).""*"?® Upper right, a
particularly well-resolved case described by Wieghardt (n = -1, 0)."*? Lower panel, exploitation
of ligand-based redox activity to supplement a central metal’s abilities.'

shows that the redox-active Kohn-Sham orbitals'*® are delocalized between both
ligands and the central metal ion, the ligands contributing the larger coefficients

(thence their description as being “non-innocent”).

Moving beyond a purely descriptive approach to ligand non-innocence,
Heyduk recently demonstrated that the redox activity of a ligand set can be used to
supplement the central metal’s abilities, achieving a formal oxidative addition of Cl,

onto a Zr(lV), d° complex.'

Porphinoid macrocycles

That the active oxidant in the catalytic cycle of cytochrome P450 (“compound
1”) is an oxo Fe(lV) porphyrin m-cation radical, not an oxo Fe(V), only began to be
recognized after Groves was able to oxidize chloro iron(lll) TMP with a peroxyacid at
low temperature, spectroscopically identify the intermediate generated as porphyrin-
based radical, then show that it behaves as a very active oxygenating agent.'*
However, Dolphin and Felton had proposed such an electronic structure for
compound | ten years earlier,"® and had already been able to characterize oxidized

states of zinc and magnesium porphyrins in the late 1960’s.'#1%°
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Other tetrapyrrole macrocycles show comparable redox activity, in particular
chlorins™®'” and corroles. The degree of “non-innocence” of corroles in their iron
complexes has been the subject of some debate. It is absolutely clear that oxidation of
(corr)FeV—(CsHs) (where corr represents a generic corrole) is macrocycle-based,
yielding the stable and completely characterized (corrt)Fe"V—(C¢Hs)."® It was then
suggested on the basis of its paramagnetic nuclear magnetic resonance (NMR) shifts
that even (corr)Fe—Cl should be reformulated as (corr*)Fe"—Cl.'** However, to date
this claim has not been confirmed.”™ Thus, the commonly accepted view is that
corrole differs from porphyrin in its ability to stabilize some higher-OS metal ions, but

that its redox activity is similar.

.2.d. Limitations of well-established classes of redox-active
ligands, and appealing features of porphyrinogen

Apart from isolated examples, all known cases of ligands the OS of which can be
changed in their coordination complexes upon electrolysis or reaction with chemical
redox agents either (i) are related to dithiolenes or catecholates (i. e. based on a
HE—C=C—EH backbone in the reduced, protonated state, with E=0, S, NRand R =

alkyl) or (ii) belong to the tetrapyrrole family of macrocycles.

As a study case from the viewpoint of redox-active ancillary ligands, porphinoid
macrocycles (ii) combine the advantages of (a) displaying redox-active orbitals quite
well distinguishable from those of the metal, yet in electronic communication with
them, and (b) featuring very favorable spectral properties in the ultraviolet and visible
regions (UV-vis). However, they can only store a single oxidizing or reducing
equivalent (and a second one under forcing conditions). The chelates in category (i)
have a broader range of redox storage in that two such ligands can in principle
accommodate up to four redox equivalents, but they still react in single-electron steps,
which presumably will not allow them to function as selective multielectron agents in
the context of small molecule chemistry. Furthermore, their characterization (more
specifically, the deciphering of how an overall charge is shared between metal and

ligand(s) and the assignment of well-defined respective OSs) is complicated by the fact
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that their redox-active orbitals are directly adjacent to the metal-binding atoms and

involved in bonding to it.

A model system for the study of ligand-based redox activity and the interaction
of a multielectron reservoir ligand with a central metal ion would ideally present the
following characteristics: (a) versatile coordination abilities; (b)a wide range of
available oxidation states; (c) some mechanism that might potentially yield a
selectivity for multielectron events over single-electron ones; (d) redox sites that are
distinct from the metal, yet in reasonable electronic interaction with it;
(e) spectroscopic handles; (f) structural simplicity, ease of preparation and handling.
Phenanthroline dione has some potential in that respect, in particular as a two-
electron PCET agent, but the information available about it in the literature is
scarce.””*2 This thesis will focus on a tetrapyrrolic macrocycle with a potential for
four-electron reactivity, porphyrinogen (also called calix[4]pyrrole, see Scheme 1.9). As
detailed in the next section and throughout this thesis, it completely fulfills the
requirements delineated above: (a) it has been shown to coordinate main group
metals, early and late transition metals, as well as lanthanides and actinides; (b) it can
be oxidized from a tetraanion to a neutral state; (c) oxidation results in the formation
of C—C bonds (an entity with a two-electron nature) within the ligand framework;
(d) structural changes upon oxidation occur at the o position of the pyrroles, not at the
coordinating N; (e) redox changes are accompanied by changes in its NMR, IR and
sometimes UV-vis spectra; (f) its fourfold symmetric structure results from a one-step

preparation from commodity chemicals.

Scheme 1.9. Structure and three oxidation states of the ligand porphyrinogen. R represents an
alkyl group.

52



Chapter |

1.3. Metal porphyrinogens

1.3.a. Background

Von Baeyer marveled in 1886: “Vor einiger Zeit beobachtete ich die Bildung eines
schén kristallisierenden Kondensationsproduktes von Pyrrol mit Aceton, welches vielleicht
fiir den einen oder den anderen Fachgenossen von Interesse ist."'>* — “| had observed for
a while the formation of a condensation product of pyrrole with acetone that nicely
crystallizes, and which might be of interest to some specialist.” The compound was of
course meso-octamethylporphyrinogen, the cyclic tetramer of pyrrole and acetone

after quadruple condensation.

Interest, however, remained minimal until chemists and biologists started to
investigate the biosynthesis of porphyrin cofactors, an example of which is delineated
in Scheme 1.10."* According to Granick and Mauzerall, 2-(aminomethyl)pyrrole

building blocks are assembled and cyclized to yield a porphyrinogen first, which then

H
O N
condensation H3N \ / deamination
H3N@ — = @ I
(0] (0] (6}
(0] © 0 © o@
8-amir;czlizvulinic porphobilinogen

isomerization
deamination

oxidation
decarboxylation
B ———
o]
1S J©
protoporphyrin 9 uroporphyrinogen llI

Scheme 1.10. Biosynthesis of protoporphyrin 9, showing a prophyrinogen as a prominent

intermediate.'*
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is oxidized to the porphyrin. They also attempted to prove the biological relevance of
porphyrinogen by chemical reduction of porphyrin: upon reaction of free base
porphyrins with reductants of different thermodynamics, they identified products with
various UV-vis spectral signatures, which they assigned to dihydroporphyrin (phlorin),
tetrahydroporphyrin (porphomethene) and hexahydroporphyrin (porphyrinogen, no
visible absorption).”™ Moreover, those reduction products were shown to be
reoxidized when recombined with apo-cytochromes to yield functional enzymes.'*¢ In
fact, the uncontrollable oxidation of meso-unsubstituted porphyrinogen to the
corresponding porphyrin had long been known and put to use in the simple

Rothemund synthesis of the parent porphyrin, porphin.’’

Despite the difficulty of preparing and handling the inherently unstable meso-
unsubstituted porphyrinogens by reduction, on the one hand, and the confirmation of
the structure of meso-octamethylporphyrinogen (“which kept for several months
without discoloration”),’*® on the other hand, nobody seems to have manifested an
interest in the study of meso-octaalkylporphyrinogens as ligands for coordination

chemistry until Florianiin 1991.">°

As summarized graphically in Figurel.3, porphyrinogen displays an
extraordinary versatility both in acid-base and in redox terms, and gives rise to a quite
wide variety of structures, among which porphyrin is but one extreme, the most
oxidized and overall thermodynamic sink. Additionally, protonated porphyrinogen is a

quadruple hydrogen bonder, and as such has been used as an anion sensor.'160:174

The pure coordination chemistry of porphyrinogen (green axis of Figurel.3)
spans the periodic table:'”* its complexes with alkalis'’®'”” and alkaline-earths,'””'78 p-
block elements,'” early and late transition metals,'8'® as well as lanthanides'®*'%* and
actinides'*'% have been characterized. This very wide range of coordination abilities
stems from the ability of pyrroles to tilt relative to the central metal, thereby change
their hapticity towards it and adjust the overall electron donation to its needs. In 1’
mode, the pyrrole anion is a weak © donor because the m pair of electrons on N
participates in the ring’s aromaticity; it is, however, strong donor of a ¢ pair, and the
combination of four negative charges within the porphyrinogen macrocycle enhances

that property. By tilting to 1 and n?°, each pyrrole can become a four- or six-electron
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dation

Figure 1.3. Three lines of reactivity originating from the porphyrinogen structure — pure acid-
base, pure redox, and combined (group transfer). The acid-base (green) axis corresponds to
donation of increasing numbers of electrons to the central metal as pyrroles change hapticity.
The redox (blue) axis witnesses the formation of C—C bonds between pyrrole o-carbons at
each two-electron oxidation of the macrocycle. The group transfer (red) axis takes
porphyrinogen to porphyrin via the stepwise elimination of meso alkyl groups.

donor via its aromatic 1 orbitals, in Cp fashion, which enables it to accommodate

transition metal ions of low d-electron count.

55



Chapter |

SnCl,
—CH,

porphomethene porphodimethene

porphyrin

porphodimethene

Scheme I.11. Stepwise transformation of porphyrinogen to porphyrin. Floriani discovered the
oxidative elimination of meso ethyl groups as ethylene (upper panel).””® Scott engineered an
intramolecular redox-driven lactonization at the meso positions.'® Ar represents one of several
aryl groups (3,4,5-tris(methoxy)phenyl, 2,4,6-trimethylphenyl, 3,5-bis(tertbutyl)phenyl).

The red branch of Figure 1.3, that is, the stepwise oxidation of porphyrinogen to
porphyrin with elimination of meso substituents, was achieved in a controlled,
stepwise fashion by Floriani'’®'®'% and Scott (Scheme 1.11)."%%2°" The first two steps
could be performed by oxidation of tin(IV) octaethylporphyrinogen bis(solvate) with
controlled amounts of tin tetrachloride, resulting in the elimination of meso ethyl
groups as ethylene. The last step took place from a meso carboxylate-functionalized

porphyrin, which upon oxidation yields lactonization at the meso position.

Those “red branch” transformations have an inherent redox component, but
because they involve the loss of a group, they are not reversible (unless they are made
intramolecular by tethering the leaving group to the macrocycle), therefore they are
not amenable to participating in a genuine ligand-based redox reservoir. For that
purpose, the “blue” axis of Figure 1.3 is more suitable: on this line of transformations,
pure ET events (in pairs) are accommodated purely by internal electronic
reorganization, without addition or loss of any nuclei. As shown by Floriani, metal

porphyrinogens will upon oxidation by two units form an intramolecular C—C bond
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as a result of coupling between an adjacent pair of neighboring pyrroles, with the

formation of an unusual bis-spiro-cyclopropane.?*2

1.3.b. Goals

Because oxidized forms of porphyrinogen have typically been isolated as complexes of
transition metal ions bearing axial ligands and with polynuclear metal-halo clusters (or
otherwise redox- and spectroscopically active entities) as counter-ions,>%2% little is
known of their properties apart from their solid-state structures. No electrochemical
data are available, but for the fully protonated molecule: in CH,Cl,, it displays a first
reversible wave corresponding to injection of a single hole into the © system of a
pyrrole, followed by an irreversible wave attributed to the formation of the
cyclopropane bond accompanied by loss of H*.2*® The structures of oxidized
porphyrinogens have not been confirmed in solution by NMR because of the
paramagnetism of the central ions. Their UV-vis absorptions have always been
overwhelmed by those of the counter-ions, therefore their electronic structures have
not been investigated. Perhaps most importantly, no reaction has been reported that

makes use of an oxidized porphyrinogen as the oxidizing agent.

Consequently, this thesis will attempt to describe the electronic and redox
properties of metalloporphyrinogens from first principles. More specifically, the

following points will be addressed. When coordinating a redox-inert metal cation,
1. what oxidation states are available to porphyrinogen;
2. are solid-state structures maintained in solution;

3. what are the electronic structures of oxidized porphyrinogens, how can the

redox-active C—C bond be described; and

4. can porphyrinogen complexes of redox-inert metal cations undergo typical

redox reactions such as oxidative additions ?

Further, how is porphyrinogen affected when coordinating a redox-active central

metal, that is,

5. what overall oxidation states are available to the overall entity;
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6. what are the structures in the solid and solution states;

7. can overall OSs be separated into well-defined individual OSs for the metal
and for the ligand, respectively, in other words, what are the electronic

structures;

8. what is the redox reactivity of such oxidized porphyrinogens: can they
behave as multielectron agents and can they be selective for multielectron

pathways over single-electron transfers ?

To answer these questions, synthetic routes will be needed to afford
metalloporphyrinogens in various oxidation states with redox-inactive and
spectroscopically silent counter-ions and axial ligands. Electrochemistry will provide
information on available oxidation states and their stabilities. Structural data will be
obtained by diffraction methods and NMR. Electronic structures will be probed by a
variety of spectroscopic techniques. Finally, theoretical investigations will be

conducted by density functional methods.
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Chapter I

Electron transfer series
of porphyrinogen complexes
with redox-inert metal dications

— synthesis and structures

Parts of this Chapter have been published:
Bachmann, J.; Nocera, D. G. J. Am. Chem. Soc. 2004, 126, 2829-2837;
Bachmann, J.; Nocera, D. G. Inorg. Chem. 2005, 44, 6930-6932.
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Chapter Il

I.1. Introduction

The cleanest demonstration of the “non-innocence” of a ligand consists in the
isolation of an electron transfer series of its complex with a redox-inert metal ion. The
electrochemistry of the complex then furnishes a full thermodynamic characterization.
Its spectroscopy enables some description of its electronic structure. Such work was
performed early on with magnesium and zinc porphyrins,'? and with nickel, palladium,

platinum, zinc and cadmium bis(dithiolene)s.>¢

In the tetrapyrrole macrocycle porphyrinogen, it has been shown that one or
two cyclopropane rings may be formed from C—C coupling between the o-carbons of
neighboring pyrroles upon oxidation of the tetrapyrrole — this transformation
effectively entails the storage of two or four hole equivalents in the macrocycle ring.”'2
However, simple characterization similar to that performed on the systems mentioned
above is absent from the porphyrinogen literature. Electrochemical and spectroscopic
measurements have been obviated by the presence of redox-active central metal ions,
axial ligands and/or redox-active polynuclear metal-halide counter-ions in most
oxidized porphyrinogens prepared to date. Thus the multielectron redox chemistry of

the porphyrinogen framework has remained ill defined.

This Chapter delineates the metallation of porphyrinogen with the redox-inert
dications of zinc, magnesium and calcium, and the oxidation of the resulting dianions
to yield neutral and dicationic oxidation states in the absence of redox- and
spectroscopically active counter-ions and other ligands. Owing to this simplicity, the
intrinsic redox properties of porphyrinogen in a homologous [LM]* / [L*M] / [L**M]?*
series have been unveiled by electrochemistry — L%, L and L** represent the
reduced, two- and four-electron oxidized porphyrinogen frameworks, respectively.
Characteristic structural features are followed spectroscopically (NMR, IR) and
structurally (in the solid state). The next Chapter will be concerned with the electronic

structure of the same compounds.
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Methyl is used as the meso substituent in order to prevent undesired oxidative

pathways in which a B-hydrogen in close interaction with the central metal initiates

the elimination of the meso substituent.'*"

Il.2.

Il.2.a.

Synthesis

Metallations

Zinc porphyrinogen [LZn]* was prepared as its solvated lithium salt by direct reaction

1e B @
© 4 @
1. MeCN Li> [LZn]
MeCN A © A
® @ © ©
1. ZnEt,, THF LY LY (THF), BF; BF;
2. BuLi, THF
18 i 8
1. EtMgCl )
diox 1. MeCN 4 Li> [LMg]
LH, ——>  — B
2. Buli 2. FcBF, MeCN
diox MeCN A P
@ Li® (diox), BF? BF?
CalCygHg)
THF
B @
/4 ®
1. MeCN [LCay]
R — B
2. FcBF, MeCN
MeCN A A
(THF), BF? BF?

Scheme Il.1. Synthesis of electron transfer series of octamethylporphyrinogen complexes of
zinc, magnesium and calcium. Fc* = ferrocenium (bis(cyclopentadienyl)iron(lll)) cation; Et =
ethyl; Bu = butyl; diox = 1,4-dioxane; C;oHg = naphthalene.
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of the free ligand LH. with BuLi and ZnEt.. A homoleptic dialkylzinc reagent allows for
the convenient introduction of the Zn?* ion in a single step from the free base
macrocycle. The lithium salt of [LMg]*- was obtained by reaction of diethylmagnesium,
generated in situ from ethylmagnesium chloride in 1,4-dioxane, and butyllithium with
LHs. In the case of calcium, the preference of the constrained doubly oxidized
macrocycle, L%, for small cations forced us to avoid Li* altogether and prepare [LCa;]

from LH4 and activated calcium.'®

11.2.b. Oxidations

The fully oxidized member of the series, [ILAAM]2 (M = Mg, Zn, Ca), is readily afforded
from the oxidation of [LM]* (M = Mg, Zn) or [LCa,] in CHsCN by four equivalents of
ferrocenium tetrafluoroborate, after removal of the ethereal solvent molecules
solvating the starting materials. The intermediary oxidation state [L“M] can be
obtained from the same starting materials by similar treatment with two equivalents
of ferrocenium, however it is most conveniently afforded from the near-quantitative
comproportionation of ILA*M]2* and [LM]> (M = Mg, Zn) or [LCa;]. Scheme II.1
delineates the full synthetic pathway for the three electron transfer series. The success
of the comproportionation establishes the reversibility of the redox processes within

the three series.

The exact conditions (solvent and counter-ion) of the oxidation are crucial to its
success since oxidized porphyrinogens are extremely sensitive to decomposition via
radical pathways. In particular, oxidation of [LZn]* with ferrocenium hexafluoro-
phosphate in THF fails to provide [L**Zn]*. Instead, single crystals grown from the
reaction mixture allowed the identification of a decomposition product, the solvated,
polymeric salt Zn(O,PF,), (zinc difluorophosphate), by X-ray diffraction analysis (cf.
Figurell.1 and Tables 1.1 and 11.2). Accordingly, the reaction conditions were

successfully adapted to the use of the BF,~ salt of Fc* in MeCN.
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Table I1.1. Summary of X-ray crystallographic data for [(THF),Zn(O,PF,)]-..

empirical formula (formula weight)
T (K)

AR

crystal system, space group
a;b;cA)

B(deg)

Z; V(A3

crystal size (mm?)

Abs. coeff. (mm™)

F(000)

6 range for data collection

limiting indices

no. of reflns collcd ; no. of ind reflns (Rint)
completeness to 6=23.27°
refinement method

data / restraints / parameters

R:,° wR® (I > 20(l))

R.,° wRy’ (all data)

GOF¢on F?

largest diff. peak and hole

CsH16F406P2Zn (411.54)

193(2)

0.71073

Monoclinic, P2/c

23.1761(18); 12.3983(9) ; 10.5537(8)
90.0180(10)

8;3032.5(4)

0.47 x0.07 x0.07

1.895

1664

2.411023.27°
-1M<h<11,-11<k<6,-15</<15
11958 ;4354 (0.1085)

99.6 %

Full-matrix least-squares on F?
4354/0/379

0.0720, 0.1861

0.0883, 0.1975

1.197

0.868 and -0.558 eA-

¢ Ry =X||Fo - |F||/Z|Fo|-
® WR, = (Z(W(F,* - F2)?)/Z(W(F?)).
¢ GOF = (X w(Fs* - FA)*(n - p)"?,
where n is the number of data and p is the number of parameters refined.

Table I1.2. Selected geometric parameters for [(THF).Zn(O,PF»)]-.

Distances / A Angles / deg
Zn(1)—O0(3) 2.056(5) 0(3)-Zn(1)-0(2" 175.5(2)
Zn(1)—0(2") 2.064(5) 0(3)-Zn(1)-0(1) 91.71(17)
Zn(1)—O(1) 2.068(4) 0(2")-Zn(1)-0(1) 88.69(17)
Zn(1)—0(4’) 2.073(4) 0(3)-Zn(1)-0(4") 88.39(17)
Zn(1)—0(9) 2.125(5) 0(2)-P(1)-0(1) 121.6(3)
Zn(1)—O0(10) 2.137(5) 0O(2)-P(1)-F(2) 108.4(3)
P(1)—0O(2) 1.452(5) O(1)-P(1)-F(2) 107.2(3)
P(1)—0O(1) 1.474(4) 0O(2)-P(1)-F(1) 109.9(3)
P(1)—F(2) 1.522(5) O(1)-P(1)-F(1) 108.9(3)
P(1)—F(1) 1.529(5) F(2)-P(1)-F(1) 98.4(3)
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Figure Il.1. Crystal structure of zinc difluorophosphate. It consists of polymeric chains of THF-
solvated Zn(O,PF,), units with bridging phosphates. The asymmetric unit contains two
chemically identical Zn(O,PF,),(THF), units. The Figure represents a segment of chain made
out of one such unit and two other repeats related to the first by symmetry. H atoms are
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Color coding: Zn,
opal blue; P, purple; F, forest green; O, red; C, gray. Selected crystallographic data and
geometric parameters are given in Tables .1 and I1.2, respectively.

11.3. Structures

Il.3.a. Structural information provided spectroscopically

Both the 'H and ™C NMR spectroscopies of the THF solvate of Li[LZn] in
dimethylsulfoxide-ds (DMSO-d¢), displayed in Figure 11.2, show a fourfold symmetrical
structure, signifying that ion pairing is very loose: the B-pyrrole position gives rise to a
single 'H peak, and *C NMR shows two resonances corresponding to the o and 3
positions of the pyrrole rings. The presence of two distinct methyl lines (both in 'H and
13C NMR) corresponds to distinct axial and equatorial meso positions in the overall

chair conformation of the macrocycle. Chair-chair interconversion at room
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temperature is signified by broadened methyl peaks. The FWHM (full width at half

maximum) of the 'H and "C signals in DMSO-ds yields an exchange rate of 35 Hz,

pyrrole THF-o THF-B —-CH;
L Jdk A
T T T T T 1 T 1 T 1 T T T T 1T
6 5 4 3 2 TH&/ppm
Ll THF-B meso C
I
—CH3 :‘ MH _CH3
A : N .

~—— pyrrole ——» THF-a

L] Jh "™ JI ~ J«

| | | | | | | | | | |
140 120 100 80 60 40 '3C8/ppm

Figure I1.2. 'H and *C NMR spectra of Li,(THF)4[LZn] in DMSO-ds (500 MHz and 100.6 MHz,
respectively). Porphyrinogen and THF peaks are highlighted. The inset of the *C spectrum is
an expansion of the aliphatic area. Note that methyl peaks are broad in both spectra.

75



Chapter Il

0]0)

L B A

I T I I | | I T
8 7 6
d/ppm

Figure I1.3. B-Pyrrole region of the 'H NMR spectra of [LZn]*" (upper panel, blue) and [L**Zn]*
(lower panel, red) in CDsCN (500 MHz). The differences apparent between reduced and
oxidized macrocycle are structural (symmetry) and electronic (conjugation).

which increases to ~350 Hz when the measurement is made in CDsCN. In CDsCN, the
dioxane solvate of Li;[LMg] and the MeCN solvate of [LCa,] show a single 'H methyl

peak, indicative of even faster solution dynamics.

The symmetry lowering attendant to cyclopropane ring formation upon
oxidation to [L**M]2* is plainly evident in the '"H-NMR spectrum of [L**Zn](BF.), shown
in Figure 11.3. The single pyrrole peak of [LZn]* splits into two doublets and the two
methyl peaks split into four broadened singlets. In addition, the large downfield shift
of the pyrrole signals is indicative of increased conjugation upon macrocycle
oxidation. In support of this contention, the proton resonances of porphyrins appear

at values similar to those observed here.

Cyclopropane formation is also apparent in the IR spectrum. The C—H
stretching vibrations at 3083 cm™' for the pyrrole rings of [LZn]* shift to 3111 cm™ in
[L**Zn]?*. New bands appear at 1050-1150 cm~" and 810 cm~', which we ascribe to the
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cyclopropane ring;'” in addition, a band at 1575 cm™ also appears upon oxidation that

is consistent with a C=N stretching vibration of the oxidized pyrrole.

11.3.b. Crystal structures

The structure of [L2Zn(NCMe)] is shown on the left panel of Figure I1.4 (crystallographic
data and selected geometric measurements are given in Tables I.3 and I1.4,
respectively). The central Zn?* ion displays a distorted square pyramidal coordination
geometry, with the square base defined by the four pyrrole nitrogens of the
macrocycle and the axial site capped with a nitrogen from coordinating CHsCN. The
central Zn** ion sits above the N. basal plane, forcing the macrocycle into a bowl
conformation that is similar to the macrocyclic ring of LH, porphyrinogens
(calix[4]pyrroles) hydrogen-bonded to an anionic guest.'®** The most striking
structural characteristic of the macrocycle is that it effectively comprises the fused
halves of a reduced and an oxidized porphyrinogen. The oxidized dipyrrole subunit is
more constrained due to the presence of the cyclopropane, which forces the
coordinating nitrogens into closer proximity to each other. The N---N distance of the
cyclopropane-bridged pyrroles is only 2.69 A, whereas the N---N distance between the
methylene-bridged pyrroles is 3.01 A. The cyclopropane is, within uncertainties, an
equilateral triangle, with a C*-Cm°-C* angle of 60.1(3)° and lengths of 1.544(7) A and
1.534(6) A for C*—Cm° and 1.547(7) A for C*—C. This latter distance is significantly
compressed relative to the 2.54 A distance between the C* of the pyrroles on the
opposite side of the macrocycle. The presence of a cyclopropane ring causes changes
in the N—C” distances as well. Those of the pyrroles on the reduced side of the
macrocycle are equivalent (d(N—C% = 1.377 + 0.008 A) whereas the oxidized pyrroles
exhibit a marked asymmetry arising from alternating single (d(N—C®% = 1.442
+0.003 A) and double bonds (d(N—C% = 1.299 + 0.002 A).

The difference between the two halves of the macrocycle is also reflected in
the primary coordination sphere of the Zn?* ion. The reduced dipyrrole half of the
macrocycle appears to formally carry the negative charge of the dianionic ligand, as
evidenced by compressed Zn—N bond lengths of 2.029 A and 2.019 A. Conversely, the
oxidized, neutral half of the macrocycle displays longer Zn—N bonds of 2.212(4) and
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2.237(4) A; these distances are even longer (Ad ~ 0.1 A) than those observed in neutral

chelating bipyridine complexes of Zn?*.2>

With those structural differences between the two sides of the porphyrinogen,

the macrocycle can be described as composed of two ligands within one, in which an

Table 11.3. Summary of X-ray crystallographic data for [L*M(NCMe)] - CH,Cl,, M = Zn, Mg.

M=2Zn M = Mg
empirical formula C31H37C|2N52n C31H37C|2N5Mg
formula weight 615.93 574.87
T (K) 193(2) 193(2)

A(A) 0.71073 0.71073

crystal system Triclinic Triclinic

space group P1 P1

a(h) 10.3850(8) 10.4274(7)

b (A) 10.6155(9) 10.6231(7)

c(A) 14.4068(12) 14.3549(10)

o (deg) 81.8540(10) 81.9710(10)

S (deq) 85.3500(10) 85.0730(10)

y(deq) 73.086(2) 73.5010(10)

Z 2 2

V(A3 1502.9(2) 1507.90(18)

crystal size (mm?) 0.20x0.10 x 0.04 0.44 % 0.21 x0.08

Abs. coeff. (mm™) 1.024 0.265

F(000) 644 608

6 range for data coll. 244 to0 23.25° 2.01to0 23.29°

limiting indices -T1<h<11 -11<h<10
-11<k<6 -1 <k<11
-15</<15 -15</<15

no. of reflns collcd 6891 7845

no. of ind reflns (Rint) 4253 (0.0627) 4327 (0.0504)

completeness to @max 98.6% 99.7 %

refinement method
data/restraints/params
R.,° WRy® (I > 26(1))

R.,® wRy® (all data)
GOFon F?

largest diff. peak, hole

Full-matrix least-squares on F?
4253/0/362

0.0609, 0.1140

0.0861,0.1227

1.071

0.641,-0.469 eA

Full-matrix least-squares on F2
4327/0/362

0.0928, 0.2700

0.1104, 0.2899

1.028

0.690, -1.222 eA-

Ry = X||Fo - |FI/SIF).

WR: = (E(W(Fo* - F)2)/Z(W(F)?) "
GOF = (2 w(F,* - F2)*/(n - p))'2,
where n is the number of data and p is the number of parameters refined.
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anionic dipyrrole is doubly strapped to a two-electron oxidized dipyrrole. Therefore,
this oxidation state can be considered a genuine case of two-electron mixed valency.

This line of analysis is further developed in Chapter lIl.

Table I1.4. Selected geometric parameters for [LAM(NCMe)] - CH,Cl,, M = Zn, Mg.

M=2Zn M = Mg
Distances / A
M—N/eq 2.019(4) 2.029(4) 2.076(4) 2.080(4)
M—Nx 2.212(4) 2.237(4) 2.193(4) 2.194(4)
(C*—C%)ox 1.547(7) 1.562(7)
(Cme°—C%)ox 1.544(7) 1.534(6) 1.528(7) 1.529(7)
N % { 1.369(6) 1.385(6) 1.379(6) 1.388(6)
red 1.387(6) 1379(6)  1.372(6) 1.377(6)
Nox=C* 1.301(6) 1.298(6) 1.302(6) 1.300(6)
Nox—C* 1.440(6) 1.445(6) 1.443(6) 1.443(6)
Angles / deg
Nox—=M—=Nox 74.35(14) 75.77(15)
Nrea—M—=Nreq 95.92(15) 93.25(16)
(CO=Cmeso—C%) ox 60.3(3) 61.4(3)

Figure 11.4. Crystal structures of [L®M(NCMe)] » CH,Cl,, M = Zn, Mg. An uncoordinated solvent
molecule and H atoms are omitted for clarity. Thermal ellipsoids are drawn at the 50%
probability level. Color coding: Zn, opal blue; Mg, raspberry red; N, blue; C, gray.
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The crystal structure of [LAMg(NCMe)], (right side of Figure 11.4) is in the same
space group and with the same co-crystallized solvent molecule as observed for
[LAZNn(NCMe)]. More striking, the geometric parameters of the organic periphery in
[LAMg(NCMe)] and [L*Zn(NCMe)] are identical within uncertainty. The only significant
structural difference between the two is in the position of the metal dication within
the macrocycle. Whereas both Mg?* and Zn?* lie closer to the dipyrrole dianion than to
the oxidized dipyrrole, Zn** is displaced further from the central core: dag(M—Nred) =
2.08 A (M = Mg) vs 2.02 A (M = Zn). The positional difference between Zn and Mg is
inversely related to the ionic radius (ryg. = 0.86 A and ry,,.. = 0.88 A)?** and seems to be
linked to the pocket size of the two dipyrrole halves. As noted above, the coordinating
nitrogens of the dipyrrole dianion are considerably farther apart than those of the
oxidized dipyrrole, which are strapped by the base of the cyclopropane. The
confluence of the larger pocket size on the reduced side of the macrocycle and smaller
pocket size on the oxidized side of the macrocycle appears to effectively “push” the
larger cation away from the oxidized dipyrrole and into the dipyrrole dianion. This
rationale is also consistent with data from the related d’-d° octaethylporphyrinogen
series [FL®M], M = Co, Ni, Cu, reported by Floriani,”'® in which the metal ion lies in a
roughly square planar geometry: Ni(ll) is the most centrally situated of the three ions,
followed by Co(ll) and Cu(ll). We note, however, that the behavior of non-spherically
symmetric ions is less straightforward to interpret because of the influences of
covalent bonding, geometric preferences and spin states. Indeed, essentially purely
electrostatic bonding in [L2Mg(NCMe)] and [L®Zn(NCMe)] translates into much larger
differences in M—N bond lengths.

11.4. Electrochemistry

The left panel of Figure IL.5 shows the differential pulse voltammograms (DPV)
measured on a THF solution of [LZn]?. In the anodic scan, two waves are observed at
+0.21 and +0.63V vs NHE. The same DPV waves are obtained when solutions of

[L**Zn]?* are scanned in a cathodic direction. Therefore, they correspond to the [LZn]*
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DPV current
CV current/ uA
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Figure IL.5. Electrochemistry of zinc porphyrinogen. Left, DPV traces of 10*M Liy[LZn] in
0.01 M BusNPFs / THF (scan rate 20 mV/s, pulse amplitude 50 mV, sample width 17 mV, pulse
width 50 ms, pulse period 200 ms, quiet time 2's; an offset has been subtracted). Right, CV
traces of 103 M [L**Zn](BF.), in 0.04 M Bu,NBPh, / MeCN; the runs are recorded at scan rates
between 50 mV/s (black) and 600 mV/s (dotted light gray). Inset: plot of the anodic peak
current |, vs the square root of the scan rate v, with linear fit.

/ [L*Zn] and [LZn] / [L**Zn]** couples, respectively, which establishes a 0.42-V stability

window for [L*Zn] with respect to disproportionation.

Moreover, the cyclic voltammetric (CV) trace of the [L**Zn]** / [L*Zn] couple in
MeCN (right panel of Figure IL.5) is consistent with the reversibility of redox
transformations observed on the preparative scale: plots of the cathodic and anodic
currents vs V2 (scan rate 50 < v < 600 mV s') are linear (inset). The separation
between anodic and cathodic CV current maxima is close to one half of the peak-to-
peak separation observed for ferrocene in the same conditions, further substantiating

the two-electron nature of the redox event.

11.5. Conclusions

The oxidation-reduction chemistry of a porphyrinogen framework has been unveiled
by synthesizing the macrocycle in the absence of redox-active metal, axial ligand and
counter-ions. Porphyrinogen complexes of spherical metal dications react in two
discrete and reversible two-electron steps, with the concomitant formation of two

C—C bonds between the o carbons of adjacent pyrroles. Each cyclopropane thus
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formed is a two-equivalent redox reservoir within the porphyrinogen framework. The
series of three oxidation states spanning reduced [LM]* and oxidized [L*‘M]**
encompasses an overall four-electron transformation. The cyclopropane C—C bond
that supports the redox activity of the ligand carries distinct signatures in IR and NMR
spectroscopies, and its strength, demonstrated structurally, stabilizes the oxidation of
the pyrrolic T system at relatively low potential. Both the two-electron redox steps of
porphyrinogen and the localization of the redox equivalents in a single, structurally
well-defined bond are unique among all redox-active organic compounds, such as
tetrathiafulvalene,” fullerenes,® viologens,?® quinones,*® phenols?' all of which
stabilize one hole or electron, and sometimes a second one, by delocalization in an
aromatic system, with limited structural rearrangement — the sulfide / disulfide

couple being a prominent exception.

Structurally, the intermediary [L“M] macrocycle consists of a dipyrrole that is
doubly strapped to a two-electron oxidized (cyclopropane bridged) dipyrrole
neighbor. From this standpoint, it may be described as the two-electron mixed-valent
intermediary of the homologous multielectron series. Further, the L*2- macrocycle is
sufficiently rigid that moderate changes in the size of the central M?* do not affect the
organic periphery structurally. Instead, the position of the metal ion within the

asymmetric macrocyclic ligand must vary according to its size.

11.6. Experimental section
11.6.a. Synthesis
Materials

All compounds were handled, reactions were performed, and analytical samples were
prepared under inert atmosphere using standard Schlenk, dry-box and vacuum-line
techniques. Solvents were purchased from VWR Scientific Products and purified using
a Braun solvent purification system or using standard solvent purification

techniques.®? Deuterated solvents were purchased from Cambridge Isotope
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Laboratories, degassed, dried and distilled by procedures similar to those used for
non-isotopically enriched solvents. Technical grade ferrocenium tetrafluoroborate
(FcBF4) was purchased from Aldrich, dissolved in acetonitrile and dried over calcium
hydride at room temperature; the solvent was degassed and the solid was precipitated
with diethylether, collected by filtration and dried in vacuo. Other reagents were
purchased from Aldrich or Alfa Aesar or Strem Chemicals and used as received.
Elemental analyses were conducted at H.Kolbe Mikroanalytisches Laboratorium
(Mdhlheim a. d. Ruhr, Germany). Electrospray mass spectrometric analyses were
conducted at the Mass Spectrometry Facility at the University of lllinois at Urbana-

Champaign with a +0.2 uncertainty on m/z.

Synthesis of Li>(THF)[LZn]

A 10.0-g (23.3 mmol) sample of LH, was dissolved in 200 mL of THF and a
2.89-M hexane solution of BulLi (46.7 mmol) was added dropwise and under
stirring followed by the dropwise addition of a 1.0 M hexane solution of ZnEt, (23.3
mmol). The light yellow solution was refluxed gently overnight, cooled to room
temperature and then to -80 °C to induce crystallization of a white solid, which was
separated from the pale orange supernatant by filtration. Caution: The solid material is
pyrophoric when exposed to air. The white powder was dried in vacuo; its THF content
varied from one assay to the next and was assessed by '"H NMR and elemental analysis.
Yield: 14.6 g (86% for x = 3). '"H NMR (500 MHz, DMSO-d¢, 25 °C): 6= 5.43 (s, 8H,
pyrrole), 3.61 (m, 12H, THF-B), 1.77 (m, 12H, THF-o), 1.56 (br, 12H, Me), 1.26 (br, 12H,
Me); *C['H] NMR (100.6 MHz, DMSO-ds, 25 °C): 6= 145.5 (pyrrole), 97.1 (pyrrole), 67.0
(THF-ov), 42.2 (br, Me), 36.3 (meso-C), 26.3 (br, Me), 25.2 (THF-B); IR: Vinax / cm™ = 3083 m
(pyrrole C-H), 1348 m, 1278 m, 1216 m, 1156 m, 1050 s, 888 m, 761 s, 725 s; Anal. Calcd
for C4oHs6LioN4OsZn (x =3): C, 66.71; H, 7.84; N, 7.78. Found: C, 66.57; H, 8.09; N, 7.86.

Synthesis of [L*“Zn](BF.),

A sample of Li,(THF)x[LZn] (2.99 mmol) was dissolved in 50 mL CH;CN, stirred at
25 °C for 5 min, then evaporated and thoroughly dried in vacuo. The solid was then
redissolved in 80 mL CH;CN and added dropwise over a 5-min period to a 20-mL

CH;CN solution of FcBF4 (3.39 g, 11.97 mmol). The deep emerald green solution was
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stirred at 25 °C for 15 min. The solvent was evaporated to leave a solid residue, which
was dried in vacuo and re-suspended in 600 mL of CH,Cl,. The solution was stirred until
a fine suspension of the solid was obtained. The mixture was refluxed for 5 min and
filtered warm. The green filtrate was evaporated and the remaining solid was dried, re-
suspended in 500 mL of hexane, and the mixture was stirred for 1 h at 25 °C. The green
solid containing [L**Zn](BF.), and FcBF, was separated from the yellow Fc solution by
filtration and dried in vacuo. Residual FcBF, was removed by suspending the powder in
60 mL of boiling CH,Cl, and slowly adding hexane dropwise until solid beige
[LA2Zn](BF.), separated from a green-blue supernatant. The solid was collected by
filtration after the suspension was cooled and dried in vacuo. Solid [LA*Zn](BF.), was
obtained as a light cream powder. Yield 44% (0.88 g). '"H NMR (500 MHz, CDsCN, 25 °C):
0=7.93 (d, 5.5 Hz, 4H, pyrrole), 7.00 (d, 5.5 Hz, 4H, pyrrole), 2.03 (s, 6H, Me), 1.88 (s, 6H,
Me), 1.82 (s, 6H, Me), 1.81 (s, 6H, Me); IR: Viax /cm™ = 3111 m (pyrrole C-H), 1573 m,
1261 w, 1150 s, 1062 s, 1019 s, 884 m, 814 s, 723 m; Anal. Calcd for CysH3,B,FsNaZn:
C,50.68; H, 4.86; N, 8.44; Zn, 9.85. Found: C, 50.42; H, 4.95; N, 8.38; Zn, 9.65. (+)ESI-MS
(M-2BF4)?* calcd for CsHsaNaZn m/z, 244.1, found 244.3.

Synthesis of [L“Zn]«(CHCl,),

A sample of Li>(THF)«[LZn] (0.137 mmol) was dissolved in 2 mL of CHs;CN and
stirred for 5 min at 25 °C. The solvent was evaporated and to the remaining solid, a 5
mL solution of CHsCN containing an equivalent amount of L**Zn(BF.), (0.091g,
0.137 mmol) was added. The resulting orange solution was evaporated to dryness and
the solid residue was collected and re-suspended in 3 mL of CH,Cl,. Insoluble LiBF, was
filtered off and the filtrate was evaporated, yielding [L“Zn] as an orange powder, which
was recrystallized from CH,Cl, / pentane solvent mixture and dried in vacuo. Orange
needles of [L*Zn(CHsCN)]-CH,Cl, suitable for X-ray diffraction analysis were obtained
from a CH,Cl, solution (~0.5 mL) containing a trace amount (~20 uL) of CH;CN layered
with pentane (~2 mL). The bulk product contained a variable amount of cocrystallized
CH,Cl; from one assay to the next, which was assessed by elemental analysis. Yield:
92% (0.134 g for y = 0.65). IR: Vinax / cm™ = 3090 w (pyrrole C-H), 1568 m, 1353 m, 1278
w, 1218 w, 1155 m, 1103 s, 1055 s, 891 w, 802 m, 771 w, 723 m; Anal. Calcd for
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C29_65H33_3C|1_3N4Zn (y = 065) C, 6312, H, 616, N, 1028, Zn, 12.00. Found: C, 6273,
H,5.89; N, 9.92; Zn, 12.43.

Synthesis of Liy(1,4-dioxane)s[LMg]

A sample of LH4 (10.0 g, 23.3 mmol) was dissolved in 400 mL of 1,4-dioxane and
23.5 mL of a 2.0-M Et,0 solution (46.7 mmol, 2 equiv) of ethylmagnesium chloride was
added. The resulting white suspension was refluxed overnight, the mixture was cooled
down to room temperature and filtered and butyllithium (23.5 mL of a 2.0-M pentane
solution, 46.7 mmol, 2 equiv) was added to the filtrate and the mixture was again
refluxed overnight. The mixture was then cooled to room temperature and the
product was collected by filtration and dried. Yield: 10.98 g (50%). The solid was then
recrystallized from 1,4-dioxane. '"H NMR (500 MHz, CDsCN): 6 = 5.66 (s, 8H, pyrrole),
3.62 (s, 40H, dioxane), 1.49 (s, 24H, Me). Anal. Calcd for CysH7,Li-MgN4Oso: C, 63.82;
H, 8.04; N, 6.21. Found: C, 63.73; H, 7.94; N, 6.15.

Synthesis of [L“*Mg](BF.)..

Two separate 10-mL MeCN solutions of LMgLi,(diox)s (0.48 g, 0.53 mmol) and
FcBF4 (0.60 g, 2.11 mmol, 4 equiv.) were prepared. The former was added dropwise to
the latter, and the combined green solution was evaporated and dried in vacuum. The
solid residue was triturated in 200 mL of boiling CH,Cl, and the resulting suspension
was filtered. The filtrate was evaporated and dried, then triturated in 200 mL hexanes,
filtered and dried again. The off-white (greenish) powder was recrystallized from
CH,Cl; (80 mL)/hexanes (30 mL). Yield: 0.09 g (30%). '"H NMR (500 MHz, CDsCN): § =
7.88 (d, 5 Hz, 4H, pyrrole), 6.96 (d, 5 Hz, 4H, pyrrole), 2.01 (s, 6H, Me), 1.86 (s, 6H, Me),
1.84 (s, 6H, Me), 1.80 (s, 6H, Me). Anal. Calcd for C;sH3::N4MgBsFg: C, 54.00; H, 5.18; N,
9.00. Found: C, 53.73; H, 5.24; N, 8.79.

Synthesis of [L*Mg]

A sample of Lix(diox)s[LMg] (121 mg, 0.134 mmol) was dissolved in 3 mL of
MeCN and added to powdered [L**Mg](BF4), (76 mg, 0.134 mmol). The resulting
vermilion red solution was evaporated. The remaining solid residue was triturated in 3

mL of CH,Cl; and the white salt was filtered off and the filtrate evaporated and dried to
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give 120 mg (100%) of crude material. Single crystals of X-ray quality were grown by
vapor diffusion of toluene (~2 mL) into a concentrated CH,Cl, solution (~0.5 mL) of the
product that was spiked with MeCN (~20 ulL); diffraction data showed that the
acetonitrile adduct [LAMg(NCMe)]-CH,Cl, was obtained.

Preparation of activated calcium

Calcium iodide (12.03 g, 40.93 mmol), naphthalene (10.49 g, 81.85 mmol, 2
equiv.) and lithium metal (0.568 g, 81.85 mmol, 2 equiv.) were mixed in 100 mL THF
and the mixture was stirred at room temperature overnight. The black suspension was
filtered and dried under vacuum on the frit at room temperature. The solid was
transferred to a high-vacuum flask and further dried overnight under 10 uTorr at
140°C. Yield: 4.99 g (72%) of black Ca(CioHs)oss. Anal. Calcd for CogoH;s4Ca: C, 71.07;
H, 4.78; Ca, 24.15. Found: C, 71.08; H, 4.71; Ca, 24.37.

Synthesis of LCa(NCMe),

Activated calcium (1.94 g, 11.53 mmol) and LH. (2.47 g, 5.77 mmol, 0.5 equiv.)
were mixed in THF and refluxed overnight. The colorless solution was cooled to room
temperature, then cooled further to -80°C and maintained at that temperature for
2 hr. The white precipitate was filtered cold, dried, recrystallized from toluene
(100 mL)/MeCN (200 mL) and dried in vacuum. Yield: 1.02 g (27%). '"H NMR (500 MHz,
THF-ds): & =5.89 (s, 8H, pyrrole), 1.95 (s, 12H, MeCN), 1.31 (s, 24H, Me).

Synthesis of [L**Ca](BF ),

A 5-mL toluene suspension of LCa(NCMe), (0.48 g, 0.71 mmol) was added
dropwise to a 20-mL MeCN solution of FcBF4 (0.62 g, 2.28 mmol, 4 equiv). The resulting
green solution was evaporated and dried under vacuum. The solid was triturated in 30
mL of CH,Cl; for 20 min,, filtered, and resuspended in 300 mL of CH,Cl,, which was
then brought to reflux. The warm suspension was filtered and the product was
precipitated from the filtrate by dropwise addition of 100 mL of hexanes. The white
powder was filtered and dried in vacuum. Yield: 0.13 g (37%). 'H NMR (500 MHz,
CDsCN): & =7.73 (d, 5 Hz, 4H, pyrrole), 6.81 (d, 5 Hz, 4H, pyrrole), 2.00 (s, 6H, Me), 1.87
(s, 6H, Me), 1.80 (s, 6H, Me), 1.79 (s, 6H, Me). Anal. Calcd for [L*2Ca](BF4),:0.3CH.Cl,,
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C23.3H32_5N4caBzF8C|o_61 C, 51.1 9, H, 495, N, 844, Ca, 6.02. Found: C, 51 54, H, 482, N, 830,
Ca, 6.08.

Synthesis of [L*Ca]

A 5-mL MeCN suspension of [LA2Ca](BF.), (90 mg, 0.13 mmol) was added to a 5-
mL MeCN solution of LCa(NCMe)s (86 mg, 0.13 mmol) under stirring. The brown
mixture was stirred for 10 min. at r. t., then evaporated and dried in vacuum. The solid
residue was triturated in 3 mL CH,Cl, and filtered, then the filtrate was evaporated and
dried. The product was recrystallized by liquid-liquid diffusion of pentane into a
concentrated CH,Cl, solution. Yield: 110 mg (88%). Anal. Calcd for [L*Ca]-0.18CH,Cl,,
CasasH3236N4CaClose: C, 70.55; H,6.80; N, 11.69; Ca, 8.34. Found:C, 70.88; H, 6.46; N,
11.25; Ca, 8.26.

1.6.b. Spectroscopy

IR spectra of samples in nujol mulls were collected on a Perkin-Elmer 2000 FTIR
spectrometer. 'H and C NMR spectra were recorded at the MIT Department of
Chemistry Instrumentation Facility (DCIF) on a Varian Inova-500 or a Bruker

Avance-400 spectrometer at 20 °C.

11.6.c. Electrochemistry

Electrochemistry was performed with a standard three-electrode configuration using a
CV-50W potentiostat (Bioanalytical Systems). The working electrode was Pt, the
auxiliary electrode was a Pt wire and the reference was an Ag/AgNO; electrode, which
was externally referenced to the Fc*/Fc couple (E°(Fc*/Fc)=0.65V (in CH;CN) and
0.69 V (in THF) vs NHE).*?
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1l.6.d. Crystallography

Data collection and reduction

Crystals were coated with Paratone N oil and mounted on a glass fiber. X-ray
diffraction data were collected at -80 °C on a Siemens three-circle diffractometer
equipped with a CCD detector, using the Mo Ka radiation, selected by a graphite
monochromator. The data were integrated to hk/-intensity and the final unit cell
calculated using the SAINT v.4.050 program from Siemens. Solution and refinement
were performed with the SHELXTL v.5.03 suite of programs developed by G. M.
Sheldrick and Siemens Industrial Automation, 1995. No absorption correction was

performed.

X-ray crystal structure of [(THF):Zn(O,PF>).].

A colorless needle was grown from a concentrated benzene / THF solution of
the Li,[LZn] / FcPFs / THF reaction after removal of the undissolved salts, evaporation,
triturating in hexanes, then filtration and drying in vacuo. The structure was solved by
direct methods; the least-squares refinement converged normally (with hydrogen
atoms placed at calculated positions using a standard riding model and refined
isotropically). The asymmetric unit contains two chemically identical [(THF).Zn(O,PF,).]

monomers that are not bonded to each other.

X-ray crystal structure of [L“Zn(CHsCN)] - CHCl,

A bright orange crystal was grown by layering pentane onto a concentrated
CH,Cl, solution of [L*Zn] spiked with MeCN. The structure was solved by the Patterson
method; the least-squares refinement converged normally (with hydrogen atoms

placed at calculated positions using a standard riding model and refined isotropically).

X-ray crystal structure of [L"Mg(CH3CN)]-CH2Clz

A bright vermilion red crystal was grown by layering pentane onto a
concentrated CH,Cl, solution of [L®Mg] spiked with MeCN. The structure was solved by

direct methods; the least-squares refinement converged normally (with hydrogen

88



Chapter Il

atoms placed at calculated positions using a standard riding model and refined

isotropically).
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ln.1. Mixed valency in a variety of flavors and colors

Mixed valency in molecular compounds is typically accommodated at metal centers
the formal oxidation states of which differ by a single electron (Scheme Ill.1, left)."* In
these complexes, reactivity is confined to single electron oxidations and reductions of
the constituent M" and M™! centers, respectively.>'® As an extrapolation from this one-
electron formalism, it has been shown that two-electron mixed valency of bimetallic
cores (Scheme Ill.1, center) provides an entry into a multielectron oxidation-reduction
chemistry. Redox cooperativity may be established between the individual metal
centers of a M"...M™2 mixed-valent core; two-electron oxidations may be promoted at
a M"2 center and two-electron reductions at a M" center."""" Those successes in using
M"...M™2 species to drive two- and four-electron transformations along ground- and
excited-state pathways establish the utility of two-electron mixed valency as a useful

design concept in the development of multielectron reaction schemes.

Two-electron mixed valency has heretofore been restricted to a metal core.
Metal-to-metal charge transfer excitation™™ or internal disproportionation of a
symmetric M™'...M™" bimetallic core will yield a M"...M"*2 species."'3'" For either
approach, the ligand framework is crucial for stabilizing the two-electron mixed-valent
core with respect to its symmetric congener,''322 put it is not directly involved in the
redox chemistry. Nevertheless, the active participation of ligands in the redox
transformations of some metal complexes (detailed in Chapter 1)**?* suggests the
antithetical approach to two-electron mixed valency wherein a ligand framework, as
opposed to a bimetallic core, is exploited as the electron/hole reservoir. In particular,
the redox chemistry of octamethylporphyrinogen complexes of redox-inert, spherical
metal dications, delineated in Chapter Il, supports an intermediary oxidation state
[L*M] (Scheme III.1, right) which (a) is stable with respect to disproportionation to its
redox-extreme congeners [LM]* and [L**M]>* and (b) displays the structural properties
of mixed valency — two-electron oxidation of a dipyrrole moiety translating into a

C—C bond between the a-carbons of neighboring pyrroles.
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Schemellll.1. Three flavors of mixed valency — the juxtaposition of two moieties only
differing in their oxidation state. The Creutz-Taube ion (left) is the prototypical example of
dinuclear M"..-M™" mixed valency. A rare metal-based two-electron mixed-valent system is
shown in the middle (Heyduk and Nocera; P* = PF,). The present work explores ligand-based
two-electron mixed valency in the system depicted at the right.

This Chapter therefore seeks to achieve a description of the particular type of
mixed valency observed in porphyrinogen complexes — ligand-based and
characterized by a two-electron inequivalency between redox centers. Its main
spectroscopic handle is its visible intervalence charge transfer (IVCT). IVCT was defined
within both theoretical®**?® and experimental®® frameworks soon after mixed valency
was observed to give rise to an intense visible absorption in molecules®® and solids.?
The intensity and energy of IVCT in these systems depends on the electronic and
structural properties of the bridge linking the mixed-valent metal centers.?** To date,
occurrence of IVCT has been documented mostly between metals that differ by one in

their formal oxidation state.

11.2. Origin of a visible color

lll.2.a. UV-vis spectra

The two-electron mixed-valent nature of the L2~ macrocycle is evident visually from its
color: [LZn]* and [L**Zn]** are white or off-white powders, but their

comproportionation to [L“Zn] yields an intense orange color.
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Figure lll.1. UV-vis absorption spectra of Lio(THF),[LZn] (- — =) in THF and of [L*Zn(CH5CN)] (—)
and [L**Zn](BF.); (- - -) in CHsCN. The inset shows a x5 magnification of the absorption profile
of [L“Zn(CHsCN)] in the visible spectral region.

Choice of solvents

Figure Ill.1 shows the absorption spectra for the three compounds of the series.
The spectra of [L**Zn]?* and [L“Zn] are recorded in CHsCN whereas that of [LZn]* is
recorded in THF. This choice of solvents is dictated by the solution chemistry of the
compounds. Acetonitrile solutions of [LZn]?>- exhibit a near-UV absorption band the
energy (Amax = 300-400 nm) and intensity of which are concentration dependent; the
band vanishes in the spectrum of the compound in THF. We attribute this behavior to
cation-promoted aggregation of the macrocycle, which is suppressed when the Li*
cation is solvated by THF. Consistent with this tenet, similar behavior may be
reproduced for the absorption spectrum of the Li* salt of deprotonated pyrrole
(prepared by reacting pyrrole with butyllithium). In the case of [L**Zn]** and [L“Zn],
the insufficient stability of the compounds in THF prevents us from measuring
absorption data in this solvent. However, CH;CN is a viable solvent for these

compounds since they do not possess any counter-cations.
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Up large

Figure ll.2. A simplified representation of the IVCT in [LZn], and its consequence on the
molecular dipole pp. In effect, the transfer of an electron across the complex upon
photoexcitation rearranges charges in a more symmetrical manner.

Spectral comparison

The absorption profiles (Figure 111.2) of the fully reduced and oxidized members,
[LZn]> and [L*‘Zn]?*, are similar, unremarkable and in line with their colorless
appearance. A rising absorption into the UV spectral region is consistent with the
presence of a strongly absorbing m — m* transition of pyrrole at high energy (Amsx =
208 nm).2¢ The UV spectral region of [LZn] is also dominated by the rising absorption
edge of the m — 7* transition of the constituent pyrroles. However, its visible region is
dominated by a broad absorption the maximum of which is observed at 430 nm in
CHsCN. Given the mixed-valent nature of [L“Zn], it is appealing to assign this visible
absorption to an intervalence charge transfer (IVCT), that is, the photoinduced
evolution of the system from its asymmetric ground state (one reduced and one
oxidized dipyrrole) to a symmetrical excited state (two dipyrrole radical anions). In
simple terms, it would correspond to the transfer of an electron from the HOMO
localized on the reduced dipyrrole across the macrocycle into the LUMO localized on

its oxidized counterpart (Figure 111.2)

Solvent dependence

The validity of the IVCT assignment can be tested experimentally. Juxtaposed
reduced and oxidized dipyrrole units engender a large dipole moment in the ground
electronic state of the [L“Zn] complex. The dipole should be alleviated by the electron
redistribution accompanying IVCT excitation — in a limiting resonance form of the

IVCT excited state, the dipole will be annihilated. Thus, polar solvents should stabilize
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the ground state of [L“Zn] relative to its lowest energy IVCT excited state. As the static
dielectric constant of the solvent is decreased, the ground state should be
destabilized, engendering a decreased HOMO-LUMO gap. Atypical of most charge
transfer transitions, the energy of the IVCT transition of [L*Zn] should therefore blue-
shift as the polarity of the solvent increases. Experimental data taken in acetonitrile,
dichloromethane and toluene validate this prediction, and thereby confirm the IVCT

nature of the transition.

l.2.b. Theoretical description

Singlet state

The electronic structure of [L“Zn] was examined further by DFT calculations. Figure IIl.3
displays the color-coded energy levels and representations of the frontier Kohn-
Sham?®” molecular orbitals. The most striking feature of the energy level diagram is the
clear-cut division of orbital parentage between oxidized and reduced sides of the
ligand. The highest-energy occupied molecular orbitals are localized on the reduced
half of the macrocycle whereas the lowest-energy unoccupied orbitals are localized on
its oxidized half. The Zn d orbitals lie very deep in the MO diagram (HOMO-29 to
HOMO-33) and effectively do not contribute to the frontier MOs. The HOMO to
HOMO-4 (blue) are the A- and B-type orbitals (according the nomenclature of Scheme
l11.2) of the pyrroles on the reduced side of the porphyrinogen. An orbital pair arises
from the in-phase and out-of-phase interaction of orbitals on individual pyrroles along
the C*—C* axis of the dipyrrole subunit. The weak interaction between pyrrole
subunits on the reduced side of the porphyrinogen, indicated by the small energy
difference of 0.15 eV for in-phase and out-of-phase linear combinations, is consistent

with the long C*—C” distance. The MOs formed from the equivalent 7 orbital set of

29 s

Scheme lll.2. Schematic representation of the highest occupied 1 orbitals of the pyrrolyl
anion (corresponding to the e;”" orbitals of Ds, cyclopentadienyl). The nodal plane containing
the nuclei is not displayed in this top view.
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Figure Il1.3. Computed Kohn-Sham MO diagram of [L“Zn(NCMe)] in the gas phase. The colors
of the energy levels code for the parentage of the corresponding orbitals: green, acetonitrile;
blue, reduced dipyrrole & system; red, oxidized dipyrrole & system; black, ¢ framework of the
porphyrinogen. The orbital framed in red carries the C*—C* bond within the oxidized
dipyrrole. The representations of the LUMO and LUMO+1 are repeated for clarity in two
different orientations, after removal of the coordinated MeCN.
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pyrroles on the oxidized half of the porphyrinogen (red) also appear as pairs
corresponding to C*—C® bonding and antibonding combinations. The HOMO-6 /
HOMO-5 orbitals are composed of B orbitals that are effectively insulated from each
other by the absence of electron density at C*. The HOMO-6 and HOMO-5 are more
stable than their B-type counterparts on the reduced dipyrrole (AE = E(HOMO-6 / -5) -
E(HOMO-2/-3) = -2 eV) owing to the greater electronegative character of the
oxidized half of the macrocycle. In the A-type derived MO pair on the oxidized pyrrole,
the sp? character of C* causes the pyrrole rings of the oxidized subunit to assume an
orientation nearly perpendicular to the plane of the cyclopropane ring. This
stereochemistry causes an antibonding interaction between pn(pyrrole) and
po(cyclopropane bridgehead) orbitals that is sufficiently destabilizing to place the e, -
type MOs at the LUMO / LUMO+1 position, as displayed by Figure ll1.4.

As a result, the frontier MO set (Figure I11.3) exhibits a LUMO localized on the
oxidized half of the porphyrinogen and a HOMO localized on the reduced half of the

Figure l11.4. A simplified description of the orbital interactions leading to the MO structure of
the oxidized (neutral) dipyrromethane unit. The labels a and s describe the symmetry of each
orbital with respect to the plane containing the C atoms of the dimethylmethylene fragment.
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porphyrinogen. The MO diagram therefore nicely accounts for the IVCT assignment of
the lowest energy absorption band of [L“Zn]. TD-DFT indicates that several IVCT
transitions may arise within this manifold, qualitatively explaining the breadth of the

charge transfer transition.

Other notable highlights of the MO diagram include the HOMO-9, which is
framed in Figure l1l.3. The orbital embodies the antithesis of the interaction that leads
to the LUMO. Specifically, the A orbitals on the oxidized dipyrrole are bonding with
respect to the cyclopropane bridgehead, engendering a very stable MO which carries
most of the C*—C* bonding interaction (cf. Figure Ill.4). The pyrrole & orbitals of
higher nodal structure (e,”’-type when described in terms of Ds, cyclopentadienyl
MOs) contribute to unoccupied MOs that lie to higher energy. On the oxidized
dipyrrole half of the porphyrinogen, the e,”-type derived MOs are energetically
proximate to the LUMO (LUMO+5 to LUMO+8); the MO’s involving the e,”-type
orbitals on the reduced half of the porphyrinogen are very high in energy and not
shown. The MOs involving the CH;CN are unremarkable and have little effect on the

structure and spectroscopy of the [L“Zn] complex.

The Mulliken charge analysis of the porphyrinogen framework confirms the
consequence of dipyrrole oxidation on coordination properties observed
experimentally in the crystal structure of [L*Zn(NCMe)] (Chapter Il). The N atoms of the
oxidized dipyrrole bear significantly less negative charge (-0.42 charge units) than
those of the reduced dipyrrole (-0.50 and -0.51, respectively), although all pyrrole N
atoms are clearly more negative than that of the axially ligated acetonitrile N (-0.23). A
very large dipole moment of 11.9 Debye is calculated for the ground state molecule (in
the gas phase), which underscores the influence of solvation on the energy of IVCT

noted above.

Triplet state

Geometry optimization of [L“Zn(NCMe)] in the triplet state yields a good
picture of the structure of the molecule after excitation, if it were to perform
intersystem crossing and vibrational relaxation in the triplet well. It also gives a

measure of the strength of the redox-active C—C bond. The triplet is compared to the
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Figure I11.5. Comparison of computed singlet and triplet states of neutral zinc porphyrinogen.
Top, ball-and-stick representations of the optimized structures; below, Kohn-Sham MO
diagrams (black, occupied; gray, virtual). The triplet is unrestricted and therefore features two

distinct sets of spinors for o and [ electrons; its two SOMOs are depicted on the right.

Table Ill.1. Comparison of structural and electronic parameters for computed singlet and

triplet states of [L*Zn(NCMe)].

$=0 S=1

Diametrically opposed C*-.-C* distances / A 1.63 2.38
2.55 241

Mulliken charges on coordinated N atoms -0.50 -0.48
-0.50 -0.48

-0.43 -0.47

-0.43 -0.47

singlet in Figure II.5 and Table Ill.1. The most obvious feature of the triplet is its

symmetry, apparent in the metrics and charges of the macrocycle. In the triplet, one
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electron has been transferred from the reduced dipyrrole into its oxidized counterpart,
and the two highest-lying electrons are now evenly distributed over all four pyrrole
rings — both SOMOs are completely delocalized. There are no clear C*...C* bonding
interactions, although C*...C* distances are somewhat compressed (2.4 A) relative to
the nonbonded C%...C* distances (2.6 A) in the singlet structure. The charges on the
four N atoms are equivalent (-0.48+0.01, instead of -0.50+0.01 and -0.43+0.01
observed in the singlet), and consequently, the Zn—N bond lengths are equal. The
most unexpected property of the computed triplet state is its low energy: in internal
energy terms, and if differences in zero-point energy are neglected, the triplet is
computed to only lie less than 5 kJ/mol above the singlet. This means that the energy
gained by pairing up two electrons in a strongly bonding orbital in the singlet is
mostly compensated by unfavorable strains in the spiro-cyclopropane formed. A weak
C*—C" bond (even though structurally short) is likely to be the reason for the
relatively low redox potential necessary to oxidize metal porphyrinogens, and for the
observed propensity of oxidized porphyrinogen complexes to undergo

decomposition via radical pathways.

A magnetic measurement by Evans method®#3? on a MeCN solution of [L*Zn] is
consistent with the presence of a small amount of triplet state in equilibrium with the
singlet ground state. At 20°C, a 49-mM concentration of [LZn] causes the Larmor
frequency of a dissolved standard to shift by 0.031 ppm (relative to an internal
reference). Thus the observed overall molar paramagnetic susceptibility of [LZn] is
calculated to be }Pors=+110-10"° (in cgs units), to be compared to the value of
ZPcaic =+3400+10° expected for an organic triplet diradical (g=2, S=1). Given the
additive property of magnetic susceptibilities, the ratio corresponds to the fraction of
[LAZn] that exists as a triplet, 3%. From there, a difference in Gibbs free energy of
AG = 8.5 kJ/mol is obtained between '[L*Zn] and 3[L“Zn]; the differences in structural
symmetry and spin degeneracy correspond to an entropic difference of
AS =R-(In4 + In3), yielding in enthalpic terms (and in internal energy, if the change in
volume is neglected) AH=15kJ/mol = AU, in reasonable agreement to the value
computed by DFT methods. The larger singlet-triplet gap obtained experimentally is
consistent with the additional stabilization of the strongly dipolar singlet state in the

dielectric medium of the solvent.
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l1.3. Structural tuning of the IVCT

Experimental observations

The visible color of the mixed-valent [L*M] state is sensitive to the nature of M2*:
[L*Mg] is vermilion red, whereas [L“Zn] is orange and [L“Ca] yellow. The UV-visible
absorption spectra of Figure IlIl.6 clearly display the corresponding blue-shift of the
first absorption maximum (due to IVCT): [L*“Mg] (E=21000cm™) < [L%Zn]
(E=24800 cm™") < [L“Ca] (E =37000 cm™).? Because Mg*, Zn** and Ca?* are similarly
closed-shell spherical dications and their orbitals do not participate in the frontier MOs
of [L®M] (as described above), no difference in the electronic properties of the three
metal ions can account for the trend in absorption energies. Instead, variations in ionic
radii give rise to well-defined structural differences in [ILAM(NCMe)] (c.f. Chapter Il). The
position of M* along the axis linking the centers of the reduced (dianionic) and
oxidized (neutral) dipyrrole changes depending on its size. Consequently, the size of
M2* can be expected to modulate the ground-state molecular dipole. Given that the
dipole is drastically diminished in the excited state, the size of M?* should be reflected

in the energy of the IVCT, which is indeed observed experimentally.

Absorbance (Rel)

E/ 1000 cm™

Figure lI1.6. UV-visible absorption spectra of [LAMg] (—), [L®Zn] (= =) and [L*Ca] (---) in CH,Cl,.
The ordinate is an arbitrary absorbance scale.

2 From fits of the experimental traces to sums of Gaussians.
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Theory

Electronic consequences of the structural differences between the two sides
are described in a more quantitative fashion by DFT calculations. Comparison of the
MO diagram of [LAMg(NCMe)] (for which crystallographic data are also available) with
that of [L“Zn(NCMe)] presented above, shows a completely conserved general picture.
However, the difference in dication position between the dipyrroles is also manifested
in the computed dipole moment of the molecules. Movement of the dication closer to
the dipyrrole dianion does diminish the dipole of [LAM(NCMe)], as expected: pp =
119D for M = Zn, and W = 12.4 D for M = Mg. The HOMO-LUMO gap reflects the
intensity of the ground-state dipole: it is computed be 0.82 eV for M = Zn and 0.72 eV
for M = Mg. The smaller energy gap obtained for M = Mg relative to M = Zn arises from
both a destabilization of the HOMO (+0.05 eV) and a stabilization of the LUMO
(-0.05 eV). This result is consistent with simple electrostatic consideration of the
position of the dication between the dipyrrole halves of the molecule. The MOs
localized on the dipyrrole dianion will be stabilized as the dication moves toward it; at
the same time, those on the oxidized dipyrrole will be destabilized as the

electropositive metal center is moved further away.

X-ray photoelectron spectroscopy

A series of photoelectron measurements were performed with the goal of
obtaining a direct experimental handle on the energies of the HOMOs of [L*M] (M =
Mg, Zn, Ca). However, the X-ray photoelectron (XPS) spectrometer at MIT’s Center for
Materials Science and Engineering (a Kratos AXIS) lacks the fine resolution needed to
observe the frontier orbitals. Only an instrument equipped with a UV source would be
capable of furnishing the desired information. However, consideration of the peaks
corresponding to the core orbitals provides a qualitative confirmation of the
elemental analyses of the three compounds and of the similarity of their organic

frameworks.
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11.4. Excited state dynamics

Transient absorption (TA) spectroscopy can provide further insight into the nature and
dynamics of an excited state by recording an absorption signal at a given time after a
“pump” light pulse. A picosecond single-wavelength kinetic trace recorded within the
ground-state absorption envelope of [L*Mg] is shown in Figure Ill.7. The signal is
negative, corresponding to the depletion of ground state population by the pump
pulse. An initial spike with a lifetime on the order of 1 ps and due to nonlinear
phenomena caused by the overlap of the pump and probe beams at t = 0 is always
observed, and does not require consideration. The bleach then decays on a 10- to 20-

ps timescale. No signal is observed upon probing at 806 nm.

Thus, a measurable population of [L*Mg] is excited upon irradiation. However,
no indication of a genuine excited-state absorption (positive signal), which may be
expected at long wavelengths originating from the “diradical” excited state, could be
seen at 806 nm. Moreover, the excited state relaxes down to the ground state very

quickly, within the timescale of atomic motions, presumably via vibrational cooling.*#'

lock-in signal

| I O IR T IO R |
-10 0 10 20 30 40
t/ps

Figure l1L.7. TA signal of [L*Mg] in CH,Cl,. Circles are the experimental data points, and the
gray trace a monoexponential fit to the decay; data points considered for the fit are bolded.
Aexc = 490 NM; Aprobe = 470 Nm; T =14 ps (R* = 0.74).
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l11.5. Conclusions

Spectroscopy and theory show that the mixed-valent formulation of [L“M] is not

limited to formal and structural criteria: it is substantiated by a visible IVCT transition.

Relevance to reaction chemistry

Several similarities between ligand-based and metal-based approaches to two-
electron mixed valency are evident. For both approaches, (1) the two-electron mixed-
valent intermediate is the linchpin that couples the two-electron chemistry of the
individual redox centers (dipyrroles in the case of porphyrinogen, metal centers in the
case of the dinuclear complexes), (2) the two-electron mixed-valent compound is the
structural composite of the symmetric oxidized and reduced congeners, and (3) the
frontier molecular orbitals and corresponding lowest energy electronic transitions are
confined to the two-electron mixed-valent core.*> Despite these similarities, the
ligand-based approach to two-electron mixed valency differs from that of a metal-
based approach in one important aspect. Because coordination geometry is
inextricably linked to metal oxidation state, two-electron/hole storage in the metal-
based approach must be accompanied by alterations of the primary coordination
sphere. Conversely, in the approach described here, two-electron/hole storage occurs
in the macrocycle periphery, decoupled from the acid-base chemistry of the metal.
This orthogonalization between redox storage and small molecule coordination sites
offers a new design element for using two-electron mixed valency to promote

multielectron reactivity.

Relevance to the fundamental nature of mixed valency

The IVCT transition in [L*M] is sensitive to the bridge intervening between the
redox termini. Heretofore, such bridge effects have mostly been described in metal-
based one-electron mixed valency, the bridge typically being a ligand that connects
the metal ions. Changes in the bridge cause variations in electronic coupling as well as
distance, and the IVCT energy is consequently related to the bridge in a complex
way.***% This is not the case for this system: the IVCT depends on a single structural

parameter, the position of the central metal between the redox termini.
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Figure l11.8. Fundamental differences between one- and two-electron mixed valency and their
respective IVCT states. The examples of a diruthenium (lI/Ill) system and of neutral magnesium
porphyrinogen are displayed in their respective mixed-valent and valence-symmetric (IVCT)
states. The curves represent the electronic energy E of certain states with respect to a
collective nuclear coordinate g (in the diruthenium example, g is mainly the ratio between the
Ru—N distances on the left and those on the right; in the porphyrinogen case, it mostly
represents the ratio between the two diametrically opposed C*—C* distances). Thin dashed
curves are the diabatic states, and thicker, solid ones represent the result of their interaction: a
mixed-valent ground state (So, equivalent to Sy') and a valence-symmetric (IVCT) excited state,
S1. The two-electron case is more involved due to the existence of a valence-symmetric triplet
state T, (thicker gray curve).

The unique characteristics of the redox centers — their being ligand-based and
deriving their mixed valency from a two-electron inequivalency — bears
consequences on the IVCT state. Experimentally, the IVCT state in the porphyrinogen
system is found to be significantly higher in energy (in the UV or visible instead of the
NIR) and longer-lived (by an order of magnitude) than “traditional” one-electron

mixed-valent compounds of the type Ru"...Ru" (within the limited set of data
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available, mostly on non-symmetric systems).***’ Figure 1.8 shows the difference in
the nature of the IVCT state between the two types of mixed valency. On the left, IVCT
excitation of a one-electron mixed-valent system initially yields the valence-symmetric
state Sy, which is not observed and very quickly decays into either one of the mixed-
valent wells (So or S¢). If the two wells are chemically and spectroscopically distinct,
then back-ET from the less stable well (S¢) into the first (the ground state, So) can be
resolved on the 1-ps timescale.*** On the right, the consideration of two mobile
electrons instead of just one introduces an additional state available to the system,
namely the triplet (in gray). Because of Pauli repulsions, the triplet only exists when the
two electrons reside on opposite sides of the macrocycle, that is to say, it only exists as
a valence-symmetric state, To. Hence, the [L*M] system has, in addition to both
equivalent (and undistinguishable) mixed-valent (singlet) ground states So and So', a
relatively stabilized valence-symmetric triplet state T, attainable from the fleeting

singlet IVCT state S, via intersystem crossing (ISC).

This qualitative description of the system accounts for the experimental
observations. In this picture, the high energy of the IVCT transition is due to the large
Aq between symmetrically related mixed-valent ground states (in other words, to a
large structural reorganization upon C—C bond formation and breaking), and the
relatively slow decay of the observed transient may follow from the stability of the

valence-symmetric triplet T; state.

l11.6. Experimental section

ll.6.a. Physical measurements

Electronic spectroscopy

UV-vis-NIR solution absorption spectra were recorded between 220 and 1800 nm on a
Cary-17 spectrophotometer modified by On-Line Instrument Systems (OLIS) to include

computer control or a Spectral Instruments 440 Model spectrophotometer.
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Magnetic measurement

The magnetic properties of [L“Zn] were measured in solution by Evans
method.?®* A solvent mixture was prepared from 200 pL of CsHe and 4 mL of CD;sCN. A
sample of [LAZn] (12 mg) was dissolved in 0.5 mL of solvent and transferred into an
NMR tube enclosing a glass insert containing pure solvent. In '"H NMR at 1, = 500 MHz,
the CsHs peaks from the insert and the [L“Zn] solution were separated by 0.051 ppm,
whereas a separation of 0.020 ppm was measured for a blank prepared in the same
manner but in the absence of [L*Zn]. The specific magnetic susceptibility of [L*Zn] is

calculated in cgs units from the shift A1/, =0.031:107° by the equation,

3000 AV
=g+ LY o 037107
dr  c-M

where the molar concentration ¢=4.9-1072 the molecular mass M =490 and the
magnetic susceptibility of the solvent y, =-0.68-107°.% After conversion to a molar
scale, the observed paramagnetic susceptibility y . is obtained by subtraction of the

diamagnetic contribution 4, evaluated from Pascal’s constants (y# = -294-107°),%

Xu=xM = xh o=y, -y =+112-10"°

obs

The molar paramagnetic susceptibility y°ic expected to arise from an organic triplet

diradical (S=1, g = 2) can be calculated from the effective magnetic moment L,
My =gyS(S+1)=2828\x2, T =  yb. =+3410-10"°

at T=293 K. Consequently, the fraction of 3[L“Zn] contributing to the observed
magnetism is ¥ obs / }Pcaic = 0.03.

111.6.b. Computational methods

Time-dependent density functional theory calculations (TD-DFT)***' were performed
using the Amsterdam Density Functional (ADF2002.02) program**>* on a home-built
Linux cluster comprising sixty Intel processors organized in groups of twelve running
in parallel. The generalized gradient approximation (GGA) was used as implemented in
ADF by the LB94 functional,** allowing an accurate description of the asymptotic

density behavior. A basis set of quadruple-{ Slater-type functions augmented by triple
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polarization (ET-QZ3P) was used for all atoms, without frozen core approximation. The
geometry was set at that observed in the corresponding experimental crystal
structure, with uncoordinated solvents removed; spin restriction was applied. Ten

excitation energies were computed by the Davidson procedure.>

Static molecular orbital pictures were obtained by single point calculations at a
less heavy level (GGA Becke88 for exchange,*® Perdew-Wang91 for correlation,” with

TZ2P with frozen cores). Orbitals were visualized using the Molekel software.*®*°

Full geometry optimizations were performed in the singlet and the triplet
states with GGA-B88x/PW91c-TZ2P. The singlet geometry is not significantly different
from the experimental solid-state structure. Spin restriction was lifted for the triplet; in
the singlet, it was checked that spin restriction did not affect the results. The relative
energies quoted in the text are gas-phase internal energies at 0K, without

consideration of zero-point energies.

lll.6.c. Transient absorption spectroscopy

Samples for transient absorption spectroscopy were contained in a 2-mm pathlength
high-vacuum cell and prepared to yield an optical density of ~0.5 at the excitation
wavelength. The setup used for ultrafast transient absorption experiments was
described previously.®® In brief, the pulsed 806-nm output (~150 fs-wide pulse) of a
regeneratively amplified Ti-Sapphire laser system was separated into two beams. The
weaker component was focused into either a sapphire or a calcium fluoride substrate
to generate the broadband probe pulse. The major component was either frequency-
doubled to 403 nm, or tuned throughout the visible range with an optical parametric
amplifier, then propagated along a computer-controlled optical delay-line to furnish
time resolution. The excitation energy was set to ~5 pJ/pulse, and both beams were
spatially overlapped on the sample; the pump beam was then blocked, and the probe
was spectrally resolved in a monochromator. Transient spectra were recorded with a
CCD camera and derived using a ‘negative time’ reference spectrum; single-

wavelength kinetics were obtained with a lock-in amplified photodiode detector.
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IvV.1. Introduction

That porphyrinogen complexes of alkaline-earth and zinc dications can be prepared in
three oxidation states (Chapter Il) proves the redox abilities of the tetrapyrrole ligand;
it also enables one to study the electronic structures of the macrocycle (Chapter lll).
Essentially, this transposes the bulk of the work performed on electron transfer series
of dithiolene-related complexes'* into the porphyrinogen realm. Application of “non-
innocent” ligands in chemistry, however, will require that their metal complexes
perform more involved transformations, for instance atom and group transfers. The
paucity of such examples in the published literature (to date limited to galactose
oxidase mimics,>® an iron diimine complex active towards some organometallic
transformations,®'® and an oxidative addition to a Zr(IV) center)'" invites more effort to

be spentin the area.

This Chapter is concerned with the small-molecule redox chemistry of reduced
Zn** and Zr" porphyrinogens. The preparation of meso-octabenzylporphyrinogen and
the coordination properties of zirconium porphyrinogen are described in its first part.
The shorthand notation L* designates the octamethylporphyrinogen tetraanion, and

PhL* the octabenzyl version of the ligand.

1IvV.2. A new porphyrinogen ligand

Octamethylporphyrinogen was selected as the preferred ligand for the study of the
fundamental properties of oxidized metal porphyrinogen complexes because of its
simplicity and the lack of potentially reactive B-H atoms on the meso substituents. Its
main drawbacks are its poor crystallinity and the limited solubility of its ionic metal
complexes in all but very polar solvents. Therefore, we set out to design a
porphyrinogen macrocycle that would overcome those constraints while maintaining
the absence of B-hydrogens in the vicinity of the central metal. In order for the

condensation reaction to proceed to the cyclic tetramer, the ketone must be
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sufficiently electrophilic for two pyrroles to react subsequently at the same carbon,
and preferably symmetrical in order to prevent the complications associated with the
possible formation of several isomers in a mixture. Work from Sessler’s group indicates
that ketones directly substituted by aryl groups are poor starting materials.’>'* Cyclic
aliphatic ketones, however, have been used successfully,’' and substituted

cyclohexanones are reasonable candidates as starting materials for our purposes.

IV.2.a. From 4-tertbutylcyclohexanone

The acid-catalyzed reaction between pyrrole and 4-tertbutylcyclohexanone proceeds
in a manner similar to that between pyrrole and acetone, with a strong exothermicity
and the precipitation of a white solid. ESI-MS of the isolated product shows the
exclusive presence of a compound of mass 813 amu, corresponding to the desired
meso-tetrakis(3'-tertbutylpent-1’,5diyl)porphyrinogen. However, its '"H NMR indicates
that it is a mixture of distinct, non-interconverting products giving rise to sharp peaks.
This behavior is indicative of a mixture of stereoisomers: the starting ketone is
prochiral, and the precipitation process is not selective, most likely yielding the four

diastereomers displayed in Scheme IV.1 in approximately statistical ratios.

/= A [\ A

Scheme IV.1. Diastereomers of meso-tetrakis(3’-tertbutylpentan-1’,5'-diyl)porphyrinogen.
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IV.2.b. From 3,3,5,5-tetramethylcyclohexanone

When 4-tertbutylcyclohexanone is replaced with 3,3,5,5-tetramethylcyclo-
hexanone, the condensation reaction does not occur spontaneously upon addition of
the acid catalyst. A short period of heating, however, yields a white precipitate similar
in appearance to those obtained in the preparations of octaalkylporphyrinogens.
Analysis of the solid indicates that it is composed of a single, non-porphyrinogenic
species characterized by a mass /charge ratio m/z = 339.29 and by 'H NMR signals at
& =28.27 (br, 1H), 6.15 (d, 2H), 5.60 (s, 2H), 2.11 (s, 4H), 1.43 (s, 4H), 1.12 (s, 12H), and 1.04
ppm (s, 12H). Its crystal structure, shown in Figure IV.1, is consistent with the analytical

data. The product is  2,5-bis(3,3,5',5-tetramethylcyclohex-1"-enyl)pyrrole

& A = O

Scheme IV.2. Condensation of pyrrole with a bulky ketone.

/W\ / N\

\ /@\ /

{!
//x\ﬁc amm s i ‘:\\'//f_—'}[//

] )

Figure IV.1. Crystal structure of 2,5-bis(3’,3",5",5"-tetramethylcyclohex-1"-enyl)pyrrole, top and
side views. H atoms are omitted. Thermal ellipsoids are drawn at the 50% probability level.

A\

Color coding: N, blue; C, gray.

116



Chapter IV

(Scheme IV.2). Thus, steric protection of the ketone at its 3 and 5 positions sufficiently
reduces its electrophilic reactivity that after reaction with a first pyrrole, elimination of

water becomes favored with respect to further substitution.

Table IV.1. Summary of X-ray crystallographic data for 2,5-bis(3’,3’,5',5'-tetramethylcyclohex-
1"-enyl)pyrrole.

empirical formula (formula weight) Cx4H37N (339.55)

T (K) 100(2)

A(A) 0.71073

crystal system, space group Monoclinic, P2,/n

a;b;cA) 5.7754(4) ; 23.5817(15) ; 15.4218(10)
S (deg) 91.5620(10)

Z; V() 4;2099.6(2)

crystal size (mm?) 0.12x0.04 x 0.04

abs. coeff. (mm™) 0.061

F(000) 752

6 range for data collection 1.58 to 23.26°

limiting indices -6<h<6,-25<k<26,-17</<13
no. of reflns collcd ; no. of ind. reflns (Rix) 10159 ;3029 (0.0889)

completeness to 6= 23.26° 100.0 %

refinement method Full-matrix least-squares on F?

data / restraints / parameters 3029/0/238

R1,® WRy® (I'> 20(1)) 0.0527,0.1306

R.,” wR,® (all data) 0.0655,0.1410

GOF‘on F? 1.036

largest diff. peak and hole 0.434 and -0.269 eA

a R‘] = E”Fo_ IFc”/ZIFoI.

® WRy = (ZW(Fo” - F2)))/Z(W(F.?)*)'".

¢ GOF = (Z w(F’-FZ’)/(n-p))"?,

where n is the number of data and p is the number of parameters refined.

Table IV.2. Selected bond lengths (A) for 2,5-bis(3’,3",5",5"-tetramethylcyclohex-1-enyl)pyrrole.

N(1)—C(14) 1.381(3) C(1)—C(10) 1.339(3)
N(1)—C(11) 1.384(3) C(15)—C(24) 1.344(3)
c(1m)—C(12) 1.375(3) C(9)—C(10) 1.501(3)
C(13)—C(14) 1.374(3) C(15)—C(16) 1.477(3)
C(12)—C(13) 1.405(3) C(10)—C(11) 1.462(3)

C(14)—C(15) 1.461(3)
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In the crystal structure, the double C=C bond within each cyclic Cs substituent
is evident from its shorter bond length (da4(C(15)—C(24), C(10)—C(1))=1.34 A,
whereas d.4(C(15)—C(16), C(10)—C(9)) = 1.49 R) and its planarity (obvious in the front
view in Figure IV.1), which causes the cyclohexenyls to assume a half-chair
conformation. The ene moieties are coplanar with the pyrrole ring, and are oriented

syn relative to the pyrrolic N.

IV.2.c. From dibenzylketone

The carbonyl functionality of dibenzylketone is not directly substituted by an aryl,
therefore it can be expected to remain sufficiently reactive. Moreover, it is not
prochiral and maintains plenty of space for attack of the nucleophile (the pyrrole). The
acid-catalyzed reaction of dibenzylketone with pyrrole does not result in
exothermicity as expected; instead, it quickly turns a very deep red color indicative of
oxidation and oligomerization of pyrrole, which worsens upon heating. It was found,
however, that accurate control over the purity of the materials in the reaction mixture
allows one to obtain the desired meso-octabenzylporphyrinogen, albeit in low yield.
The synthesis of octamethylporphyrinogen proceeds to near-quantitative yields
without any influence by the presence of air or of brown impurities in the pyrrole
starting material. In contrast to this, in the preparation of octabenzylporphyrinogen,
the reaction of freshly distilled pyrrole with pure dibenzylketone in degassed
methanol under dinitrogen yields 11% of isolable desired product, whereas the yield

drops drastically (to 0-4%) as soon as the purity conditions are less optimal.

The crystal structure of octabenzylporphyrinogen, P'LH., is displayed in
Figure IV.2. In the absence of a hydrogen-bond acceptor host, the porphyrinogen
skeleton adopts an alternate (“up-down-up-down”) conformation of the pyrroles. Axial
benzyl substituents are folded above and below the macrocycle, whereas equatorial

benzyls reach outwards.?

2 Substituents pointing in directions approximately perpendicular to the macrocyclic plane
and within it are denoted axial and equatorial, respectively.
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«\
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Figure IV.2. Crystal structure of octabenzylporphyrinogen, P'LH,. The porphyrinogen back-
bone is drawn in full ellipsoids and solid bonds, whereas the meso benzyl substituents are in
open ellipsoids and dotted bonds. H atoms and lattice toluene solvent molecules are omitted.
Thermal ellipsoids are drawn at the 50% probability level. Color coding: N, blue; C, gray.

IV.3. Zirconium porphyrinogen
IV.3.a. Coordination chemistry
Preparation

Zirconium octaethylporphyrinogen was previously prepared from the reaction of the
corresponding tetralithiated ligand with a Zr(IV) halide.'®* However, the ready

availability of homoleptic zirconium(lV) amides furnishes a direct route to
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Table IV.3. Summary of X-ray crystallographic data for meso-octabenzylporphyrinogen, P"LH,
4 PhMe.

empirical formula (formula weight) Cio0aH100N4 (1405.88)

T (K) 100(2)

AA) 0.71073

crystal system, space group Monoclinic, P2:/c

a;b;ch) 18.5272(7) ; 23.1094(8) ; 193911(7)
B(deqg) 107.3970(10)

Z; V(R 4;7922.6(5)

crystal size (mm?) 0.10 x 0.08 x 0.05

Abs. coeff. (mm™) 0.067

F(000) 3008

@ range for data collection 1.15to 23.27°

limiting indices -19<h<20,-25<k<14,-21</(<21
no. of reflns collcd ; no. of ind. reflns (Rint) 38509; 11382 (0.1011)
completeness to 8= 23.27° 99.9 %

refinement method Full-matrix least-squares on F?
data / restraints / parameters 11382/0/992

R.,° WRy® (1> 20(1)) 0.0568, 0.1224

R:,° wRy’ (all data) 0.1017,0.1452

GOF‘on F? 1.046

largest diff. peak and hole 0.330 and -0.341 eA

¢ Ry =ZX||Fo - |F||/Z|F)-
® WRy = (EW(F;? = FA)/Zw(F?) ™.
¢ GOF = (Zw(F,> - FA)*/(n - p)"?,
where n is the number of data and p is the number of parameters refined.

zirconium(lV) porphyrinogens from the protonated free ligand. The reaction was
found to be unexpectedly slow, only occurring in boiling THF over the time scale of
hours. Under similar conditions, tetrakis(dimethylamido)titanium does not react with
LH.: overnight heating of the reagents in boiling DME results in no reaction. Both the
octamethyl and octabenzyl versions of zirconium(lV) porphyrinogen,
LZrV(NHMe,)(THF) and P"LZrV(NHMe,)(THF), are obtained from (Me,N)sZr under similar

conditions.
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Figure IV.3. Crystal structures of Zr(IlV) octamethyl- and octabenzylporphyrinogen,
LZrY(NHMe,)(THF) (top) and "LZrV(NHMe,)(THF) « THF (bottom). H atoms and uncoordinated
solvents are omitted. Thermal ellipsoids are drawn at the 50% probability level; meso benzyl
substituents are in open ellipsoids and dotted bonds. Color coding: Zr, yellow; N, blue; O, red;
C, gray.
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Their solid-state structures are displayed in FigurelV.3 and their
crystallographic data and selected metric parameters are compared in Tables IV.4 and
IV.5. The inorganic core is very similar in both structures. Zr assumes a pseudo-
octahedral coordination by three n' pyrrole nitrogens, one n® pyrrole (its centroid
considered as a ligand for geometry considerations), a dimethylamine and a THF
solvent molecule. Both axial ligands are tightly bound, because they are not removed
by recrystallization or prolonged application of vacuum. They are somewhat labile,
however, as evidenced by their broadened 'H NMR peaks. The most dramatic feature
of the structures is the n°, “cyclopentadienyl-type” coordination of one pyrrole to the
strongly Lewis acidic Zr center. The pyrrole plane is almost perfectly perpendicular to
the Zr—X axis (where X designates the centroid), with Zr-X-N and Zr-X-C angles
comprised between 88 and 92° and between 83 and 95° in the methyl and benzyl
versions, respectively. The strain imposed by the m° pyrrole on the macrocycle

translates into marked deviations of the other three pyrroles from their usual

Table IV.4. Comparison of selected metric parameters for the octamethyl and octabenzyl
porphyrinogens of zirconium(lV), LZr'V(NHMe,)(THF) and ""LZr"(NHMe,)(THF) « THF.

LZr(NHMe;) (THF) "LZr"(NHMe:)(THP) - THF

Distances / A

Zr(1)—X(1) 2.247 Zr(1)—X(1) 2.239
Zr(1)—N(3) 2.485(2) Zr(1)—N(1) 2.412(3)
Zr(1)—C(15) 2.495(3) Zr(1)—C(1) 2.500(4)
Zr(1)—C(16) 2.538(3) Zr(1)—C(4) 2.502(4)
Zr(1)—C(17) 2.566(3) Zr(1)—C(3) 2.614(4)
Zr(1)—C(18) 2.543(3) Zr(1)—C(2) 2.626(4)
Zr(1)—N(4) 2.211(2) Zr(1)—N(4) 2.197(3)
Zr(1)—N(2) 2.223(2) Zr(1)—N(2) 2.205(3)
Zr(1)—N(1) 2.247(2) Zr(1)—N(3) 2.231(3)
Zr(1)—N(5) 2.394(2) Zr(1)—N(5) 2.386(4)
Zr(1)—0(1) 2.3059(18) Zr(1)—0(1) 2.320(3)
Angles / deg
N(1)-Zr(1)-N(2) 80.69(8) N(3)-Zr(1)-N(2) 80.92(12)
N(1)-Zr(1)-N(3) 155.52(8) N(3)-Zr(1)-N(1) 154.80(12)
N(1)-Zr(1)-N(4) 87.45(8) N(3)-Zr(1)-N(4) 86.33(12)
N(1)-Zr(1)-N(5) 77.48(9) N(3)-Zr(1)-N(5) 77.38(12)
N(1)-Zr(1)-0(1) 81.80(7) N(3)-Zr(1)-0(1) 79.66(11)
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Table IV.5. Summary of X-ray crystallographic data for the octamethyl and octabenzyl
porphyrinogens of zirconium(lV), LZr'V(NHMe,)(THF) and ""LZr"(NHMe,)(THF) « THF.

LZrV(NHMe,)(THF) PPLZrV(NHMe,)(THF) « THF
empirical formula C34Ha7NsOZr CgsHa7NsOZr
formula weight 632.99 1313.83
T (K) 100(2) 100(2)

A(A) 0.71073 0.71073

crystal system, space group Monoclinic, C2/c Monoclinic, P2:/c

a (A) 19.8193(11) 21.932(5)

b(A) 17.7496(10) 10.945(2)

c (A) 18.6897(11) 28.308(6)

S (deg) 109.9060(10) 97.648(5)

Z; V(R 8;6181.9(6) 4;6735(2)

crystal size (mm?3) 0.08 x 0.05 x 0.05 0.50 x 0.40 x 0.05

Abs. coeff. (mm™) 0.391 0.218

F(000) 2672 2776

6 range for data collection 1.58 t0 23.27° 0.94 to 23.35°

limiting indices -21<h<22 -24<h<?24
-17<k<19 -12<k<12
-20</<20 -31</<31

no. of reflns collcd 14952 72744

no. of ind. reflns (Rin) 4449 (0.0584) 9733 (0.1402)

completeness to G max 99.9 % 99.4 %

refinement method Full-matrix least-squares on F?

data / restraints / parameters 4449/0/558 9733/10/850
R.,® WRy® (I > 26(1)) 0.0319,0.0743 0.0472,0.0959
R.,® wRy’ (all data) 0.0411, 0.0791 0.0949, 0.1141

GOFon F? 1.041 0.904

largest diff. peak and hole 0.525 and -0.254 eA 0.708 and -0.418 eA™

* Ry =X||Fo - |Fe[|/Z[F|.
® WR, = (ZW(Fo” - F2))/Z(W(F.?)?) .
¢ GOF = (X w(Fs> -~ F2)*/(n - p)'7,
where n is the number of data and p is the number of parameters refined.

“horizontal” geometry (that is, a geometry in which the pyrrole plane contains the
Zr—N axis): the plane of the pyrrole trans to the m® pyrrole deviates from
“horizontality” by 48 and 46°, respectively, in the methyl and benzyl derivatives. In
contrast to this, in Floriani’s octaethylporphyrinogen zirconium-THF, the absence of a
second axial ligand causes two pyrroles to bind n® to Zr(IV), which relieves the strain

on the macrocycle.'
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Reaction with water

Crystals grown from a solution of LZr"(NHMe,)(THF) in wet solvents yielded the
adduct between one water molecule and two zirconium porphyrinogen entities,
[HLZr"],0 (Figure IV.4 and Tables IV.6 and IV.7). In this compound, the water molecule
has been cleaved to its acid-base components, an oxo, which coordinates in a bridging
fashion between two Zr centers, and two protons, which protonate the o position of
two porphyrinogen pyrroles. o-Protonation is established unambiguously by the
pyramidalization that distinguishes one a-C from the seven other, planar o positions
within the same macrocycle. Bond lengths within the protonated pyrroles are also
affected, as witnessed by lengthened c*—cP distances: for example, C(8)—C(9) =
1.482(4) A, whereas in the adjacent pyrrole C(1)—C(2) = 1.365(4). The macrocycle

Table IV.6. Summary of X-ray crystallographic data for [HLZr"],0.

empirical formula (formula weight)
T (K)

A(A)

crystal system, space group
a;b;cA)

f(deg)

Z; V(A%

crystal size (mm?)

Abs. coeff. (mm™)

F(000)

6 range for data collection

limiting indices

no. of reflns collcd ; no. of ind. reflns (Rix)
completeness to 8= 23.27°
refinement method

data / restraints / parameters

R.,° WRy® (I > 26(1))

R.,° wR,® (all data)

GOF‘on F?

largest diff. peak and hole

C56H55NgOZr2 (1 049.61 )

100(2)

0.71073

Monoclinic, C2/c
42.064(2);12.5032(6) ; 19.0221(9)
101.0830(10)

8,;9817.9(8)

0.12x0.09 x 0.04

0.474

4368

0.99 to 23.27°
-41<h<46,-11<k<13,-21</<19
23488 ;7051 (0.0629)

99.8 %

Full-matrix least-squares on F?
7051/0/620

0.0310, 0.0735

0.0377,0.0774

1.051

0.472 and -0.339 eA

¢ Ry =Z||Fo - |F|/Z|Fo|-
* WR, = (Z(W(F,* - F))/Z(W(F?)?)'".
¢ GOF = (Zw(F,> - FA*/(n - p)"?,
where n is the number of data and p is the number of parameters refined.
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Figure IV.4. Crystal structure of [HLZr"],0, side and top views. For clarity, the bonds to Zr are
bolded in the side view, and one porphyrinogen is drawn in faded colors in the top view. H
atoms are omitted except for the protons at C* Thermal ellipsoids are drawn at the 50%
probability level. Color coding: Zr, yellow; N, blue; O, red; C, gray; H, pink. X labels correspond
to the centroids of the 1° pyrroles. L** = meso-octamethylporphyrinogen.
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maintains a coordination geometry not unlike that observed in the absence of water,
with one n° pyrrole trans to the protonated pyrrole and three ' pyrroles, all three of
which display a tilt relative to the Zr—N axis. Unlike in LZr'Y(NHMe,)(THF), however, the
three coordinating N atoms and the centroid X do not define a plane; instead, the
nitrogens of the pyrroles flanking the n° pyrrole lie above the roughly straight X—Zr—
N axis. Thus, with the loss of the axial ligand trans to the oxo, the NNNXO coordination
polyhedron around Zr is best described as a trigonal bipyramid, with the 1> pyrrole
and the protonated pyrrole as the axial ligands (N(2)-Zr(1)-X(1) =176°), and the
remaining pyrroles occupying the equatorial plane along with the oxo, with angles
O(1)-Zr(1)-N(3) = 108°, O(1)-Zr(1)-N(1) = 103°, and N(3)-Zr(1)-N(1) = 139°. The p-oxo
bridge deviates from linearity slightly, with Zr(1)-O(1)-Zr(2) = 169°. Relative to the
Zr.--Zr axis, the porphyrinogens are staggered, with a 42° dihedral angle for

Table IV.7. Selected metric parameters for [HLZr"],0.

Distances / A

Zr(1)—O(1) 1.9362(18) Zr(2)—O(1)  1.9363(18)
Zr(1)—N(@3) 2.221(2) Zr2)—N(7)  2.218(2)
Zr(1)—N(1) 2.228(2) Zr(2)—N(5)  2.222(2)
Zr(1)—N(2) 2.315(2) Zr2)—N(6)  2.304(2)
Zr(1)—N(4) 2.382(2) Zr(2)—N(8)  2.405(2)
Zr(1)—C(22) 2.477(3) Zr(2)—C(53)  2.466(3)
Zr(1)—C(25) 2.481(3) Zr(2)—C(50)  2.481(3)
Zr(1)—C(24) 2.609(3) Zr(2)—C(52)  2.581(3)
Zr(1)—C(23) 2.621(3) Zr(2)—C(51)  2.604(3)
Zr(1)—X(1) 2.218 Zr2)—X@2)  2.212A
Angles / deg
Zr(1)-0(1)-Zr(2)  169.17(11)
O(1)-Zr(1)-N(3)  107.50(8) O(1)-Zr(2)-N(7)  107.00(8)
O(1)-Zr(1)-N(1)  103.01(8) O(1)-Zr(2)-N(5)  104.29(8)
N(3)-Zr(1)-N(1)  139.44(8) N(7)-Zr(2)-N(5)  138.51(8)
O(1)-Zr(1)-N(2) 81.90(8) 0(1)-Zr(2)-N(6) 82.16(7)
N(3)-Zr(1)-N(2) 79.02(8) N(7)-Zr(2)-N(6) 79.75(8)
N(1)-Zr(1)-N(2) 79.53(8) N(5)-Zr(2)-N(6) 78.25(8)
O(1)-Zr(1)-X(1)  102.5 0(1)-Zr(2)-X(2)  103.0
N(1)-Zr(1)-X(1) 99.3 N(5)-Zr(2)-X(2)  100.1
N(3)-Zr(1)-X(1) 99.5 N(7)-Zr(2)-X(2) 98.6
N(2)-Zr(1)-X(1)  175.6 N(6)-Zr(2)-X(2)  174.8
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N(4)-Zr(1)---Zr(2)-N(9).Thus, LZr" can be considered as a bifunctional “carrier” of H,O
in organic medium (in the form (HLZr"),0). Octaethylporphyrinogen Zr(IV) has been
shown to behave as such a carrier for NaH, KH and LiR (R = Me, tBu) — in the form of a
dimer, a tetramer and a monomer, respectively.'”'® The difference between the two
cases is in the nature of the cationic entity and its bonding mode to the pyrroles. The
H* in (HLZr"),0) is o-bonded to an o-C, whereas Li*, Na* and K* in the octaethyl-

porphyrinogen complexes require 1’ coordination to a pyrrole.

IV.3.b. Redox chemistry

Exposure of LZr(NHMe,)(THF) to air, in the solid state and in solution, results in
decomposition. So do its reactions with stoichiometric or excess '0,° or 30, (in the
presence or absence of MesSiCl), with MesNO, with XeF, and with PhICl,. However,
upon addition of Me;NO to a mixture of LZr'Y(NHMe,)(THF) and MesSnCl in ethereal
solvent, a pink-red mixture is obtained which strongly fluoresces in solution at room
temperature (Figure IV.5). The excitation spectrum shows two vibronic bands within
the electronic envelope, with a frequency of approximately v = 1100cm™ in the
electronic excited state; the lack of vibronic structure in the emission spectrum
indicates that the energy of the corresponding vibrational mode is even higher in the
ground state. A very small Stokes shift of 12 nm (350 cm™) is apparent, similar to those
observed for difluoroboron-dipyrromethene dyes in various solvents' and an order of
magnitude smaller than those of a variety of metalloporphyrins.?® These characteristics
indicate that the emissive species is structurally rigid, with insignificant geometric
rearrangement upon photoexcitation — in other words, it is not a porphyrinogen.
Most likely, the porphyrinogen skeleton has been cleaved by electrophilic attack at the
sensitive a-C to yield dipyrromethane-type structures, as observed by Floriani in the

oxygenation of octaethyporphyrinogen Zr(IV) by benzaldehyde.?'

®  Obtained in situ from 30, in the presence of irradiated anthracene sensitizer.
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A/nm

Figure IV.5. Fluorescence in toluene solution of an oxidation product of LZr"(NHMe,)(THF) by
MesNO in the presence of Me;SnCl. Black, emission spectrum upon excitation at 545 nm; gray,
excitation spectrum for emission at 650 nm. The signal is on an arbitrary scale.
L* = meso-octamethylporphyrinogen.

In stark contrast to the decomposition of zirconium(lV) octamethylporphyri-
nogen LZrV(NHMe,)(THF) in air to a brown solid, the octabenzyl version
PhLZrV(NHMe,)(THF) immediately turns to an intense red color upon exposure to air,
both as a solid and in solution. The same color is obtained under more controlled
conditions in the reaction of ""LZr"(NHMe,)(THF) with a stoichiometric amount of O, or
XeF,.c However, upon isolation form the crude reaction mixture, the red product is
slowly converted to an orange and/or brown color, most likely indicative of
uncontrolled decomposition. As in the above paragraphs, this behavior is to be
attributed most likely to partial cleavage of the porphyrinogen macrocycle, a process
that is assisted by the very oxo- and halophilic Zr(IV) center and occurs in consecutive
steps that are not easily separated. Attempts to crystallize the product directly from

the reaction mixture yielded crystals that diffracted X-rays weakly.

¢ Neither Zr(NMe,), nor""LH, give rise to any hue of red when exposed to either O, or XeF,.
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IV.4. Reaction of zinc porphyrinogen with CO;

Exposure of a colorless acetonitrile or THF solution of Lix(solv)x [LZn] to a CO,
atmosphere causes the solution to turn red immediately. The UV-vis absorption
spectrum in THF shows a broad visible band with Am.x =495 nm. The IR spectrum does
not display any signal clearly indicative of free CO (2140 cm™), COs* (1450 cm™), or
H,CO (1740, 1500 and 1170 cm™); the most conspicuous bands that appear upon
reaction with CO, are at 3344, 1639 and 1622 cm™ (assignable to C=C and C=N

stretches), 1261 and 804 cm™. The product eluded structural characterization.

From the very limited amount of experimental evidence available, it is clear
that (a) CO, reacts with Li, [LZn], (b) the [LZn]*" unit is oxidized to a species containing
the mixed-valent ligand L2~ but not the neutral [L*Zn], and (¢) deoxygenation of CO,
to CO does not occur. Thus, the most likely hypothesis is that two CO, molecules are
reduced and coupled by [LZn]* to yield the oxalate dianion, C;0,*. Precedents for
well-defined CO, reduction by non-organometallic molecular species include its
conversion to CO by “iron(0) porphyrins” (E < -1.5 V),?* to formate (HCO,") by a neutral
Ir,° core held by bridging bis(isocyanato) ligands (E<-1.3V),?® to oxalate by two
equivalents of a bis(cyclopentadienyl)samarium(ll) solvate (E =-2V),* to oxalate by a
formally “Ni(l)-macrocycle” anion (E < -2 V),” to oxalate by two equivalents of a Cu(l)-
macrocycle cation,?® and to a coordinated and labile “CO,>™ dianion by a “Co(l)
salen”.?2 This list calls for two remarks. Firstly, CO, is usually reduced only by
thermodynamically very strong reducing agents, with the notable exception of the
Cu(l) system, whereas the CO,q) / H,C,0, redox couple is at a much more reasonable
-0.49V in standard acidic aqueous conditions.”? Secondly, the same ambiguity
concerning the validity of very low metal oxidation states appears in most cases:
porphyrin ligands are well known to be reduced at potentials E < -1 V,* the physical
ground state of the formal Ni(l) complex of a conjugated macrocycle might well be
Ni(ll)-ligand radical anion, and the possibility of reducing M'-salen complexes to
M'(salen*) instead of [M'(salen)]~ has been established.?' Therefore, the hypothesis that
the CO, reduction might be in fact effected by, respectively, the Fe(ll) complex of a
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direduced porphyrin, the Ni(ll) complex of a reduced radical macrocycle, and the Co(ll)

complex of a reduced salen radical,® is appealing.

In contrast to the majority of the above examples of CO, reduction, Li>[LZn] is a
very mild reducing agent (E = +0.21 V), therefore its reaction with CO, is of relevance
to efforts towards the reduction of CO, at low overpotentials. In mechanistic terms, an
intriguing coincidence is found between zinc porphyrinogen and several established
CO.-reducing molecular systems (mentioned in the above paragraph) that are likely to
feature a reduced macrocyclic ligand: it might suggest that outer-sphere electron
transfer from the metal complex reductant to yield (CO,)*-, as opposed to coordination
of CO, to the transition metal ion, is the more favorable first step towards the eventual

reduction of CO..

IV.5. Conclusions

Zinc and zirconium(lV) porphyrinogen react with redox agents varying in their
thermodynamic oxidizing power from CO, to XeF,. However, in no case was the
oxidized metal-porphyrinogen product structurally characterized, and it is more than
likely that in most instances the compound initially formed further decays, either via
radical pathways back to LH. or P'LH,, or intramolecularly resulting in the eventual
cleavage of the macrocycle. Such behavior is attributed to the poor stability of the
“delta” C—C bond that appears upon oxidation with respect to the triplet state in
which the bond is broken and two unpaired electrons are delocalized over all four

pyrroles (Chapter Ill).

There is, however, unambiguous evidence that (a) the reduced porphyrinogen
ligand is able to function as a redox reservoir in reactions involving the interaction of

small molecules with the metal, and (b) it also maintains acid-base properties. The

4 In the salen system, this hypothesis is substantiated by the disappearance of the IR C=N

stretches as well as the short Co—N bonds and somewhat long C—N bonds mentioned for
M'[(salen)Co], M’ = Li, Na.”’?®
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latter quality can potentially be exploited when it comes to binding several substrates
to be further reacted together (see Chapter VIII). It also complicates matters in the
sense that the ligand can be attacked instead of the metal center by agents meant for
the latter — for example, in the reaction of LZr"V with XeF,, one cannot exclude the
possibility of C—F bonds being formed in place of the more thermodynamically

favorable Zr'"—F bonds.

The multifunctional nature of metal-porphyrinogen complexes opens up
avenues for the development of novel reaction pathways, but the increase in
complexity that it represents means that a challenge needs to be addressed: the
challenge is to control the site attacked by a given reagent and the nature of its

reaction.

IV.6. Experimental section

IV.6.a. Synthesis

Materials and analyses

All compounds were handled, reactions were performed, and analytical samples were
prepared in inert atmosphere using standard Schlenk, dry-box and vacuum-line
techniques. Solvents were purchased from VWR Scientific Products and purified using
a Braun solvent purification system or using standard solvent purification
techniques.*?> Deuterated solvents were purchased from Cambridge Isotope
Laboratories, degassed, dried and distilled by procedures similar to those used for
non-isotopically enriched solvents. Reagents were purchased from Aldrich or Strem
and used as received. Elemental analyses were conducted at H.Kolbe
Mikroanalytisches Laboratorium (Miihlheim a. d. Ruhr, Germany). '"H-NMR spectra were
recorded at the MIT Department of Chemistry Instrumentation Facility (DCIF) on a
Varian Inova-500 spectrometer, a Bruker Avance-400 or a Bruker Avance-600. '"H NMR
chemical shifts are quoted in ppm relative to tetramethylsilane and spectra have been

internally calibrated to the monoprotio impurity of the deuterated solvent. ESI-MS was
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performed at the MIT DCIF on a Bruker Daltonics APEX-IV 4.7 Tesla Fourier Transform

Mass Spectrometer.

Synthesis of meso-tetrakis(3-tertbutylpent-1,5-diyl)porphyrinogen, isomeric mixture

Samples of 4-tertbutylcyclohexanone (3.06 g, 19.8 mmol) and pyrrole (1.33 g,
19.8 mmol) were dissolved in 30 mL of EtOH. MeSOsH (0.1 mL) was added, which
caused the solution to boil violently for 5 min. After cooling, a precipitate was isolated
by filtration and dried in vacuo to yield 2.55 g (63%) of white powder. '"H NMR of the
product in CDCl; and in CsDs showed the presence of several non-interconverting
species. (+)-ESI-MS proved that the mixture was composed of different isomers of the
same single mass: m/z = 835.6599, 813.6772 (calcd for [M+Na]* 835.6593, for [M+H]*
813.6774).

Synthesis of 2,5,-bis(3',3",5", 5"-tetramethylcyclohex-1"-enyl)pyrrole

Samples of 3,3,5,5-tetramethylcyclohexanone (8.91 g, 57.8 mmol) and pyrrole
(3.88 g, 57.8 mmol) were dissolved in 40 mL of EtOH. MeSOsH (0.5 mL) was added and
the solution was refluxed for 90 min. After cooling, the reaction mixture was filtered to
isolate the precipitate from the red supernatant. After rinsing with fresh EtOH and
drying in vacuo, 4.4 g (13 mmol, 49%) of off-white pink powder were obtained. The
solid was recrystallized from toluene / EtOH to yield a white, light, fibrous solid. "H
NMR (500 MHz, CDCls): 8/ppm = 8.27 (brs, TH, NH), 6.15 (d, 2.5 Hz, 2H, pyrrole ), 5.60
(s, 2H, =CH-), 2.11 (s, 4H, -CH,-), 1.43 (s, 4H, -CH,-), 1.12 (s, 12H, —-CH3), 1.04 (s, 12H, -
CHs). *C NMR (126 MHz, CDCl;): 6 = 134.29, 128.03, 125.81, 106.86, 50.52, 40.42, 33.53,
32.59, 31.25, 30.73. Anal. Calcd for CosHs;N: C, 84.89; H, 10.98; N, 4.13. Found: C, 84.69;
H, 11.05; N, 4.08. (+)-ESI-MS: m/z = 339.29 (calcd 339.29).

Synthesis of meso-octabenzylporphyrinogen, "'LH,

Pyrrole was distilled under a reduced pressure of N, prior to the reaction and
stored under vacuum. Pyrrole (4.70 g, 70.1 mmol) was then dissolved in 30 mL of
MeOH and the solution was degassed and maintained under N,. Dibenzylketone
(14.74 g, 70.1 mmol) was added and the mixture was gently heated until it was

completely dissolved. MeSO;H (0.3 mL) was added and the clear solution was refluxed
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for 12 hr. After cooling, the system was opened to air and a slightly orange
supernatant was separated from a solid sticking to the walls of the flasks. The solid was
redissolved in a minimum amount of boiling toluene and crystallized by addition of
MeCN then cooling, to yield 2.0 g (11%) of a white crystalline solid after drying in
vacuo. '"H NMR (400 MHz, CDCls): 8/ppm = 7.24 to 7.19 (m, 24H, m- and p-phenyl), 6.85
(dd, 7.4 and 1.5 Hz, 16H, o-phenyl), 6.25 (br t, 4 Hz, NH), 5.64 (d, 2.7 Hz, 8H, pyrrole),
291 (q, 12.5 Hz, 16H, -CH>-). (+)-ESI-MS: m/z = 1059.5413, 1037.5524 (calcd for
[M+Na]* 1059.5341, for [M+H]* 1037.5522).

Synthesis of LZr""(NHMe,)(THF)

Samples of Zr(NMe,). (0.99 g, 3.7 mmol) and LHs (1.59 g, 3.7 mmol) were
dissolved in 15 mL of THF and refluxed for 3 hr, then the volatiles were removed in
vacuo. The canary yellow crude solid was redissolved in a minimum of THF and layered
with pentane to yield (after drying) 0.61 g of yellow-orange crystals overnight. A
second, 0.75-g crop, analytically identical to the first, was obtained from the
supernatant to reach a combined yield of 58%. 'H NMR (500 MHz, CsD¢): 6/ppm = 6.29
(s, 8H, pyrrole), 3.54 (br s, 4H, a-THF), 3.45 (br s, NHMe,), 1.77 (s, 12H, —-CHs), 1.74 (s,
12H, —=CH;), 1.39 (br s, 4H, B-THF). Anal. Calcd for C54H47NsOZr: C, 64.51; H, 7.48; N, 11.06.
Found: C, 64.68; H, 7.55; N, 10.96.

Synthesis of ""LZr"(NHMe)(THF)

Samples of Zr(NMe,), (44 mg, 0.16 mmol) and P"LH, (170 mg, 0.16 mmol) were
dissolved in 10 mL of THF and refluxed for 3 hr, then the volatiles were removed in
vacuo. The brown solid was redissolved in @ minimum of THF/toluene mixture and
layered with pentane to yield (after drying) 125 mg (64%) of yellow-orange crystals
after several days. Anal. Calcd for CgHgsNsOqsZr (PPLZrV(NHMe,)(THF) « 0.5 THF):
C,78.96; H, 6.55; N, 5.48; Zr, 7.14. Found: C, 78.88; H, 6.50; N, 5.58; Zr, 7.22.
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IV.6.b. X-ray crystal structure determinations

General technique

X-ray quality crystals were coated with Paratone N oil and mounted on a glass fiber. X-
ray diffraction data were collected on a Siemens diffractometer equipped with a CCD
detector, using the Mo Ko radiation, selected by a graphite monochromator. The data
were integrated to hké-intensity and the final unit cell calculated using the SAINT
v.4.050 program from Siemens. Solution and refinement were performed with the
SHELXTL v.5.03 suite of programs developed by G. M. Sheldrick and Siemens Industrial
Automation, 1995. Least-squares refinements were applied to F?, with hydrogen atoms
of organic fragments placed at calculated positions using a standard riding model and
refined isotropically. No absorption correction was performed, except where

otherwise stated.

2,5,-Bis(3’,3',5", 5"-tetramethylcyclohex-1"-enyl)pyrrole

White crystals were grown by slow evaporation of a concentrated MeCN/THF
solution. The structure was solved by direct methods. During refinement, the N-
pyrrolic proton was located from the difference map, while other H atoms were placed

at calculated positions.

Ph| H,

White crystals were grown by cooling a warm, concentrated toluene solution of
PALH,. The structure was solved by direct methods. During the refinement, four toluene

solvent molecules were found in the asymmetric unit; none was disordered.

[LZrV(NHMe2)(THF)]

Yellow «crystals were grown from a concentrated solution in
THF/toluene/pentane. The structure was solved by Patterson’s method; refinement

proceeded and converged normally.
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[HLZr"];0

Yellow-orange crystals were grown by diffusion of hexane vapor into a solution
of [LZY(NHMe,)(THF)] in wet THF. The structure was solved by direct methods;

refinement proceeded and converged normally.

[HPPLZPV],0

Yellow-orange crystals were grown by covering a solution of
[LZrV(NHMe,)(THF)] in toluene / THF with a pentane layer. The structure was solved by
direct methods; refinement proceeded and converged normally. An empirical
absorption correction was applied as implemented by the program SADABS in the
SHELX package.
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Electron transfer series
of iron porphyrinogen

— synthesis and structures
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V.1. Introduction

Iron porphyrin, or heme, is a ubiquitous and versatile protein cofactor. By controlling
the heme axial coordination and peptidic environment, proteins may tune cofactor
reactivity to selectively perform redox-derived functions as varied as single-electron
transfer (cytochromes),'"* dioxygen coordination and transport (hemoglobin and
myoglobin),'*"” dioxygen activation and substrate oxidation (cytochrome P-450),'®23
and peroxide and superoxide removal (peroxidases, catalase).?*?¢ Accordingly, the
redox properties of iron porphyrins have been investigated intensely in isolated
cofactors,?’8 in the environments of de novo designed®3’” and natural proteins,**>' and
in the context of small molecule substrate activation and catalysis.>*¢> The redox
activity of hemes is typically metal centered with the notable exception of
compound |, which possesses an iron oxo the oxidizing power of which is augmented
by a single oxidizing equivalent stored in the porphyrin macrocycle.®*%” It is
conceivable that further expanding the redox abilities of the macrocycle could
broaden the range of transformations achievable at a mononuclear iron complexe —
metal-organic redox cooperativity would engender a multielectron chemistry of the
“artificial hemes” that is unavailable to native heme cofactors. Therefore, the present
Chapter describes the syntheses, structures and redox properties of the available

oxidation states of iron porphyrinogen.

Previous Chapters have dealt with porphyrinogen complexes of redox-inert
metal ions, and have provided benchmarks for the ligand’s redox activity. The
additional presence of a redox-active central ion introduces new questions. In
particular, the result of the interaction between the one-electron redox couple of the
metal and the two-electron redox couples of the ligand is unknown. The range of OSs
available to the overall construct might be widened, and the redox stoichiometry of
available couples might change. To date, the electrochemical and spectroscopic
properties of transition metal porphyrinogen have remained largely unexplored, due

principally to the presence of non-innocent counter-ions and axial ligands. 73
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This Chapter describes the synthesis of the sodium and tetrafluoroborate salts
of porphyrinogen macrocycles containing iron. Owing to the absence of redox-active
counter-ions and axial ligands, the oxidation-reduction chemistry of the iron
porphyrinogens is unveiled by electrochemistry and the various oxidation states are
structurally characterized in the solid state and in solution by paramagnetic NMR. The

next Chapter will explore the electronic structures of iron porphyrinogens.

V.2. Synthesis

V.2.a. Metallation

Scheme V.1 outlines the syntheses of the iron porphyrinogens that are the focus of
this study. Control of the availability of solubilized FeCl; is essential to obtaining the
parent complex [LFe"]- in the absence of iron-based anions. Heterogeneous
introduction of the Fe(ll) ion into solution with gentle stirring is critical to the success
of this chemistry, with FeCl, beads (-10 mesh) serving as the Fe(ll) source. Reaction
mixtures containing the deprotonated porphyrinogen macrocycle, L*, and the FeCl,
beads turn the very deep red color that is characteristic of the presence of the [LFe"]
complex after ~1 h. The presumed direct insertion product, [LFe"]*, is oxidized in situ
to [LFe"]- by FeCl; (consistent with the observed formation of black Fe metal powder
during the reaction). Under the heterogeneous synthesis conditions, [LFe"]" is isolated
as the sodium salt. The absence of iron-containing countercations was confirmed by
elemental analysis, single-crystal X-ray diffraction analysis, and by Mdssbauer

spectroscopy.

Complications arise if the iron center is installed into the macrocycle according
to established procedures.”®”" Tetrahydrofuran suspensions of NasL charged with FeCl,
powder turn deep red within minutes and [LFe"]" is isolable as a salt of Fe',-based
countercations, [(THF)sFe(u-Cl),Fe(THF)s]1,  [(THF)sFe(u-Cl)sFe(THF);] [LFe], (see
Scheme V.1). The very low solubility of NasL with respect to FeCl, in THF presumably

leads to a preponderance of Fe(ll) in solution during metallation, thereby favoring the
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B 2- B ] - ] 2+
Na
CyoHg 3 FcBF, /4
- —_—
THF MeCN
(Na™),(THF), Na™(THF), (BF4)

3/2 FeCl,
THF T beads

(Na*)4(THF),,

THE | XS FeCl,
powder

1/n [(THF)3n,4Fe,Cly 1™

Scheme V.1. Preparation of the three oxidation states of iron porphyrinogen. THF =
tetrahydrofuran; Fc* = ferrocenium cation; C;oHs = naphthalene; xs = excess.

formation of the bimetallic cations followed by their subsequent metathesis with the
Na* ion. This wayward chemistry is observed despite a stoichiometric NasL/FeCl; ratio
and a slow addition of FeCl; to solution. Indeed, the only way we found to prevent the
buildup of Fe(ll) in solution was the utilization of the heterogeneous reaction
conditions described in the foregoing paragraph. Given the abundance of Fe™ centers
in [(THF)sFe(u-Cl),Fe(THF).]1/2 [(THF)sFe(u-Cl)sFe(THF)s][LFe],, different combinations of
formal charges for the constituent Fe ions may satisfy the overall charge balance. The
oxidation states in this compound are assigned by inspection of its X-ray crystal
structure (cf. Tables V.1 and V.2 and Figure V.1). The metric parameters of the

[(THF)sFe(u-Cl)sFe(THF);]™ complex cation are identical to those of the cation in the
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Table V.1. Summary of X-ray crystallographic data for [(THF)sFe'"(u-Cl)sFe"(THF)s]

[(THF)4Fe"(u-Cl),Fe"(THF)4] /> [LFe"],+ 2 PhCHs.

empirical formula (formula weight)
T (K)

A(A)

crystal system, space group
a;b;c(A)

a; ;v (deg)

Z; V(R

crystal size (mm?)

Abs. coeff. (mm™)

F(000)

6 range for data collection

limiting indices

no. of reflns collcd ; no. of ind. reflns (Rin)
completeness to 8= 23.27°
refinement method

data / restraints / parameters

R:,2 wRy? (I > 20(l))

R.,° wRy’ (all data)

GOF“on F?

largest diff. peak and hole

C110H154C|4F€5N801o (21 6953)

193(2)

0.71073

Triclinic, P1

13.0139(8) ; 15.3786(10) ; 29.1680(19)
84.7050(10) ; 80.1510(10) ; 69.8640(10)
2;5396.5(6)

0.35x0.18 x0.08

0.816

2296

2.04 to 23.30°
-14<h<13,-17<k<8,-32</<32
22060 ; 15256 (0.05875)

97.9 %

Full-matrix least-squares on F?

15256 /0/1279

0.0987,0.1812

0.1033,0.1831

1.429

0.578 and -0.412 eA™

¢ Ry =X||Fo - |F||/Z|Fo|-
® WR, = (Z(W(F,* - FA)))/Z(W(F?)?) "
¢ GOF = (Zw(F,2 - FA*(n - p))'?,
where n is the number of data and p is the number of parameters refined.

Table V.2. Selected geometric  parameters for  [(THF)sFe"(u-Cl)sFe"(THF);]
[(THF)4F€”(|J'C|)2F€”(THF)4]1/2 [LFe”I]z 2 PhCH3
Distances / A Angles / deg
[(THF);Fe"(u-Cl)sFe"(THF),]*
(Fe—Cl)avg 2.48(x0.05) (Cl-Fe—Cl)avq 86.8(+£1.9)
[(THF)4Fe"(u-Cl),Fe'(THF),]*
(Fe—Cl)avg 2.47(x+0.02) Cl-Fe-Cl 81.93(7)
[LFe"]-
(Fe—N)a,y 1.903(x+0.010) (N-Fe—N)avg 90.0(+0.5)
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Figure V.1. Crystal structure of [(THF)sFe"(u-Cl)sFe"(THF)s] [(THF).Fe"(u-Cl),Fe"(THF)4li/
[LFe"],+2 PhCHs. The asymmetric unit only contains one half of [(THF),Fe"(u-Cl),Fe"(THF),]**:
the second half, generated by symmetry, is represented in faded colors. For clarity, H atoms
and lattice solvent molecules are omitted, and bonds within the iron porphyrinogen anions
are bolded. Thermal ellipsoids are drawn at the 50% probability level. Color coding: Fe, purple;
N, blue; Cl, green; O, red; C, gray. Selected crystallographic data and geometric parameters are
given in Tables V.1 and V.2, respectively.
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previously reported salt [(THF);Fe"(u-Cl)sFe'(THF)s] [(THF)SnVCls].”* Additionally, the
metrics of the porphyrinogen anion are identical to those of the crystal structure of
[Na(solv),][LFe"] (vide infra), thus setting an oxidation state of +ll for the iron centers in
the complex cation [(THF)sFe(u-Cl),Fe(THF).]**.

V.2.b. Oxidation-reduction

The [LFe"]- complex serves as the starting material for the other series members. The
one-electron reduced counterpart [LFe"]* is afforded in quantitative yield by the
reaction of [LFe"]- with a stoichiometric or excess amount of sodium naphthalenide.

The Na* ions may be exchanged with tetrabutylammonium using BusNCl in THF.

Alternatively, [LFe"]T- may be oxidized by ferrocenium tetrafluoroborate (FcBF,)
in CHsCN. [L**Fe"](BF.), is obtained as the only isolable iron product, regardless of the
Na[LFe"]/FcBF,4 ratio. Care was taken in the choice of the starting material. Ethers
appear to favor radical processes and exacerbate the subsequent decomposition of
the oxidized product. Consequently, [Na(solv),][LFe"] where solv = THF was avoided.
Three equivalents of FcBF4 are consumed in the reaction as ascertained by recovery of
the Fc reduction product; for preparative convenience, three equivalents of FcBF, were
therefore employed for the oxidation. The macrocycle undergoes a selective four-
electron oxidation from L* to L** while Fe" is reduced to Fe", and under no conditions
is a product obtained with the macrocycle oxidized by two electrons (i.e., L*%).
Consistent with this result, [L**Fe"]>* and [LFe"]- do not undergo a comproportionation
reaction. [L**Fe"](BF.), does not thermally decompose in the solid state, in acetonitrile
solution, or as a dichloromethane suspension at room temperature. However, salt
metathesis attempts in dichloromethane with sodium tetraphenylborate caused
decomposition on the timescale of dissolution of the reactants, as witnessed by a color
change from yellow to brown and the complete loss of the NMR signals of [L*“Fe"]?".
For the purpose of growing large single crystals suitable for X-ray analysis, sodium
cobalticarborane, Na[(C;BsH11),Co] was employed for salt metathesis, which proceeded

very cleanly in CH,Cl..
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Published work shows that the iron center of [L**Fe"]>* may be oxidized when
chloride is available to coordinate axially, yielding [L**Fe"CI]2*.® The oxidation,
however, does not proceed easily in the absence of non-coordinating counter-anions.
For instance, treatment of [L*“Fe"]2* with the strongly oxidizing thianthrenium radical
cation” was accompanied by the disappearance of the deep purple color of the radical

cation, but most of the [L**Fe"]?+ starting material was recovered.

V.3. Electrochemistry

The left panel of Figure V.2 shows the full cyclic voltammogram of [LFe"]- in CH;CN
(gray trace). Two oxidation-reduction events are observed. Pseudo-reversible
electrochemical behavior for the CV process at £, = -0.57 V (vs NHE) is indicated by
nearly linear plots of the cathodic and anodic currents vs V* (scan rate 50 < v < 600
mV ™) (right panel of Figure V.2), and values of 1.2 + 0.2 for the ratios of the anodic
and cathodic peak currents. The redox process at more positive potential is
characterized by a significant increase in the current response and an irreversible
waveform. As is often the case, a potential for the redox process is afforded by
differential pulse voltammetry. An anodically scanning electrode immersed in a CH;CN
solution of [LFe"]" yields two peaks in the differential pulse voltammogram. The
process at E,=-0.55V (vs NHE) corresponds to the reversible E, = -0.57V wave
observed in the cyclic voltammogram. The process at E, = 0.77 V (vs NHE) corresponds
to a multielectron reaction; its peak current is ~3 times greater than that of the
reversible process. A more accurate measurement of the redox equivalency for both
electrode processes is afforded by chronocoulometry. Using the Cottrell equation,
plots of Q vs t” for potential steps encompassing the E, = -0.55 and E, = 0.77 redox
processes yield linear responses with slopes in 1: 2.7 ratio, consistent with the DPV
result. The identities of these two electrode processes are revealed by performing
electrochemical experiments on solutions of [L**Fe']2*: DPV exhibits peaks identical to
those displayed in Figure V.2. Taken together, the DPV, CV and chronocoulometric
results yield the following electrochemical assignments, which correspond to the

redox processes observed on the preparative scale:

144



Chapter V

[LFe"]- + e — [LFe"]?- E,=-057V (m
[L*Fe'* + 3e — [LFe"]- E,=+0.77V (2)

Peak potential measurements for quasi-reversible and irreversible processes in DPV
will be shifted to more negative potentials by an activation overpotential; however,

fast cyclic voltammetric scans of the [L**Fe"]>*/[LFe"]- couple indicate that E, is near Ey.

The porphyrinogen macrocycle is very electron-donating as reflected by the
reduction potential of the iron residing at its core. The reduction potential of reaction
(1) is more negative than that of low-potential ferrodoxins (Fd), the ferric forms of
which are among the most difficult iron cofactors to reduce in biology, 0 < E.(FdFe"")
< -0.5 V vs NHE.”® With regard to its porphyrin relatives, however, iron porphyrinogen
is ~ 0.5 to 1.3 V more difficult to reduce than heme cofactors (depending on the nature

of the axial ligands).

Reaction (2) provides a measure of ligand-centered redox processes. The
porphyrinogen can react in two-electron steps with the concomitant formation of a

C—C bond between the o carbons of adjacent pyrroles; each cyclopropane thus

<j:_ - <j:_ | T T I T | T
~ ~
2 5
—Q B - r
1=
_—
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_1 = VVZ/ mv1/2 571/2
| I I I | I | I

0.8 0.4 0 -04 -08 -1.2 -0.2 -04 -0.6 -0.8
Vvs NHE/ mV Vvs NHE/ mV

Figure V.2. Electrochemistry of iron porphyrinogen. Left, cyclic voltammetric (gray) and
differential pulse voltammetric (black) traces of 1 mM BusN[LFe"] in 0.04 M BusNBPh, / CHsCN;
CV: sweep rate 100 mV/s; DPV: sweep rate 20 mV/s, pulse amplitude 20 mV, pulse period
200 ms, pulse width 50 ms, sample width 17 ms. Right, the reversible [LFe"]"/[LFe"]>” CV wave
recorded on the same solution; scan rates: 50, 100, 200, 400, and 600 mV s™' (from black to
light gray, two full scans each). Inset: plots of the peak current I, (open diamonds: cathodic; full
diamonds: anodic) vs the square root of the scan rate, with linear fits.
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formed is a two-equivalent hole reservoir for the porphyrinogen framework. The
reduction potentials of half-reactions (1) and (2) offer the potential for the overall four-

electron ligand-based reduction,
[L*Fe?* + 4e — [LFe>- E,=043V 3)

The four-electron reduction of the porphyrinogen macrocycle was previously
ascertained by inserting the redox-inactive Zn?* ion into the porphyrinogen
macrocycle (cf. Chapter Il). For this system the consecutive two-electron processes
were observed at E([L**Zn"1**/[L*Zn"]) = 0.63 V and Ex([L"Zn")/[LZn"]>) = 0.21 V vs NHE.
Combining these two redox couples yields a potential for the overall four-electron

ligand-centered reduction,
[LYZn"2* + 46 — [LZn"]> E,=042V (4)

The consistency between the ligand redox potentials for half-reactions (3) and (4) for
macrocycles encrypting redox-active and redox-inactive metals suggests that the
frontier orbitals of the ligand are not significantly perturbed by those of the metal

residing at its core.

The inability to observe the partially oxidized porphyrinogen species for iron,
when it is available to zinc, suggests that the disproportionation of [L*Fe"] to the

observed iron porphyrinogens is favorable,
3 [L°Fe" — 2[LFe" + [L*Fe'* (5)

The viability of this contention can be assessed if we assume that the potentials for the
two-electron ligand transformations are the same for iron and zinc, ie.
Ex([L**M'T+/[L*M") = 0.63 V and Ex([L*M"]/[LM"]>) = 0.21 V vs NHE for M = Zn and Fe.
This assumption is reasonable given that the reduction potentials have already been
shown to be nearly equivalent for half-reactions (3) and (4). On this basis, we calculate

the following reduction potential:
[L°Fe'] + e — [LFe"]- E»=0.99V (6)

With this in hand, the driving force for reaction (5) is determined to be AE(5) = +0.36 V.

In contrast to the zinc porphyrinogen case, the availability of the +3 metal oxidation
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state and the stability of the [LM"]- species drives disproportionation reaction (5), thus

preventing the isolation of [L“Fe".

V.. Structures

V.4.a. In the solid state — by crystallography

The structures of iron porphyrinogen in its three available oxidation states are shown
in Figures V.3, V4 and V.5, and compared in Figure V.6. Crystallographic data and
selected geometric measurements for the three structures are given in Tables V.3 and
V4. The structures of [LFe'"]* and [LFe"]- are similar to each other and to that
previously reported for the dilithium salt of iron(ll) octaethylporphyrinogen. As is most
easily seen from the edge-on perspective, the central iron ion lies in a nearly perfect
planar tetracoordinate environment defined by the four pyrrole nitrogens (4-N) and
no significant intermolecular contacts are observed. Owing to the sp? hybridization of
the meso carbon, the pyrroles cant about the N—Fe—N twofold axis. The two
structures are distinguished by the Fe—N bond lengths of the macrocycle core. As
expected, the Fe—N bond is significantly longer for the iron center possessing the
greater valence electron count (d.q(Fe—N) = 1.933 A in [LFe"* vs davg(Fe—N) =
1.899 A in [LFe"T"). The only other significant differences in the structures result directly
from the counter-cations. The Na* counter-cation of [LFe']- assumes a pseudo-
octahedral coordination defined by the oxygens of two fac-diglyme solvent
molecules. The Na* counter-cations of [LFe']* are coordinated by diametrically
opposite pyrroles in a n* fashion — dayg(Na---N) = 3.07 A is significantly longer than
davs(Na—C) = 2.80 A — and reside on opposite faces of the macrocycle. The remaining
coordination sites of the Na* ions are occupied by three monodentate oxygen ligands,
one from THF and two from symmetry-related bridging pyridine-N-oxides (which

create a coordination polymer in the lattice). The latter coordinate the alkali cations
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Table V.3. Summary of crystallographic data for iron porphyrinogens.

[L**Fe"(NCCH;)]

[(THF)Na(OPY)]z [Na(diglyme)z] [(C3BoH11)2Col2
[LFe" [LFe"] « 2 CH;CN
+ 2 0-CsH4Cly

empirical formula CsoHsgFeNgNayO4 CaoHeoFeNsNaOg Cs4Ho3B36ClsCozFeN;
formula weight 908.85 771.76 1545.02
T (K) 183(2) 183(2) 100(2)
A(A) 0.71073 0.71073 0.71073
crystal system Monoclinic Orthorhombic Orthorhombic
space group P2,/c Pbca Abm?2
a(h) 20.4824(13) 15.5367(12) 23.443(2)
b (A) 11.6675(7) 21.1012(16) 25.146(3)
c(R) 19.2151(12) 25.2473(19) 13.2883(13)
B (deg) 102.4720(10) 20 20
V(A% 4483.6(5) 8277.2(11) 7833.6(14)
V4 4 8 4
crystal size (mm?) 0.27 X 0.27 x 0.25 0.45 x 0.45 x 0.45 0.12x0.17 x 0.09
F(000) 1920 3304 3176
Abs. coeff. (mm™) 0.409 0.423 0.780
Arange for data coll. 2.191023.28° 2.291023.28° 0.87 t0 23.31°
limiting indices -21<h<22 -16<h<17 -26<h<25

-12<k<38 -20<k<23 -27 <k<27

21<8<21 -27<2<28 -9<¥<14
no. of reflns collcd 17385 31601 19041
no. of ind. reflns (Rin) 6414 (0.0501) 5951 (0.0582) 4642 (0.0705)
completeness to Gnax 99.4% 99.8% 99.5%

refinement method
data/restraints/params

R1,a Wsz (I > 2(5(/))
R:,2 wR>® (all data)
GOF¢on F?

Full-matrix least-squares on F?

6414/0/764
0.0345, 0.0840
0.0419, 0.0876
1.064

5951/0/482
0.0962, 0.1867
0.0962, 0.1867
1.479

4642 /23 /592
0.0533,0.1385
0.0556,0.1411
1.112

Largest diff. peak, hole  0.247,-0.315eA3  1.003,-0.605eA>*  0.927,-0.758 eA

¢ Ry =X||Fo - |F||/Z|Fo|-
® WRy = (Z(W(Fo,” - F2)))/Z(W(F,?)*) .
¢ GOF = (X w(Fs* - Fc®)*/(n - p))'?,
where n is the number of data and p is the number of parameters refined.
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Figure V.3. Crystal structure of [(diglyme),Na][LFe"]. H atoms omitted; thermal ellipsoids at
the 50% probability level. Color coding: Fe, purple; N, blue; Na, mustard yellow; O, red; C, gray.

Figure V.4. Crystal structure of [(THF)(pyO)Nal. [LFe"]. H atoms omitted; thermal ellipsoids at
the 50% probability level. Color coding: Fe, purple; N, blue; Na, mustard yellow; O, red; C, gray.
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Figure V.5. Crystal structure of [L**Fe"(NCCHs)] [(C;BsH11)2C0]5 « 2 CH5CN « 2 0-CsH4Clo. H atoms
and solvent molecules omitted, thermal ellipsoids at the 50% probability level. Color coding:
Fe, purple; N, blue; Co, powder blue; B, orange; C, gray.

and attenuate the very high oxygen sensitivity of the crystals (which in the absence of

pyridine-N-oxide quickly turn from golden orange to deep red upon manipulation).

The X-ray crystal structures of [LFe"]* and [LFe"]- indicate no direct bonding
interaction between the a-carbons of adjacent pyrroles (dag(C*—C* = 247 A in
[LFe"]- and dag(C*—C% = 2.50 A in [LFe"]*). This observation is consistent with no
oxidation of the macrocycle. Conversely, two pairs of adjacent C* atoms of the
macrocycle in [L**Fe']>* are within single bond distance of each other (d(C*—C%) =

1.607(11) A and 1.553(13) A). The cyclopropanes are nearly equilateral triangles with
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Table V.4. Comparison of geometric parameters for [LFe']>, [LFe"]- and [L**Fe']** in their
respective crystal structures.

[L**Fe"(NCCHs)] [(C,BsH11),Col,

[(THF)Na(Opy)]: [LFe"] [Na(diglyme),] [LFe"] « 2CH,CN» 20-CoH.Cl,

Distances / A

Fe(1)—N(1) 1.9185(17)  Fe(1)—N(3) 1.896(5) Fe(1)—N(1) 2.115(5)
Fe(1)—N(2) 1.9353(17)  Fe(1)—N(4) 1.897(5) Fe(1)—N(2) 2.117(6)
Fe(1)—N(4) 1.9371(17)  Fe(1)—N(1) 1.899(5) Fe(1)—N(3) 2.065(8)
Fe(1)—N(3) 1.9430(16)  Fe(1)—N(2) 1.904(5)
N(1)—C(1) 1.376(3) N(1)—C(1) 1.375(7) N(1)—C(4) 1.278(8)
N(1)—C(18) 1.381(3) N(1)—C(4) 1.393(7) N(1)—C(1) 1.446(8)
N(2)—C(3) 1.381(3) N(2)—C(8) 1.379(7) N(2)—C(8) 1.334(8)
N(2)—C(6) 1.385(3) N(2)—C(11) 1.387(7) N(2)—C(11) 1.447(9)
C(1)---C(3) 2.53 C(4)---C(8) 247 C(1)—C(1) 1.607(11)
C(6)---C(8) 2.49 C(1)---C(25) 2.48 cn)—1) 1.553(13)
c(11)---C(13 2.49 c(11)---C(15) 2.48 C(4)---C(8) 2.47
c(16)---C(18) 2.51 C(18)---C(22) 2.46
Angles / deg

N(1)-Fe(1)-N(2) 89.55(7) N(1)-Fe(1)-N(2)  89.6(2) N(1)-Fe(1)-N(2)  87.27(18)
N(2)-Fe(1)-N(3)  90.49(7) N(2)-Fe(1)-N(3)  90.1(2) N(1)-Fe(1)-N(1)  79.5(3)
N(3)-Fe(1)-N(4)  90.15(7) N(3)-Fe(1)-N(4)  90.2(2) N(2)-Fe(1)-N(2)  78.7(3)
N(4)-Fe(1)-N(1)  89.82(7) N(4)-Fe(1)-N(1)  90.2(2) N(1)-Fe(1)-N(2) 139.77(19)

N(3)-Fe(1)-N(1) 110.3(2)

C(1)-C(15)-C(1)  63.3(6)

C(11)-C(12-C(11)  62.3(7)

( 4)

1
4)-C(5)-C(8) 110.3(4

C*—Cme>—C* angles of 63.3(6)° and 62.3(7)°. These metrics of the cyclopropane rings
are similar to those observed in previously described dicyclopropane

octaethylporphyrinogens of iron, manganese and cobalt.”®7?

The presence of the spirocyclopropane rings distorts the macrocycle and the
constituent pyrroles. The presence of alternating formal single and double bonds in
the pyrroles is plainly evident: N=C double bonds (dag(N(1)—C(4), (N(2)—C(8)) =
1.31A) are significantly shorter than their neighboring N—C single bonds (dag(N(1)—
C(1), N(2)—C(11)) = 1.45 A). The C*—C” straps constrain the macrocycle along one

axis, causing the 4-N core to deform from a square to a rectangle (£(N(1)-Fe-N(2)) =
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Figure V.6. Comparison of the iron porphyrinogen framework in its three available oxidation
states, in the three crystal structures detailed above.

87.3° and Z(N(1)-Fe-N(1A)) = 79.5°). The ruffled conformation of the L* macrocycle is

L*4, which is reminiscent of calixarenes’”” and

supplanted by a bowl conformation in
“calixpyrroles”,’®82 in which all four pyrrole planes are tilted upwards relative to the 4-N
plane. The conformational change from ruffle to bowl is accompanied by an upward
movement of the Fe' center from the 4-N plane by 0.72 A. The displaced Fe" center
coordinates an axial CHsCN solvent molecule to engender a distorted square
pyramidal coordination geometry. The four-electron oxidized macrocycle is a much
weaker donor than the parent L* porphyrinogen, as evidenced by long Fe—N(pyrrole)
bonds; the d.g(Fe—N(pyrrole)) = 2.12 A is 0.18 A longer than the average Fe—
N(pyrrole) bond length of [LFe"]> and is longer than the Fe—N bond to the axial
CHsCN (d(Fe—N(3)) = 2.065 A). All five Fe—N distances in this free [L**Fe'(NCCHs)]>*
entity, however, are significantly shorter than the corresponding ones in the
previously reported polynuclear compound [L**Fe"(Cl)(Cu4Cls)], indicating that the
interacting Cu,Cls~ influences the structural properties of the iron porphyrinogen

moiety.® Our results establish the stable existence of and intrinsic metrics for
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[L**Fe'(solv)]?* in the absence of an anionic axial ligand and of an interacting counter-

ion.

V.4.b. In solution — by NMR spectroscopy

The porphyrinogen framework was synthesized with deuterated meso methyls,
allowing the solution structures of the series members to be probed by 'H and 2H NMR
spectroscopy. As displayed in Figure V.7, NMR spectra of exceptionally high quality are
obtained despite the presence of the paramagnetic iron centers. Owing to the meso
d»4 substitution, the hydrogens on the methyl groups and pyrroles can be investigated

in separate experiments and therefore are easily distinguished from each other.

The single resonance for the eight pyrrole hydrogens observed in the '"H NMR
spectra of [LFe"]-and [LFe"]- in solution (Figure V.7, top and middle trace, respectively)
is consistent with the four-fold symmetry of the porphyrinogen in the solid state. The
H NMR spectra of the same compounds are also consistent with this fourfold

symmetry but two signals of equal intensity are observed for the meso methyls. The

[LFe'l]-

1 1 1T 1 "+ 1 1T 1T "1T T T T 1T T T T T1
30 HO/opm 60 4 20 0 20 40 H5/ppin

L
JL M JL it n [LAAFely2+
0 20 o

Figure V.7. °H (left) and 'H (right) NMR spectra of the three paramagnetic iron das-
porphyrinogen species. The 2H NMR (77 MHz, CH;CN) probes the meso methyl groups and the
'H NMR (500 MHz, CDsCN) probes the B pyrrole sites of the porphyrinogen macrocycle.
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two distinct signals reflect a symmetry lower than Da, arising from either (i)
coordination of the Na* ions to the one side of the macrocycle or (ii) retention of the
D,s conformation of the solid-state structure for the molecules in solution. The
invariance of the ?H NMR spectrum to solvent (THF, diglyme or acetonitrile), to
encryption of Na* by 18-crown-6 ether, and to replacement of Na* by BusN* rules out
possibility (i), thus the chair conformation of the tetrapyrrole observed in the solid
state is retained in solution. The two peaks are ascribed to the axial and equatorial
meso methyl positions (axial being defined as close to perpendicular to the 4-N plane,
and equatorial rather parallel to it). This interpretation is further corroborated by the
relative magnitudes of the paramagnetic shifts for the axial and equatorial methyl
resonances. The paramagnetic shift, Av,/v, of a nucleus at a position (, 6, @) relative to

the paramagnetic iron center is given by

Avpc:&‘ﬂz-S(S+1).300529—1‘(g2 _g? ) )
1% 4r OkT P e pew

as long the system has axial symmetry, the electron spin resides exclusively at iron,
and the dipole coupling is purely through space (“pseudocontact”).® In the above
expression, i is the magnetic permeability of vacuum, k Boltzmann'’s constant, T the
absolute temperature, S the electron spin quantum number, and gpar and gper the
components of the diagonalized g-tensor of the paramagnetic center that lie parallel
and perpendicular to the molecular axis, respectively. By taking the ratio
(AVp)ax/(AVpd)eq, ONE ONly retains the geometric parameters. Equating the coordinates
of the methyl hydrogens in solution to the position of the methyl carbon in the solid
state, we find calculated values of (AVpdax/(AVpd)eq = —3.0 for [LFe"]~ and —4.2 for [LFe'"]>;
the observed shift ratio between the axial and methyl resonances in Figure V.7 is -2.5
for [LFe"]- and —4.6 for [LFe"]>~. Given the crudeness of the geometric approximation,

the agreement is reasonable.

Relative to the two anionic iron porphyrinogens, both the 'H and H NMR
spectra of [LA*Fe'"]?* show a doubling in the number of resonances (Figure V.7, bottom
traces). This result is in line with the observed lowering in symmetry of the solid-state
structure upon oxidation of the macrocycle. Thus the symmetry properties of the

porphyrinogen system are revealed by appropriate deuteration of the tetrapyrrole.

154



Chapter V

V.5. Conclusions

Three oxidation states of iron porphyrinogen have been unveiled in the absence of
any redox or spectroscopically active counter-ions. A metal-centered Fe(ll/lll) redox
activity, reminiscent of heme porphyrins, is observed. Owing to the highly reducing
nature of the tetrapyrrole framework, the Fe(ll/Ill) redox potential however is nearly
one volt more negative than that of a typical heme cofactor. This metal-based redox
activity is augmented by a multielectron chemistry of the porphyrinogen macrocycle.
Two cyclopropane rings, formed by C—C coupling between the o carbons of adjacent
pyrroles, function as two separate two-hole reservoirs within the porphyrinogen
framework. The two-electron oxidized, singly C*—C* bonded intermediate is unstable
with respect to disproportionation; the ligand-based redox activity therefore proceeds
in a single four-electron step. The oxidation of the tetrapyrrole is accompanied by a

distortion of the 4-N core from a square to a rectangle.

The ability of the tetrapyrrole macrocycle to support redox transformations in
addition to the metal establishes “artificial hemes” as more versatile redox cofactors
than hemes. Redox activity based at the ligand is decoupled from the acid-base
activity of the iron center. Large variations in the overall redox content can be
accommodated without any changes in the metal’s primary coordination sphere. This
is drastically different from the usual observation of a metal center that will have its
coordination geometry and/or number change upon multielectron oxidation. For the
case of hemes, oxidation is typically accompanied by an increase in metal-substrate
bond order (e.g., 0xo). It can be anticipated that iron porphyrinogens bearing halogen-
or chalcogen-based ligand substrates will maintain more labile metal-substrate bonds

in high oxidation states.

For example, Betley and Peters were able to describe an unusually wide range
of oxidation states of iron within the same framework comprising a tripodal
phosphine chelate and an N-based donor, from Fe(l) to Fe(IV) (Scheme V.2).8% The
design is based on the stepwise increase in metal-substrate bond order — from 0
(formally counting covalent bonds only) to 3 — and concomitant elimination of

substituents from the substrate — from 3 (if L represents an ammine) to 0 (nitride) —
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Scheme V.2. Two contrasting approaches to multielectron redox chemistry of mononuclear
iron complexes. In the upper panel, the metal is the only redox center and a very wide range of
OSs is achieved by coupling redox reactivity (green) to acid-base events (red), namely, the
elimination of substituents within the substrate and the concomitant increase in metal-ligand
bond order.®*® In the lower panel, a redox-active ligand enables the coordination complex to
undergo an overall four-electron transformation without any change in the OS of the metal
nor in the metal-substrate bonding (no substrate is bound). R represents an alkyl or aryl
substituent, for example isopropyl or phenyl.

upon oxidation from Fe(l) to Fe(IV). In essence, a high OS is stabilized by multiple
bonding and vice versa. In contrast to this, the participation of the redox-active ligand
in the iron porphyrinogen redox series enables the overall OS to vary by up to four
units without any changes in the bonding between metal and substrate (in this

example, the metal-substrate bond order remains 0 throughout the series).

The next steps in the exploration of the iron porphyrinogen system will be the
description of its electronic structures (Chapter VI) and its use for carrying out

multielectron transformations (Chapter VII).
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V.6. Experimental section
V.6.a. Synthesis
Materials

All compounds were handled, reactions were performed, and analytical samples were
prepared in inert atmosphere using standard Schlenk, dry-box and vacuum-line
techniques. Solvents were purchased from VWR Scientific Products and purified using
a Braun solvent purification system or using standard solvent purification
techniques.® Deuterated solvents were purchased from Cambridge Isotope
Laboratories, degassed, dried and distilled by procedures similar to those used for
non-isotopically enriched solvents. Ferrocenium tetrafluoroborate (FcBF4) was purified
as described (Chapter Il). Other reagents were purchased from Aldrich and used as
received. Elemental analyses were conducted at H.Kolbe Mikroanalytisches
Laboratorium (Muihlheim a. d. Ruhr, Germany). Preparative methods for the do and
meso-perdeuteriomethyl (d.4) versions of each compound were identical; in each case,
only one of both is described. Similarly, the only spectroscopic differences observed
between both isotopic versions appeared in NMR and IR: reported are the NMR and IR

data for the meso-perdeuteromethyl version.

Synthesis of Na(THF),[LFe]

A milky white suspension of 16.48 g (20.47 mmol) of d,-Nas(THF).L in 600 mL
of THF was charged with 3.89 g (30.71 mmol, 1.5 equiv) of anhydrous FeCl, beads
(=10 mesh). The resulting mixture was stirred gently overnight with a large magnetic
stir bar so that the FeCl, beads were maintained at the bottom of the flask. Over the
course of the first hour of stirring, the mixture turned light green, then beige, brown
and eventually deep red. A gray mixture of NaCl and Fe metal was filtered from the
reacted solution; the filtrate was evaporated and dried to yield a solid, which was re-
suspended in 400 mL pentane and subsequently stirred for 2 hr. The d.s-Na(THF),[LFe]
product was isolated by filtration and dried in vacuo. Yield: 13.02 g (95%) of a deep red

powder. The crude product was used for further syntheses. A sample re-crystallized
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from a THF/pentane mixture was used to obtain the following analytical data. '"H NMR
(500 MHz, THF-ds): 8/ppm = 13.1 (ax. CD;H), 3.62 (s, THF-o), 1.78 (s, THF-B), -72.2 (br,
pyrrole). 2H NMR (76.8 MHz, THF): 6= 13.1 (s, 12H, Mes), -27.9 (s, 12H, Meeg). UV-vis
Amax/NM (&/MTcm™") in CHsCN: 332 (1200), 427 (4800), 526 (3900), ~570 (sh). IR Viax
/cm™ = 3096 m (pyrrole C-H), 2220 s (C-D), 2128 m (C-D), 2060 w (C-D), 1049 s, 917
m, 889 m, 790 w, 750 s. Anal. Calcd for CisH.4D24FeNsNaO,: C 64.36, N 8.34, Fe 8.31;
Found: C 64.14, N 8.32, Fe 8.43.

Synthesis of Na(THF).[LFe]

The reactants Na(THF).[LFe] (3.00 g, 4.63 mmol), Na metal (0.11 g, 4.63 mmol,
1 equiv) and naphthalene (0.30 g, 2.32 mmol, 0.5 equiv) were mixed in 200 mL of THF.
The deep red mixture was refluxed until the foam was white. The cooled deep brown
solution was passed through a frit in order to remove remaining solid Na and the
filtrate was brought to dryness by evaporation. The solid Na(THF),[LFe] residue was
re-suspended in 100 mL hexane, stirred for 2 hr, and eventually filtered and dried in
vacuo. Yield: 2.80 g (90%) of brown powder. '"H NMR (500 MHz, THF-ds): 8/ppm = 12.1
(s, ~0.1H, CD-H impurity), 3.62 (s, 8H, THF-a), 1.78 (s, 8H, THF-B), —13.3 (br, 8H, pyrrole).
2HNMR (76.8 MHz, THF): 6/ppm = 12.1 (s, 12H, Me.), —46.9 (s, 12H, Mee,). UV-vis
Amax/NM (&/M~'cm™) in CH3CN: 330 (3300). IR Viax / cm™ = 3086 m (pyrrole C-H), 2218 s
(C-D), 2127 m (C-D), 2060 w (C-D), 1268 s, 1049 s, 1036 5, 919 m, 890 w, 791 w, 750 s.
Anal. Calcd for CssHisFeNsNa,O,: C, 64.48; H,7.21; N, 8.35; Fe 8.33. Found: C, 64.35;
H, 7.26; N, 8.28; Fe 8.32.

Synthesis of [L*“Fe](BF.)..

A sample of d-Na(THF).[LFe] (1.86 g, 2.77 mmol) was dissolved in 50 mL of
CHsCN. Because [L*2Fe]?** was found to be sensitive to ethers, the THF molecules
solvating the Na* cations had to be removed. The solution was stirred at room
temperature for 10 min, solvent was removed by evaporation and the remaining solid
was dried, re-dissolved in 50 mL of CH;CN and added dropwise to a 50-mL blue CH;CN
solution of FcBF.. The green solution was stirred for 10 min, then again evaporated
and dried. The resulting solid was re-suspended in 50 mL of CH,Cl,, stirred for 2 hr at

room temperature, and the beige d>a-[L**Fe](BF.),/NaBF. solid was separated from the
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green Fc/FcBF, supernatant by filtration The desired product was extracted from
NaBF, by boiling the crude mixture in 500 mL of CH,Cl,. The resulting suspension was
filtered and concentrated to 100 mL. The product was precipitated by dropwise
addition of hexanes and it was isolated by filtration and dried in vacuo. A second
harvest of the product, analytically identical to the first, was obtained by performing
the extraction procedure an additional time on the original doa-[L**Fe](BF.),/NaBF.,
crude mixture. Combined d.-[LFe](BF.), yield: 1.05g (56%) of pale beige powder.
"H NMR (500 MHz, CD;CN): 8/ppm = 58.7 (br, 4H, pyrrole), -6.9 (br, 4H, pyrrole). °H NMR
(76.8 MHz, CHsCN): &8/ppm = 35.2 (6H, Me), 9.1 (6H, Me), 4.6 (6H, Me), -2.4 (6H, Me).
UV-vis in CH;CN: far UV (Amax < 230 nm) band tailing into the visible. IR V. /cm™ =
3115 m (pyrrole C-H), 2220 w (C-D), 1575 m (C=N), 1564 m (C=N), 11175, 1105 s, 1071
s, 1048 s, 1035 s, 1011 s, 855 m. Anal. Calcd for CysHsD2sFeNys: C, 49.59; N, 8.26; Fe, 8.23.
Found C, 49.33; N, 8.17; Fe, 8.16.

V.6.b. X-ray crystal structure determinations

General technique

X-ray quality crystals were coated with Paratone N oil and mounted on a glass fiber. X-
ray diffraction data were collected on a Siemens diffractometer equipped with a CCD
detector, using the Mo Ka radiation, selected by a graphite monochromator. The data
were integrated to hké-intensity and the final unit cell calculated using the SAINT
v.4.050 program from Siemens. Solution and refinement were performed with the
SHELXTL v.5.03 suite of programs developed by G. M. Sheldrick and Siemens Industrial
Automation, 1995. Least-squares refinements were applied to F?, with hydrogen atoms
of organic fragments placed at calculated positions using a standard riding model and

refined isotropically. No absorption correction was performed.

[LFe"]- compounds

Red-black crystals of [(diglyme),Na][LFe"] were grown from a supersaturated
diglyme solution and data were collected at —-80°C. The structure was solved using
direct methods; refinement proceeded and converged normally. Red-black crystals of
the {[(THF)sFe"(u-Cl)sFe"(THF)s][(THF)4Fe'(u-Cl).Fe'(THF)4]1 2}** salt of [LFe"]- were grown
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from a supersaturated THF/toluene solution and data were collected at -80°C. The
structure was solved using Patterson’s method; one of the two toluene solvent
molecules contained in the crystal was strongly disordered and could not be properly

refined.

[LFe"]> compound

Orange crystals containing [LFe"]>- could be grown from pure ethereal solvents
but were too oxygen-sensitive to be manipulated, turning instantaneously deep red
upon breaking of the sealed ampoule in which they were grown. It was observed that
crystals grown from supersaturated THF solution in the presence of pyridine-N-oxide
were slightly more robust and a satisfactory dataset for [(pyO)(THF)Na],[LFe"] could be
collected at -80 °C. The structure was solved using direct methods; refinement

proceeded and converged normally.

[L*Fe"?* compound

Despite repeated attempts, [L**Fe'>* would not crystallize with BF,~ as the
counter-ion, but exchange of tetrafluoroborate for cobalticarborane proceeded
smoothly in dichloromethane and afforded orange single crystals of
[L**Fe"(NCCHs)] [(C2BsH11)2C0],* 2CHsCN » 20-CeH.Cl, by slow vapor diffusion of toluene
into an ortho-dichlorobenzene / acetonitrile solution. The data were collected at 100 K
and the structure was solved using direct methods. Throughout the refinement, the *H
atoms were treated as natural-abundance H atomes; in the initial stages of refinement,
all atoms of the cobalticarborane anions (except for the metal) were treated as borons,
then hydrogens were located from the difference map, and finally the carbon atoms
were identified by their abnormal anisotropic thermal parameters and abnormal bond
distances to hydrogens. In the end, all B—H and C—H distances were fixed to
1.10(+0.10) A, a value measured for C:BsH; by electron diffraction.®® The crystal of
polar space group Abm2 was found to be a twin characterized by a value of 0.66(+0.03)

for Flack’s absolute structure parameter x.°’
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V.6.c. Physical Measurements

Nuclear magnetic resonance spectroscopy

'H NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility (DCIF) on a Varian Inova-500 spectrometer, and 2H NMR spectra were recorded
on a Varian Inova-500 equipped with an inverse probe. '"H NMR chemical shifts are
quoted in ppm relative to tetramethylsilane and spectra have been internally
calibrated to the monoprotio impurity of the deuterated solvent. 2H-NMR spectra were
referenced to the peak of the monodeuterio impurity of the natural-abundance
solvent; the chemical shift was set to be equal to that observed in 'H-NMR for the
monoprotio impurity of the corresponding deuterated solvent. Spectra were recorded
at 20 °C and a 30-s delay was used between successive pulses in order to allow for
quantitative integration of the solvent peaks in 'H-NMR. The quality of the
porphyrinogen NMR spectra was sufficiently high that even the -CD,H isotopic
impurity in meso-CDs (99.9% D) was observable in 'TH NMR.

Infrared spectroscopy

IR absorption spectra on solids dispersed in nujol mulls were recorded on a

Perkin-Elmer 2000 FT-IR spectrophotometer.

V.6.d. Electrochemistry

Electrochemistry was performed with a standard three-electrode configuration using a
CV-50W potentiostat (Bioanalytical Systems). The working electrode was Pt, the
auxiliary electrode was a Pt wire and the reference was an Ag/AgNO; electrode, which
was externally referenced to the Fc*/Fc couple (E°(Fc*/Fc)=0.65V (in CH;CN) and
0.69V (in THF) vs NHE).>> All potentials reported are vs NHE. The most well-behaved
electrochemistry was observed for the tetrabutylammonium (Bu:N*) salts of the [LFe"]-
and [LFe"]*>- anions, which were prepared by adding a stoichiometric amount of BusNCl
to a THF solution of the Na* salts of the respective complexes. The white NaCl
precipitate was separated from the reaction mixture by filtration and the desired

product was obtained by evaporating THF from the filtrate under vacuum. The
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remaining solid was triturated in hexanes and isolated by filtration. Cyclic voltammetry
(CV), differential pulse voltammetry (DPV) and chronocoulometry experiments were
conducted on a CHs;CN solution containing T mM (BusN)[LFe"T and 0.04 M BusNBPh..
The scan rate dependence of CV waves were recorded over the potential range of 50 -
600 mV/s. DPV was performed by polarizing the working electrode at an initial,
negative potential for 2 seconds and then scanning the potential axis in the positive
direction. In the chronocoulometry experiment, the working electrode was poised at
+0.31V for 2 s, after which it was jumped to either -0.90 or +0.91 V. The total charge
that was passed through the electrode was measured for 250 ms. The resulting curves
were analyzed and fitted in their linear regime by the CV-50W software using a least-

squares procedure.
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Chapter VI

VI.1. Introduction

In a coordination complex between a redox-active metal ion and a redox-active ligand,
the assignment of individual oxidation states for each of the two entities is inherently
delicate. One can argue that OSs are not a physical observable, therefore their
determination does not provide any tangible information on the system — it
definitely does not supplant the full description of the ground-state electronic
structure. However, the intuition of inorganic chemists tends to be guided by simple
concepts and formalisms, and consequently, oxidation states in metal dithiolenes,'?®
in hemes,”* and in related systems*™>' all have given rise to controversy, and have

justified thorough experimental and theoretical investigations.

The electronic structures of oxidized metal porphyrinogens have not to date
been explored because the compounds have been isolated as salts of iron-halo and
polynuclear copper-halo counter-anions and with axial halide ligands,*>*” which have
obscured the spectroscopy of the porphyrinogen moieties. The development of
synthetic procedures that allow the isolation and characterization of porphyrinogen
complexes of redox-inert and redox-active metals (Chapters Il and V, respectively) has
now rendered their experimental and theoretical description accessible. Chapter llI
unveiled the mixed-valent nature of the intermediary oxidation state L“2~. This Chapter
considers the three oxidation states of iron porphyrinogen — dianion, monoanion and
dication. Experimental techniques selectively probing the metal, on the one hand, and
the ligand, on the other hand, and theoretical computations converge to build a
consistent picture of their electronic structures. They establish that individual OSs for

metal and ligand are well defined and integer.
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VI.2. Experimental characterization of the ground state

Vl.2.a. Results from NMR and X-ray crystallography

The techniques most sensitive to the oxidation state of the macrocycle are structural

in nature, given that oxidation of L* to L**

translates into the formation of two new
C—C bonds. In this respect, the data presented in Chapter V are unambiguous.
Paramagnetic 'H and 2H NMR spectroscopies both clearly indicate a lowering of the
symmetry from fourfold in the anionic OSs to twofold in the dication. The crystal
structures of the anions show no C*—C* contact (2.46 A < C*...C* < 2.53 A), whereas
in the dication two C*—C® bonds are observed, of lengths 1.55 and 1.61A,

respectively — slightly elongated relative to the 1.55-A C*—C* bond of [L“Zn(NCMe)].

VI1.2.b. UV-vis absorption spectroscopy

Solutions of [LFe"]- are blood red whereas those of [LFe"]*> are pale yellow and those of
[L*“Fe"]>* even paler in color. Figure V1.1 reproduces the absorption spectra of [LFe']>,

[LFe"]- and [L**Fe"]?* in CHsCN. The intense color of [LFe"]- arises from two bands at

6
5 — —
£
|9
=
=
~
w
Figure VI.1. UV-visible absorption spectra of Na,(THF)[LFe"] ( ), Na(THF),[LFe"] (----), and
[L**Fe"](BF4), (—) in MeCN.

169



Chapter VI

427 and 526 nm that dominate the absorption profile; a ~570 nm shoulder is observed
on the trailing edge of the lowest energy absorption band. The molar absorption
coefficients of both bands suggest a charge-transfer nature for the transitions. A
ligand-to-metal character for this charge transfer concurs with the very reducing
nature of the L* ligand and the presence of an oxidizing Fe" center. The featureless
profiles of both [LFe'> and [L**Fe"]** support this LMCT assignment: reduction of the
metal and oxidation of the ligand would cause a LMCT to blue shift into the ultraviolet
spectral region. Accordingly, a charge-transfer absorption is not observed for either

compound.

Vi.2.c. EPR spectroscopy

The EPR spectrum of (BusN)[LFe"], shown in Figure VI.2, immediately establishes the
half-integer spin of [LFe"]. It is similar to those of Fe'' (S=3/2) ions residing in the
square ligand fields of corroles and porphyrins in the absence of axial ligands.*®*° The
observed g values of 4.2 (at 6A/0H =0) and 1.95 (at 8*A/0H?=0) are typical of an
intermediate-spin Fe" (gx=gy,=4, g.=2) with large axial zero-field splitting (zfs)
(D >> hv) but no rhombic asymmetry (E/D = 0).°° These zfs features are in agreement
with the fourfold D,q symmetry of the tetrapyrrole complexes. Per the results of Sakai
et al.,*® the small high-field deviation from g, = 2 indicates a single electron occupancy
for dy, dy; and d; this result is to be confirmed theoretically. Spectra of more dilute
samples exhibit a complicated fine structure which we did not attempt to interpret.
Although intermediate spin states are relatively rare for Fe(ll) and Fe(lll), they are by far

the most prevalent in the few reported square planar complexes of those ions.®'¢

(BusN),[LFe'"] was found to be EPR silent, consistent with an integer-spin Fe(ll)
subjected to a large zfs (D >>hv, E/D =0). The observation of an EPR spectrum
(Figure V1.2) for [L**Fe"](BF.), indicates rhombic distortion from a square coordination
environment, E/D # 0. The formation of both cyclopropane rings, observed by
crystallography and by NMR, presumably results in ms state mixing, giving rise to

otherwise forbidden transitions.
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Vi.2.d. Mossbauer spectroscopy

Definitive experimental oxidation state and spin state assignments for the inorganic

centers of [LFe']>- and [L*“Fe"]?* were afforded by their Méssbauer spectra, displayed in

g factor
10 5 4 3 2 1.5
T

OA/8H (arbitrary scale)

1000 2000 3000 4000
H/G

Figure VI.2. Frozen-solution X-band (9.385 GHz) EPR spectra of (Bus;N)[LFe"] (----) in frozen
THF and [L**Fe"](BF4), (—) in frozen CH;CN at 4.5 K. [LFe"]*" is EPR silent.

Velocity / mm s-1

Figure VI.3. Fitted *’Fe Mdssbauer spectra of powdered Na,(THF),[LFe"] ( ), (Cp*Fe)[LFe"]
(----), and [L**Fe"](BFa), ( ) at 4.2 K. Thin lines link the corresponding experimental

datapoints. The vertical axis is an arbitrary transmission scale.
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Figure VI.3. The single quadrupole doublet exhibited by [LFe"]>" (6 = 0.35 mm/s,
AEq = 2.34 mm/s) is characteristic of an intermediate spin, S = 1.5*%° Given the similarity
of the Fe coordination environments in [LFe"]- and [LFe"]*;, it is not surprising that

both exhibit the intermediate spin corresponding to a purely planar geometry.

Because our samples of Na[LFe'"] always displayed a weak signal corresponding
to a [LFe"]* impurity, the redox purity of [LFe"]- was ensured by reaction of Na[LFe'"]
with excess decamethylferrocenium hexafluorophosphate (Cp*,FePF¢). The redox
potential of decamethylferrocenium (-0.1V vs NHE in CH.Cl, and in MeCN)® is
sufficient to convert any remaining [LFe"]*~ to [LFe"]- without further oxidizing [LFe"]-
to [L*“Fe"]**. The Mdssbauer spectrum of the resulting (Cp*,Fe)[LFe"] displays, in
addition to the known signal of Cp*;Fe* (found at 6 = 0.57 mm/s, AE; = 0.31 mm/s,
within the range of values reported for various salts of Cp,Fe* and Cp*,Fe™),*%° a very
narrow doublet at very low isomer shift (0 = -0.02 mm/s, AEq = 0.11 mm/s). The signal
observed in solids of Na[LFe"] and (BusN)[LFe'"] is similar; it is virtually independent of
temperature between 4.2K and 250K, which confirms that the identity of the
compound studied under the experimental conditions of M&ssbauer spectroscopy is
the same as that observed by different techniques at different temperatures. The small
values of both & and AE, for [LFe"]- are somewhat unexpected for an intermediate-
spin Fe(lll) ion; however, the literature is very scarce in Mossbauer data of planar Fe(lll)
compounds, and therefore, no benchmark is available for planar, S =3/2 Fe(lll). In fact,
the most relevant data are provided by Seppelt for Fe(OTeFs)s, which is likely high spin
and the adduct-free form of which is not characterized structurally, with 6 ~ 0.2 mm/s,
AEq=2.26 mm/s.”

The Mossbauer spectrum of the ILA%Fe"*  cation (8=1.11 mm/s,
AE,=4.66 mm/s) is very intriguing as well. The large quadrupole splitting clearly
indicates a high spin state, S = 2;”! but also, this AE, is to the best of our knowledge the
largest reported to date, surpassing the value of 4.55 mm/s that is observed for the
distorted tetrahedral Fe" (S = 2) center in [Fes(SCsH2Prs-2,4,6)4{N(SiMe;),},].”?
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Vi.2.e. Magnetism

The magnetism of [LFe"]- complies with the Curie-Weiss law including temperature-
independent paramagnetism (TIP), yielding an effective moment of s = 3.7 3,> which
is near the spin-only value for $=3/2 (uet=3.9, g=2). A Curie-Weiss fit of the
magnetism of [L*“Fe"](BF.) yields an overall pesr= 5.0 B (Uers = 4.9 B calculated for spin-
onlyS=2,g=2).

VI.2.f. In summary

All the information gathered from several structural, spectroscopic and magnetic
techniques is consistent in the assignment of formal oxidation and spin states for Fe,
on the one hand, and the macrocycle, on the other hand, in the redox series of iron
porphyrinogen spanning the dianion, the monoanion and the dication. Structural data
show that the ligand is L* in the former two OSs, and L** in the latter; UV-vis
absorption suggests Fe(ll) in the dianion and the dication, and Fe(lll) in the
monoanion. The Fe(lll) OS of the monoanion is confirmed and its spin state S=3/2
established by SQUID magnetometry and a clear EPR signal. The integer OS and spin
state of the dianion is indicated by its EPR silence, and its Fe(ll, S = 1) state identified by
Méossbauer. Finally, the dication clearly contains a high-spin (S = 2) Fe(ll) because of its

Mossbauer and SQUID characteristics.

VI.3. Theory

Vi.3.a. On the assignment of individual oxidation states

More quantitative insight into the frontier molecular orbitals of the iron

porphyrinogens is provided by DFT calculations. Full geometry optimizations on

2 Brepresents the Bohr magneton, B =9.2740154 x 107 J T-', such that the spin Hamiltonian
in cubic symmetry is % =g 3 B- S (B: magnetic induction; S: nuclear spin).
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[Na(THF),]:[LFe"l and [Na(THF),]J[LFe"] were performed and the Na* ions and their
attendant coordination spheres were removed to afford the isolated porphyrinogen
frameworks. The optimized geometry and the details of the MO diagram for these
calculations were found to reproduce those obtained for single-point calculations of
[LFe"]* and [LFe"]- at the geometries imposed by the crystal structures of
[(THF)Na(Opy)L:[LFe"l and [Na(digly),][LFe"]. On the basis of these results, the
electronic structure of [L*“Fe'(NCCHs)]* was determined from a single-point
calculation at the geometry defined by the crystal structure of [L*“Fe"(NCCH)]
[(C2BsH11),Col..

Figure VI4 displays the energy level diagrams and the Kohn-Sham
representations of the frontier molecular orbitals®’>#* of [LFe'"]* and [LFe"]~. Because
spin restriction is lifted, there is no common spatial wavefunction for each o/ spin
pair and accordingly two manifolds of “orbitals” are represented. Pairs of spinors with
antiparallel spin and similar spatial extension for the metal-based functions are
correlated by dashed lines. The relative energies and characters of the molecular
orbitals for the iron porphyrinogen in both Fe(lll) and Fe(ll) oxidations states are
similar. As expected, the d orbitals of the more electropositive Fe(lll) center are slightly
stabilized with respect to those of its Fe(ll) congener. Both [LFe"]* and [LFe"]- are
predicted to assume an intermediate spin state arising from the electronic
configurations (dyy)?(d.2)%(dx, dy2)*(die—y2)® and (dyy)%(d,2)'(dx,,dy.)*(dxey2)®, respectively, in
complete agreement with the experimental data (EPR of [LFe"]" indicated single
occupancy for dy, dy; and d»). The d,,, d«. and d,, orbitals are effectively nonbonding,
as is the d» in the absence of an axial ligand. Conversely, the d... is strongly

destabilized by its c-antibonding interaction with the pyrrole lone pairs, thus

® We note that Kohn-Sham orbitals differ from those derived from a Hartree-Fock (HF)
formalism by the inclusion of the exchange correlation energy;”? but comparative analysis
establishes that the shapes and symmetries of the Kohn-Sham orbitals accord well with
those calculated by more traditional HF and extended Hickel approximations’”® and
indeed these orbitals have found widespread use in electronic structure descriptions.”®®3

174



Chapter VI
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Figure VL.4. DFT computed Kohn-Sham MO diagrams for [LFe"]*~ (left) and [LFe"]" (right) in the
gas phase, with metal-centered functions highlighted in blue. Occupied orbitals are in dark
color, virtual ones in lighter hue. Because spin restriction is lifted, there is not a common
spatial wave function for each o/f spin pair, and two manifolds of “orbitals” are drawn
separately. The metal-centered spatial wavefunctions are visually similar for [LFe"]*" and
[LFe"]~and for oe and B spinors. The orbitals shown in the middle of the diagram are depicted
at the 95% probability level for the B spinors of [LFe"]"
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[LAAFell]2+ o B

1eV

Figure VI.5. DFT computed Kohn-Sham MO diagram for [L**Fe"(NCMe)]** in the gas phase.
The conventions used for Figure V1.6. are valid for this Figure as well.

accounting for the inaccessibility of the high spin state. We find that >99% of the
overall unpaired spin is carried within the d orbital manifold, with little spin observed
about the porphyrinogen periphery. This result is highlighted by the representations
of the frontier molecular orbitals, which are similar for o and 3 spinors of both [LFe"]*-
and [LFe"T~. For brevity, the spatial extent of the 3 spinors of [LFe"]~ is depicted in the
center of Figure VI.4. These frontier orbitals exhibit nearly exclusive metal d orbital
character with no contribution from the porphyrinogen framework. This result is
consistent with the electrochemical measurements, which reveal that the ligand-
based oxidation is not affected by the nature of the metal ion, as evidenced by the
similarity of the redox potentials for the couples [LA2M"2+ /[LM']>, M = Zn, Fe
(Chapter V).
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The ligand field of the oxidized porphyrinogen, L**, is significantly weakened
relative to that of L*, to the extent that Fe(ll) in [L**Fe"(NCCH;)]** assumes a high-spin
electron configuration (predicted by DFT in agreement with experiment). Figure VI.5
displays the Kohn-Sham orbitals of [L**Fe"(NCCHs)]?*. The ~4-eV span for the d-orbital
splitting in [LFe]™ complexes is reduced to ~1.5 to 2eV in [L**Fe'(NCCHs)]*". The
diminished ligand field arises from the confluence of a smaller metal-ligand &
interaction and a decreased basicity of the oxidized ligand. The former effect results
from the distortion of the L** porphyrinogen macrocycle from the perfect square
coordination geometry that characterizes the L* ligand environment. The most
significant perturbation of this distortion is the stabilization of the d,.,. orbital, thus
allowing for its occupation by an unpaired electron, and this yields a high spin state
(§=2). The decreased basicity is a direct consequence of the oxidation of the
macrocycle by four electrons. As for the complexes of the fully reduced ligand, more

than 99% of the total unpaired spin is localized on the iron center.

VI1.3.b. On the nature of the C*>—C” bonding

The nature of the symmetry lowering of the macrocycle upon four-electron oxidation
transpires from the comparison of the frontier molecular orbitals of L* and L** shown
in Figure VL.6. The L* macrocycle in [LFe']* and [LFe"]- features four essentially
degenerate HOMOs that arise from the four possible combinations of the a, m orbitals
of the constituent pyrroles to yield one completely in-phase combination (with
respect to the interpyrrole C*--C* interactions), a completely out-of-phase one, and
each of the last two featuring two in-phase and two out-of-phase nearest-neighbor
C*--C* interactions. In the ruffled conformation of L*, the four pyrroles are
electronically isolated from each other and the four linear combinations are
isoenergetic and completely occupied (eight electrons) to give a net bond order of
zero. As schematically represented in Figure VI.7, four-electron oxidation of this set of
frontier molecular orbitals lifts the fourfold degeneracy (top panel). The four
remaining electrons pair up in the two orbitals that are bonding with respect to the
newly established C*—C® bonds, yielding a net bond order of two. If only the nodal

structure between pyrroles is represented (middle panel), then the overall
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Figure VI.6. Comparison of relevant ligand-based n-type Kohn-Sham orbitals of L* and L**.
The computed orbitals are shown on the left, and their schematic simplification on the right.

L** becomes reminiscent of a classic

stereoelectronic transformation between L* and
problem in physical organic chemistry — the distortion of the square cyclobutadiene
dianion (with four electrons in two, filled, degenerate 1 orbitals) to the rectangular
neutral cyclobutadiene upon removal of half of its highest-lying & electrons (bottom
panel). The tetrapyrrole oxidation is a four-electron equivalent of that of the
cyclobutadiene dianion; in both cases, the oxidized species has to distort (in Jahn-
Teller fashion) from the fourfold symmetric geometry in order to lift the frontier orbital

degeneracy, yielding two diametrically situated bonds.
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Figure VL.7. Schematic view of the symmetry lowering caused by oxidation of the
porphyrinogen tetraanion, compared with a similar phenomenon encountered for the
cyclobutadiene dianion.
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Vi4. Excited-state dynamics

The transient absorption signal of Na[LFe"], which features a simple one-electron
ligand-to-metal charge transfer (LMCT) from the pyrroles to empty d(Fe) orbitals, is
displayed in Figure V1.8.

The spectral resolution of the observed transient spectrum (black trace) most
obviously features the bleach of the ground-state absorption (shown in dotted black).
Visual inspection of the signal does not allow one to clearly distinguish whether the
bleach is superimposed on an excited-state absorption, and thereby to determine
what the nature of the transient species is. To assess this, two complementary
experiments were performed. The first consists of measuring the decay rate as a
function of probe wavelength: the decay rate of an electronic excited state to the
ground state is independent of wavelength, whereas a vibrationally hot electronic
ground state cascading down to thermal vibrational equilibrium is signified by a

characteristic wavelength dependence of the observed decay rate®® The second
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Figure VI.8. Transient absorption of Na[LFe"]. Left: observed transient spectrum at t=>5 ps
(black) compared with the ground-state absorption (dotted black), and reconstructed
spectrum for the transient state (gray); the horizontal line represents the zero. Right: transient
absorption decay signal probed at A =530 nm (black dots) upon excitation at 403 nm, along
with exponential fit (gray line, T = 10 ps) and corresponding residuals (open circles).
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experiment is the deconvolution of the ground-state bleach and true transient-state
absorption, the sum of which composes the observed transient spectral signal: an
electronic excited state has a distinct spectrum, whereas a vibrationally hot electronic
ground state features a broadened and possibly shifted version of the “cold” ground-
state spectrum. Time resolution of the transient decay of [LFe"]- indicates a
monoexponential behavior (beyond the initial spike attributed to pump-probe cross-
correlation) with a T = 13(%3) ps lifetime at all wavelengths probed (500, 530, 535, 540,
550, 600, 620, 640, and 660 nm); the experimental signal-to-noise ratio does not allow
the observed small variations of T with A to be interpreted conclusively. Measurement
of the concentration of transient state initially created by the pump pulse by
comparison with a standard with known spectral properties ((TMP)Zn) permitted the
calculation of the absorption spectrum of the transient species. The resulting
spectrum (gray trace) suggests that after 5 ps, no measurable amount of true
electronic excited state is leftover, and that the dynamics recorded on the timescale of
~13 ps correspond to the vibrational relaxation from a very short-lived electronic
excited state that is not observed within the time window of the experimental

technique.

VI.5. Conclusions

Experimental techniques that selectively probe each of the two partners within an iron
porphyrinogen, namely metal and ligand, as well as theoretical computations concur
to draw a detailed picture of electronic structures in this system of a “non-innocent’
ligand. The orbitals involved in the ligand’s redox activity feature practically no
electron density at the coordinating nitrogens, therefore they are well separated from
the metal d orbitals. Consequently, formal individual oxidation states, as indicated in
the shorthand notations [LFe']>, [LFe"]-, [L**Fe"]?*, are a good approximation of the
physical reality. In stark contrast to the situation of nickel bis(dithiolenes), which
feature frontier orbitals of very mixed metal-ligand character,’2® the description of iron

porphyrinogen involves a clear-cut demarcation.
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The ligand-to-metal charge transfer state of the iron(lll) porphyrinogen anion is
very short-lived, similar to the intervalence charge transfer state of [L*Mg]. Most likely,
large reorganization upon partial oxidation of the macrocycle in the excited state
contributes to efficiently coupling the excited state to high-lying vibrational levels of

the electronic ground state.

VI.6. Experimental section

Vi.6.a. Steady-state measurements

UV-vis absorption spectroscopy

UV-visible absorption spectra were recorded on a Spectral Instruments 440
spectrophotometer. Molar absorptivity coefficients were determined on solutions of

sub-mM concentrations of iron porphyrinogens.

EPR spectroscopy

X-band EPR measurements were carried out on frozen solutions on a Bruker
EMX spectrometer; the cavity was maintained at 4.5 K by an Oxford liquid helium
cryostat. The spectra were not fitted and the g values presented in the text correspond

to zeros of the first or second derivative of the signal with respect to the field.

Méssbauer spectroscopy

Mossbauer absorption data were recorded at 4.2 K on an MS1 spectrometer
(WEB Research Co.) equipped with a *’Co source and a Janus cryostat, and referenced

to elemental iron.

For the preparation of (Cp*;Fe)[LFe"], Na(THF),[LFe"] and Cp*,FePFs were
mixed in approximate equal mass amounts in MeCN; after a minute, some yellow
Cp*,Fe was filtered off and diethylether (three times the volume of MeCN) was added
to the filtrate. Green Cp*,FePFs in excess was filtered off and the new filtrate was

evaporated and dried in vacuo; the resulting solid was triturated in CH,Cl, and filtered
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one more time to remove some white NaPFs. After evaporation of the filtrate,
trituration in pentane yielded a suspended solid that was isolated by filtration and
dried in vacuo. '"H NMR (600 MHz, CDsCN): 8/ppm =-37 (30 H, Cp*;Fe* methyls), -72
(8 H, [LFe"T~ pyrroles).

Cp*,FePFs was prepared from Cp*;Fe by a literature method,® then
recrystallized under anhydrous conditions from MeCN / Et,O to yield an emerald green

crystalline solid.

SQUID magnetometry

Magnetic susceptibilities were determined at 50 Oe on powders contained in
gelatin capsules using a Quantum Design MPMSR2 SQUID Susceptometer, at the MIT
Center for Materials Sciences and Engineering; the data were corrected for
diamagnetism of the sample holder and the diamagnetic component of the samples
was evaluated from Pascal’s constants.® The inverse molar paramagnetic susceptibility
data, 1/x, were fitted over the entire temperature range according to the following,

1 T-6

y4 - C+ZT[P -(T—H)

where ymp, C and @ are the temperature-independent paramagnetism, the Curie

constant, and the Weiss constant, respectively.

V1.6.b. Transient absorption spectroscopy

Samples for transient absorption spectroscopy were contained in a 2-mm pathlength
high-vacuum cell and prepared to yield an optical density of ~0.5 at the excitation
wavelength. The setup used for ultrafast transient absorption experiments was
described previously.?” In brief, the pulsed 806-nm output (~150 fs-wide pulse) of a
regeneratively amplified Ti-Sapphire laser system was separated into two beams. The
weaker component was focused into either a sapphire or a calcium fluoride substrate
to generate the broadband probe pulse. The major component was either frequency-
doubled to 403 nm, or tuned throughout the visible range with an optical parametric
amplifier, then propagated along a computer-controlled optical delay-line to furnish

time resolution. The excitation energy was set to ~5 pJ/pulse, and both beams were
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spatially overlapped on the sample; the pump beam was then blocked, and the probe
was spectrally resolved in a monochromator. Transient spectra were recorded with a
CCD camera and derived using a ‘negative time’ reference spectrum; single-

wavelength kinetics were obtained with a lock-in amplified photodiode detector.

VI1.6.c. Computational methods

Density functional theory calculations (DFT) were performed using the Amsterdam
Density Functional (ADF2002.02) program®2# on a home-built Linux cluster
comprising sixty Intel processors organized in groups of twelve running in parallel. The
generalized gradient approximation was used as implemented in ADF by the Becke-88
functional for exchange,® and the Perdew-Wang-91 functional for correlation.®’ A
basis set of triple-C Slater-type functions augmented by a polarization set (TZP) was
used for Fe and N atoms and double-{ with polarization (DZP) for other atoms, with
frozen core approximation; spin restriction was lifted for all S=0 cases. Energies
reported are gas-phase internal energies at 0 K, without zero-point vibrational energy,
of the entity in the experimental solid-state structure. Orbitals were visualized using

the software Molekel.?>%3
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Multielectron reactivity of the

iron porphyrinogen dication, [L**Fe"]**
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Chapter VI

VII.1. Introduction

When adequately controlled, ligand-based redox activity (ligand “non-innocence”)
could potentially expand the redox possibilities of metal-organic compounds. Since its
recognition in the 1960’s,"'® the phenomenon has mostly been documented in
transition metal complexes of dithiolenes, catecholates, and related chelates
(Chapter I)."'* The commonalities of compounds of this type include (a) one-electron
ligand-based redox couples, and (b) frontier orbitals of mixed metal-ligand character.
The macrocyclic ligand porphyrinogen goes beyond those limitations in that (a) it
reacts in discrete two-electron steps, and (b) the orbitals that support the redox
chemistry are cleanly localized on the organic part, in the formation or breaking of one

or two cyclopropane C—C bond (Chapters lll and VI).

Although transition metal complexes of oxidized porphyrinogens have been
characterized structurally for several metal-halo inorganic centers,'*'® the coordination
and redox chemistry of such compounds has remained largely unexplored. However,
the electron transfer series described for iron porphyrinogen (Chapter V) suggests that
the metal-ligand redox cooperativity engenders possibly unique multielectron steps,
such as the three-electron redox couple [LFe"]- / [LA%Fe"]?*. This Chapter investigates
basic types of reactivity (coordination capabilities, potential for multielectron
oxidations) originating from the oxidized iron porphyrinogen dication, [L**Fe"]** — an
oxidant based on a low-valent metal cation. The d.-octamethylporphyrinogen ligand

is used solely, for simplicity of the 'H NMR spectroscopic characterization.

VII.2. Results

Both [LFe"]>~ and [LFe"~ are surprisingly inert with respect to axial coordination. No
reaction is observed upon contact of the sodium salts with a variety of Lewis bases and
O atom donors, in particular MeCN, CO, pyridine and pyridine-N-oxide. Although no

single simplistic rationale is likely to justify the observed lack of coordinative reactivity,
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it seems reasonable that both the negative charge of the overall complexes and the
intermediate-spin square planar d® / d° configuration (with occupied d,. orbital)

contribute to putting a kinetic barrier to nucleophilic attack.

Unlike the anionic oxidation states, [LA“Fe"]** reacts with anionic ligands.
Exposure of [L22Fe"] (BF.), to stoichiometric or excess amount of BusN Cl in acetonitrile
causes the 'H B-pyrrole signals of [L*2Fe"]?* at +59 and -7 ppm to be cleanly converted
to a new set of peaks at +55 and -9 ppm. Therefore, the symmetry of the entity is
maintained in the reaction and its oxidation state is not affected,® consistent with axial
coordination of Clto Fe. Indeed, the same NMR signals are obtained upon three-
electron oxidation of Na[LFe"] with AuCl;, KAuCls;, or 1.5 PhICl,. Crystallographic
analysis of the isolated material proves its identity to be [L*Fe"—Cl](FeCls)
(Figure VII.1, Tables VII.1 and VII.2); the geometry of the porphyrinogen moiety is
comparable to that of [LA*Fe"(NCMe)]** (Chapter V) and of Floriani’s closely related
chloroiron(ll) octaethylporphyrinogen cation with the CusCls~ counter-ion."” The UV-
visible spectrum of the material is independent of the synthetic path and confirms the
identity of the FeCl,~ counter-anion, the conspicuous bands of which appear at 313
and 363 nm.” Thus, the presence of excess chloride causes extrusion of the Fe ion
from a fraction of the metalloporphyrinogens units, rationalizing the low yields
obtained by Floriani in the preparation of a similar compound.’® The Md&ssbauer
spectrum of [LA2Fe'—Cl] (FeCls) displays (in addition to the FeCl,~ doublet)® large
quadrupole splitting and isomer shift, 6 = 1.0 mm/s, AEq = 3.8 mm/s, similar to those

observed for [L*2Fe'"] (BF.4), (Chapter VI), arising from high-spin Fe(ll).

With alcoholates such as KOCMe; or NaOMe, the reactivity of [LA2Fe"]** switches
to redox in nature: '"H NMR shows reduced [LFe"]- (B-pyrrole peak at =72 ppm) as the

only observable product. Reduction can be prevented with the silanolate NaOSiMe;:

@ L* displays fourfold rotational symmetry in solution and in the solid state, L** twofold, and
L%* none (although it keeps a plane of symmetry).

b Crystal packing forces seem to slightly distort the anion from its ideal tetrahedral
symmetry: 6 = 0.3 mm/s, AE; = 0.3 mm/s.
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Table VII.1. Summary of X-ray crystallographic data for [L**Fe"CI] (FeCls).

empirical formula (formula weight) CasH32ClsFe;N4 (713.53)

T (K) 100(2)

A(R) 0.71073

crystal system, space group Orthorhombic, Pbca

a;b;c(h) 18.552(3); 18.820(3) ; 35.926(5)
Z; V(R 16;12543(3)

crystal size (mm?) 0.33x0.07 x 0.02

Abs. coeff. (mm™) 1.376

F(000) 5840

8 range for data collection

limiting indices

no. of reflns collcd ; no. of ind. reflns (Rint)
completeness to =23.31°

refinement method

data / restraints / parameters

R:,° wR® (I > 20(l))

R.° wR,® (all data)

GOF¢on F?

largest diff. peak and hole

1.13to0 23.31°
-20h<14,-20<k<20,-39< /<39
58729;9053 (0.1033)

99.8 %

Full-matrix least-squares on F?
9053/0/756

0.0465,0.1077

0.0645, 0.1215

1.059

0.871 and -0.453 eA

a R‘] = E”Fo_ IFc”/ZIFoI.
® WR, = (Z(W(Fs* - FO))/Z(W(F)?) "
¢ GOF = (Zw(F,* - FA*(n - p))'"?,
where n is the number of data and p is the number of parameters refined.

Table VII.2. Selected geometric parameters for [L**Fe"CI] (FeCly).

Distances / A

Fe(2)—N(5) 2.141(3) N(5)—C(32) 1.309(5)
Fe(2)—N(5) 2.148(3) N(5)—C(29) 1.447(5)
Fe(2)—N(5) 2.157(4) N(6)—C(36) 1.307(6)
Fe(2)—N(5) 2.159(3) N(6)—C(39) 1.445(5)

N(7)—C(46) 1.313(5)
Fe(2)—Cl(2) 2.2740(12) N(7)—C(43) 1.433(6)
C(39)—C(43) 1.585(6) N(8)—C(50) 1.304(5)
C(29)—C(53) 1.583(6) N(8)—C(53) 1.438(5)

Angles / deg
C(39)-C(40)-C(43)  62.6(3) C(29)-C(54)-C(53)  62.6(3)

192



Chapter VI

Figure VII.1. Crystal structure of [L**Fe"Cl](FeCl,). Only one of two chemically identical ion
pairs constituting the asymmetric unit is displayed. H atoms are omitted. Thermal ellipsoids
are drawn at the 50% probability level. Color coding: Fe, purple; N, blue; Cl, green; C, gray.

according to elemental analysis, the material obtained can be formulated as
[LA2Fe"—OSiMes] (OSiMes). In solution, rotation around the Fe—O bond is hindered by
steric constraints, according to '"H NMR (B-pyrrole: +107, +89, +84 and +27 ppm,

M

[ [ [ [ | [ [ | [
120 100 80 60 40 20 &/ppm

Figure VIIL.2. Paramagnetic region in the 'H NMR spectrum (500 MHz, CD.Cl,) of
[L*Fe"—OSiMe;] (OSiMe;). The FID has been submitted to a 5-Hz Gaussian line broadening,
then Fourier transformed, and a polynomial baseline has been subtracted from the resulting
spectrum.
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Figure VII.2). In the powder, its M&ssbauer spectrum is consistent with the Fe(ll)

oxidation state, with § = 0.4 mm/s and AE; = 1.0 mm/s.

As an entry into the potential oxidative reactivity of [L*%Fe']**, its interaction
with iodide was considered. Thermodynamics are favorable to the formation of

diiodine (or its iodide adduct, triiodide),?°

l;" + 2 e — 3 E°=+0.53V (1)
[LA“Fe> + 3 e — [LFe"]- E,=+0.77V ()
2 [LA%Fe] + 9 — 2 [LFe" + 315 AE = +0.24V (3)

however, depending on the strength of the Fe—I bond, the reaction risks being frozen
at the [L**Fe"—I]* adduct instead of proceeding to redox reactivity. This is not the case,
and upon mixing [L22Fe"] (BF.), with BusNI, the characteristic UV-visible signature of
trilodide appears immediately at 291 and 362 nm. Experimental conditions do not
affect the oxidation of I to I57, but the fate of the iron porphyrinogen byproduct was
found to strongly depend on them. Under slow addition of a cold (-40°C) solution of
[LA2Fe"] (BF4), to an excess (= 6 equivalents) of a cold BusN | solution, more than 80% of
[LA2Fe"?* is converted to [LFe"],, according to (3), the rest reacting further to LH,,
presumably by H" atom abstraction from the solvent. However, when a stoichiometric

amount of I~ (4.5 equivalents) is added to [L**Fe"]** at room temperature, all of the

T T T T I I T T I T T

A362 nm

0 2 4 6 8 10
I/ [L**Fe]?* stoichiometry

Figure VII.3. Stoichiometry of [L**Fe"]** + I". Left, UV-visible spectra of [L*“Fe"] (BF.), + n BusNI|
reaction mixtures of varying stoichiometries n. The bands at 291 and 362 nm are due to |57, and
that at 245 nm to I~. Right, 362-nm signal as a function of the stoichiometry, with linear fits
intersecting at n=4.5.
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porphyrinogen is found as LHs. The stoichiometry of the reaction was identified
spectroscopically at room temperature (Figure VII3), yielding a 9:2 ratio, as expected
on the basis of equation (3). This reduction of [LA*Fe"]** to [LFe"]- by iodide is to be
contrasted to the recently reported’ oxidation of iron(lll) meso-tetrakis(penta-1,5-
diyl)porphyrinogen, [*LFe"]~ by excess molecular iodine to [*L**Fe"—I](l;):¢ solvent and
substituents can likely mitigate electrostatic energies, and thereby affect

thermodynamics.

The mechanism of |, formation from I~ and [L**Fe"]** is unknown, and could
possibly involve either (a) formation of a cationic [LA*Fe"l]* intermediate followed by
nucleophilic attack by I, or (b) electron transfer to form an I’ radical which then further
reacts. Mechanism (a) is appealing firstly because [L*2Fe'Cl]* and even [*L*2Fe"l]* are
known as stable species, and secondly because it involves a direct two-electron
process as the crucial redox step, which would be a manifestation of the two-electron
nature of the “delta” C—C bond of the porphyrinogen. More generally, we would like
to determine whether iron porphyrinogen behaves as a selective even-electron redox
agent (effecting group transfer transformations, as in (a)) or reacts in single-electron
steps (via radical pathways, as in (b)). In this respect, the silanolate [L2*Fe"—OSiMes]*
furnishes an entry towards a potential O atom transfer agent. Its reaction with excess
fluoride, if it were to cleave the Si—O bond, would generate a terminal iron(ll) oxo
which would likely be unstable and further react intra- or intermolecularly.?’ When the
reaction is carried out in dichloromethane, a solid precipitates which redissolves in
acetonitrile. Its NMR shows the presence of a single paramagnetic product, with two-
fold symmetry ('H, B-pyrrole: +20 and +15 ppm; 2H, methyl: +7, +4, -4 and -21 ppm)
and its Mossbauer a large quadrupole splitting but small isomer shift (& =0.3 mm/s,
AE, = 3.2 mm/s). The compound does not react with the electron-rich substrates cis-

cyclooctene, PPh; and P(n-Bu);. On the other hand, its reactions with P(CeFs)s,

¢ The CIF file provided as Supporting Information by Bhattacharya et al.'> shows that their
implausible claim of a [*L*Fe"—I1* (I5)~ « (I)* (Is)~ cocrystal is erroneous. Correction of a
mistaken count of the |37 ions placed at special positions in the lattice yields
[*L*4Fe"—IT* (Is) « (I2).
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Table VII.3. Summary of X-ray crystallographic data for { (PhsP) [LFe"]}, « MeCN « 0-CsH4Cl,.

empirical formula (formula weight)
T (K)

A(A)

crystal system, space group
a;b;c(A)

/3 (deg)

Z; V(A%

crystal size (mm?)

Abs. coeff. (mm™)

F(000)

6 range for data collection

limiting indices

no. of reflns collcd ; no. of ind. reflns (Rin)
completeness to 8= 23.27°
refinement method

data / restraints / parameters

R:,° WRy® (1> 20(l))

R.° wRy® (all data)

GOF¢on F?

largest diff. peak and hole

Ci12H111ClFe;NgP, (1827.64)
150(2)

0.71073

Monoclinic, P2:/c

25.59(2) ; 16.64(2) ; 23.384(16)
107.15(7)

4,;9516(15)

0.40x0.11x0.02

0.449

3848

0.83to0 23.27°
-28<h<16,-17<k<18,-25</<23
21102; 13140 (0.0402)

96.0 %

Full-matrix least-squares on F?
13140/0/ 1162
0.0592,0.1397

0.0976,0.1611

1.028

0.511 and -0.681 eA

¢ Ry =Z||Fo - |F|/Z|Fo|-
® WR, = (Z(W(Fs* - F)))/Z(W(F))'".
¢ GOF = (Zw(F> - FA*/(n - p)"?,
where n is the number of data and p is the number of parameters refined.

Table VII.4. Selected bond lengths (A) in {(Ph4P) [LFe"]}, » MeCN « 0-CsH.Cl..

Fe(1)—N(1)
Fe(1)—N(2)

1.905(4)
1.902(4)

Fe(1)—N(3)
Fe(1)—N(4)

1.898(4)
1.898(4)

tetracyanoethane, water, pyridinium chloride, and PhsPBr yield [LFe"]~ as the single

paramagnetic product (see the crystal structure of (PhsP)[LFe"], Figure VIl.4 and

Tables VII.3 and VII.4 — its metrics are similar to those of the sodium salt presented in

Chapter V), however, in no case was a byproduct of O atom transfer (such as the

epoxide, phosphine oxide, hypobromite) detected. We interpret these data as

indicative of single-electron redox reactions of the iron porphyrinogen species with

substrate and solvent: C—H activation and H" atom abstraction most likely produce

water and/or hydroxide along with reduced iron porphyrinogen.
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Figure VILA4. Crystal structure of {(Ph,P)[LFe"1}, « MeCN « 0-C¢HsCl.. H atoms and lattice
solvent molecules are omitted. Thermal ellipsoids are drawn at the 50% probability level. Color
coding: Fe, purple; N, blue; P, brown; C, gray.

The acyloin condensation is a rare example of a four-electron transformation
that can be performed in aprotic conditions and only requires a redox agent, that is,
does not involve group transfers to and from the metal center (Scheme VII.1).
However, treatment of diethyladipate with the tetrabutylammonium salt of [LFe"]*" in
the presence of excess chlorotrimethylsilane (Na.[LFe'"]l reacts with Me;SiCl but
(BusN), [LFe"] does not) at temperatures between 20 and 130°C and in toluene, THF,
DME or MeCN does not yield any observable amount of the reduced product (by GC-
MS). This result may be a consequence of insufficient reducing power of iron
porphyrinogen: unlike that of sodium metal, the thermodynamic reducing ability of

iron porphyrinogen is diminished upon each electron transfer.

As a final step, we turned our attention to the potential photochemistry of
oxidized iron porphyrinogens. While electronic excitations caused by absorption of a
photon correspond (in a first approximation) to the motion of a single electron from
one orbital to another, formation or breaking of the “delta” C—C bond can be

expected to stabilize processes in which a pair of electrons moves in either a
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Scheme VII.1. Acyloin condensation of diethyl adipate to 1,2-bis(trimethylsilyloxy)-
cyclohexene.

concerted or a consecutive fashion. Therefore, the question arises as to whether two-
electron photochemistry can be derived from the two-electron essence of the C—C
bond. Following an initial one-electron photoexcitation process, will the
thermodynamic preference of porphyrinogen for two-electron chemistry be sufficient
to drive the transfer of a second electron? This essentially translates the topic of the
above paragraphs from the ground state into the excited state.??? Experimentally,

[LA2Fe"Cl]* is attractive because it is a likely intermediate along pathway (4),
[LAFe + 22X  —  [LMFe'X]* + X=  —  [L*Fe'l + X, (4)

where [L2Fe'] is known to further disproportionate to [LFe"]- and [L22Fe"]** (Chapter V).
For X=1, the reaction does proceed to completion (see (3)), whereas the
thermodynamics of X = Cl do not allow it without light absorption. Furthermore, given
that the LUMOs of oxidized porphyrinogens are ligand-based (Chapter VI), the excited
state can be expected to be of “chloride-to-porphyrinogen” nature and presenting a
reactive chloride moiety. When [L**Fe"Cl] (FeCl,) is irradiated in the presence of the
diene o-terpinene, no olefin dichlorination is observed. Irradiation at wavelengths
A>515nm, i. e. outside the high-¢ region of FeCl,~ but within the absorption envelope
of [LA2Fe"Cl]*, causes no reaction. Irradiation of the FeCl,” component (A > 350 nm)
yields H* atom abstraction from terpinene and a clean, quantitative aromatization to

cymene, in other words, single-electron chemistry originating from Fe(lll).

4 The relevance of this question to photoredox applications has already been noted.”
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The reasons for the photochemical inertness of the [L*Fe'CI]* entity were
investigated by ultrafast transient absorption (UV-visible pump-probe) spectroscopy.
500-nm excitation of [L*Fe"Cl]* is followed by monoexponential decay of the
transient signal with a lifetime t©=30(x10) ps. This short-lived excited states, in line
with those observed for [L*Mg] and [LFe"]- (Chapters Ill and VI, respectively) precludes
any photochemistry from occurring: non-productive vibrational relaxation occurs
before the transient state has a chance to be funneled into the geometric
reorganization and bonding changes that would accompany two-electron

transformations of the ligand.

This phenomenon is in stark contrast to the photochemistry originating from
higher-valent iron centers. In particular, chloroiron(lll) porphyrins, PFe"—Cl (P> =a
porphyrin dianion), have been shown to undergo a variety of thermal reactions
originating from the PFe" + ClI* state obtained upon LMCT excitation.”*? In this case,
the chloride-to-iron(lll) LMCT excited state is extremely short-lived, even shorter than
that of [LA%Fe'Cl]*, but the excitation entails transfer of a CI—Fe m-bonding electron
into an orbital of antibonding character with respect to the same bond. Therefore, the
structural rearrangement caused by the excited state directly activates the chemically
relevant vibrational mode. Consistent with this interpretation, T—m* excitation of the
porphyrin ring of PFe"—Cl does not cause any chemistry. Essentially, moving from an
oxidant based on a high-valent iron center (PFe"Cl) to one relying on an oxidized
ligand coordinating a low-valent iron ion ([L**Fe"CI]*) does weaken the Fe—Cl bond in
thermodynamic terms, but it also causes the frontier orbitals to partly withdraw from

the bond to be broken, thereby preventing productive photochemistry.

VII.3. Conclusions

A general picture of the reactivity of ligand-oxidized iron porphyrinogen is obtained
(Scheme VII.2). The neutral charge of the oxidized macrocycle L2 bears consequences
on its coordination chemistry. Firstly, it makes the iron center more prone to axial
coordination than within the reduced, tetraanionic version, and secondly,

it significantly weakens the metal-macrocycle bonding. From a redox perspective,
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Scheme VII.2. Reactivity of oxidized iron porphyrinogen.

[LA2Fe"?* is very labile, being reduced to [LFe"]~ by iodide and alcoholates; however, its
preferred mode of redox reactivity seems to be single-electron transfer, which often
translates into attack of somewhat weak solvent C—H bonds and H" atom abstraction
instead of group transfer chemistry. The same trend is evident in the photophysics of
iron porphyrinogens. Photon-induced charge transfer is followed by fast back-transfer
— the stabilization of even-electron events in “delta” C—C bond formation and
breaking does not translate into the transfer of a second electron followed by further
reactions. Instead, since the charge-transfer excited state within a flexible ligand
framework causes a large structural reorganization, it strongly couples to vibrational
modes of the electronic ground state. This coupling efficiently drags the electron back
to its starting point before the thermodynamically favorable two-electron chemistry

can occur.

In terms of the general design of redox agents based on a redox-active ligand
in addition to (or instead of) the central metal ion, the results delineated in this
Chapter suggest two broad conclusions. Firstly, a redox-active ligand enables its
complexes to behave as oxidizers while maintaining a high metal d electron count,
thereby maintaining a low Lewis acidity — in this case, reaction with I~ yields I
oxidation, instead of the I coordination more often observed when the oxidizer has an

open coordination site. This property pleasantly conforms to the design concept
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delineated earlier. Secondly, the presence of a C—C bond as the redox-active element
enables reactions that are overall multielectron in nature (such as I to I,), but does not
drive the system to prefer even-electron pathways over odd-electron ones. This falls
somewhat short of the initial hopes, and could potentially be due to the presence of a
central metal with a one-electron redox couple (which could allow one-electron
events that porphyrinogen itself would not enable), to an insufficient stability of the

redox-active C—C bond, or to a combination of both.

The emerging picture of the reactivity of the [L**Fe"]** fragment, an oxidant in
which the ligand (neutral L*%) is the sole source of holes, is distinct from that observed
for the “Compound 1I” of heme monooxygenases and their model complexes,
[XPFeQ]"¥* (P =a porphyrin dianion, X* = an axial ligand, x=0 or 1), which stores
one hole at the metal (Fe(IV) oxidation state) and one at the ancillary ligand (P*~ radical
anion).”3? In the case of hemes, oxidation of the ligand only occurs at high potential
after the iron center has reached its extreme OS, and it is stabilized by extensive
delocalization of the hole, whereas in the porphyrinogen complexes the ligand is
easier to oxidize than the Fe(lll) ion, in part thanks to the localization of paired holes in
redox-active C—C bonds. The high-valent iron center of Compound | imposes an
electrophilic character on its coordinated oxo, which is not observed for the the bound
chloro of [LA2Fe"CI]*. It also strengthens the Fe=0 bond, a thermodynamic effect in
part compensated for by the instability of the very high oxidation state of the “[PFe]**”
fragment. Finally, Compound | selectively performs O atom transfers (hydroxylation of
C—H bonds, epoxidation of C=C bonds) whereas no such reactivity has been
evidenced on the [L*2Fe']** platform, a fact most likely indicative of odd-electron
chemistry. However, the propensity of iron porphyrinogen to undergo reactions via
radical pathways is partly mirrored by the chemistry of hemes. Oxygenations by
Compound | occur through the intermediacy of radicals as well, the first step being H
atom abstraction (from the alkane substrate) or electron transfer (from the olefin
substrate) to yield a heme species reduced by one electron and an organic radical.

Both then quickly “rebound” together to generate the product.
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VIi.4. Experimental section

Vil.4.a. Synthesis and reactivity

General technique

All compounds were handled, reactions were performed, and analytical samples were
prepared in inert atmosphere using standard Schlenk, dry-box and vacuum-line
techniques. Solvents were purchased from VWR Scientific Products or Sigma Aldrich
and purified using a Braun solvent purification system or using standard solvent
purification techniques.*®* Deuterated solvents were purchased from Cambridge
Isotope Laboratories, degassed, dried and distilled by procedures similar to those used
for non-isotopically enriched solvents. Other reagents were purchased from Aldrich,

Acros or Strem Chemicals and used as received.

Synthesis of [L*4Fe"Cl](FeCl,)

Method A. A sample of [LA*Fe"](BF4), (56 mg, 83 pumol) was dissolved in 5 mL of
1:1 MeCN / CHyCl; mixture then cooled to -75°C on a CO, / acetone slurry. BusNCl (23
mg, 83 umol) was separately dissolved in 5 mL of CH.Cl,, then added dropwise to the
first solution. The mixture was left to slowly warm up to room temperature, then
hexanes (70 mL) were added to the brown solution, yielding [L**Fe"Cl](FeCl.) (33 mg,
55%) as a brown solid after filtering and drying.

Method B. A sample of [Na(THF).s][LFe"] (84 mg, 120 pumol) was dissolved in 2
mL of MeCN, then the solvent was removed; the solid residue was redissolved in 2 mL
of CH,Cl, and AuCls (36 mg, 120 umol) was added at room temperature. After 5
minutes of stirring, the dark slurry was filtered on Celite to remove NaCl and Au metal.
The filtrate was layered with pentane to cause precipitation of [L**Fe"CI](FeCls) (32 mg,

36%) as a brown solid after drying.

Method C. A sample of [Na(THF).s][LFe"] (171 mg, 240 pumol) was dissolved in 5
mL of MeCN, then the solvent was removed; the solid residue was redissolved in 5 mL
of MeCN, then an excess of PhICl, (180 mg, 650 umol) was added. After 5 minutes of

stirring at room temperature, the mixture was evaporated and the solid residue was
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triturated in 2 mL of toluene. The brown solid obtained by filtration was recrystallized

from CH,Cl, / pentane, yielding [L*2Fe"Cl](FeCl.) (50 mg, 56%) as a brown powder.

Analyses. (+)-ESI-TOF-MS: m/z=539.3 ([LA*Fe"Cl]*, [CisHsD2sCIFeN,]*: 539.3).
'H NMR (CDCl;, 500 MHz): 6/ppm = 55 (4 H, pyrr), -9 (4 H, pyrr.). Mdssbauer:
6 =1.0 mm/s, AE; = 3.8 mm/s.

Synthesis of [L*Fe"OSiMes](OSiMes)

A CH,Cl, solution of NaOSiMe; (2.76 mL, 1.0 M, 2.76 mmol) was diluted to 50 mL
and added to solid [LA*Fe"](BF4), (0.935 g, 1.38 mmol); the brown solution was refluxed
for 50 minutes, then cooled to room temperature and filtered. The filtrate was
evaporated and dried. The brown solid residue was triturated in 50 mL of hexanes,
filtered and dried, yielding [L**Fe"OSiMe;](OSiMe;) (0.51 g, 54%) as a dark brown
powder. Found: C, 59.5; N, 8.0; Fe, 8.0; Si, 8.3; calc. for CssH26D24FeN4O,Siz: C, 59.8; N, 8.2;
Fe, 8.2; Si, 8.2. '"H NMR (CD,Cl,, 500 MHz): §/ppm = 107 (2 H, pyrr.), 89 (2 H, pyrr.), 84
(2H, pyrr.), 27 (2H, pyrr.), 19 (>10 H, -OSiMe;). Méssbauer: & = 0.4 mm/s, AE; = 1.0 mm/s.

lodide oxidation by [L**Fe"](BF ),

Low-temperature reaction. Two 1-mL CDs;CN solutions were prepared
independently and cooled to freezing: [L**Fe"](BF4), (10 mg, 15 pumol) and an excess of
BusNI (33 mg, 89 umol). As soon as they started thawing, cold [L22Fe"](BF4), was added
dropwise to BuuNI: the mixture darkened and was left to warm up to room
temperature under stirring. A crude sample was analyzed by 'H NMR (400 MHz):
6/ppm =-73 (0.85 x 8 H, [LFe"T), 5.62 (0.15 x 8 H, LH, pyrr.), 7.25 (0.15 X 4 H, LH4 NH),
3.12 (quartet, J 10, ~6 x 8 H, BusN* a), 1.64 (quintet, J 8, ~6 x 8 H, BusN* 3), 1.38 (sextet,
J7,~6 x8H,BusN*y), 1.00 (quartet, J 9, ~6 X 12 H, BusN* d).

Stoichiometry. Two stock solutions were prepared in MeCN: sfe, 10.7 mg of
[LA2Fe"](BF4); in 0.11 mL (0.14 M); si, 167 mg of BusNI in 0.33 mL (1.4 M). Solutions A
through |, representing |-/ [L**Fe'"]** stoichiometries 0 < n < 10, were then prepared by

mixing the following amounts of stock solutions,
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uLsfe pLsi n

A 5 0

B 15 0.75 0.5
C 15 1.5 1
D 10 2 2
E 10 3 3
F 10 4 4
G 10 5 5
H 10 6 6
1 10 10 10

then opening the solutions to air, diluting A to 100 pL, B and C to 300 pL, and all
others to 200 pL, and finally diluting a 50-pL sample of each to 1 mL for UV-visible

absorption analysis in an optical cell of 1-mm pathlength.

Reactivity of [L*2Fe"OSiMes](OSiMes)

A sample of MesNF (33 mg, 350 umol) was dissolved in 10 mL of CH.Cl,, then
added to solid [L*2Fe"OSiMe;](0SiMes;) (119 mg, 170 umol). The mixture was heated to
reflux shortly, and after cooling it was filtered and dried to yield 61 mg of a brown
solid. '"H NMR (CDsCN, 500 MHz): 6/ppm = +20 (4 H, pyrr.), +15 (4 H, pyrr.), +2.2 (br,
MesN*, overlapping with acetonitrile). °H NMR (CH;CN, 67 MHz): 6/ppm = +7 (6 H, -
CDs), +4 (6 H, —CDs), -4 (6 H, -CDs), -21 (6 H, —CDs). Mossbauer: & =0.3 mm/s,
AE, = 3.2 mm/s.

Photochemistry of [L*“Fe"Cl](FeCl,)

A sample of o-terpinene was degassed by three cycles of freeze-pump-thaw
and kept under high vacuum. A small sample of [L*2Fe''Cl] (FeCls) was loaded into a
J.Young NMR tube, which was then evacuated to <10 Torr on a high-vacuum line
and maintained in the dark. CD;CN, then some o-terpinene were condensed into the
tube. '"H NMR (600 MHz) was used to assess the terpinene / [LA*Fe''CI]* ratio to be 7:1.
Not all couplings within the organic compound were resolved due to paramagnetic
broadening. 6/ppm = 54 (4 H, [L*%Fe'CI]*), =10 (4 H, [L**Fe"CI]*), 5.62 (d, 15 Hz, 14 H,
terpinene =CH-CH=), 2.32 (s, 7 H, terpinene -CHMe,), 2.13 (s, 28 H, -CH,—CH,-), 1.78 (s,
21 H, -CH>), 1.05 (s, 42 H, —-CH(CH>),). The mixture was irradiated between 350 and 490
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nm for 2 hr. 'H NMR (600 MHz) of the crude mixture showed that all [L*2Fe"CI]* had
been converted to LH,, while roughly 6 equivalents of a-terpinene remained and 1
equivalent of a-cymene had been formed. §/ppm = 7.61 (4 H, LHs NH), 5.79 (8 H, LH,
pyrr.), 5.60 (d, 12 Hz, 12 H, terpinene =CH-CH=), 2.09 (q, 7 Hz, 24 H, terpinene —-CH»—
CH>-), 1.76 (s, 18 H, terpinene —-CHs), 1.02 (s, 36 H, terpinene —CH(CHs),), 7.13 (d, 12 Hz,
4 H, cymene arom.), 2.87 (quintet, 8 Hz, 1 H, cymene —-CHMe;), 1.21 (d, 6 Hz, 6 H,
cymene -CH(CHs),), 2.30 (s, 9 H, terpinene -CHMe; overlapping with cymene -CHs). A
sample was taken, exposed to air and analyzed by GC-MS(EI): M* ions were found at
m/z = 136 (a-terpinene), 134 (a-cymene), 453 (LH4), and 488 (minor, LH;Cl). The rest of
the reaction mixture was again degassed, then the volatiles were vacuum-transferred
into a new J. Young NMR tube, for an additional, cleaner '"H NMR (600 MHz) analysis
which allowed observation of all J-couplings. 6/ppm = 5.62 (dd, 17 and 4 Hz, 12 H,
terpinene =CH-CH=), 2.10 (dd, 20 and 8 Hz, 24 H, terpinene -CH,-CH,-), 1.78 (s, 18 H,
terpinene —CHs), 1.04 (d, 7 Hz, 36 H, terpinene —-CH(CHs),), 7.13 (q, 8 Hz, 4 H, cymene
arom.), 2.89 (septuplet, 7 Hz, 1 H, cymene -CHMe,), 1.23 (d, 7 Hz, 6 H, cymene
—-CH(CHs)2), 2.31 (s, 9 H, terpinene —-CHMe; overlapping with cymene -CHs).

Control experiments. The experiment was repeated with a 20:1 a-terpinene /
[LA2Fe'CI]* ratio, irradiating at A > 515 nm for 8 hrs: '"H NMR showed no conversion of
terpinene to cymene. It was also repeated replacing [L**Fe"Cl](FeCls) with
(18C6)K(FeCls) (18C6 is 1,4,7,10,13,16-hexaoxacyclooctadecane): irradiation of a 1:1
ratio of a-terpinene (18C6)K(FeCls) between 350 and 490 nm for 2 hrs showed a 50%

conversion of terpinene to cymene.

VIl.4.b. X-ray crystal structure determinations

General parameters

X-ray quality crystals were coated with Paratone N oil and mounted on a glass fiber. X-
ray diffraction data were collected on a Siemens diffractometer equipped with a CCD
detector, using the Mo Ka radiation, selected by a graphite monochromator. The data
were integrated to hké-intensity and the final unit cell calculated using the SAINT

v.4.050 program from Siemens. Solution and refinement were performed with the
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SHELXTL v.5.03 suite of programs developed by G. M. Sheldrick and Siemens Industrial
Automation, 1995. Least-squares refinements were applied to F?, with hydrogen atoms
of organic fragments placed at calculated positions using a standard riding model and

refined isotropically. No absorption correction was performed.

X-ray crystal structure of [L*“Fe"Cl] (FeCl,)

An orange plate was grown by diffusion of a cyclohexane layer into a
concentrated solution of [L22Fe'Cl](FeCls) (from method B) in MeCN / ortho-
dichlorobenzene. Data were collected at 100 K. The structure was solved by direct
methods. The asymmetric unit was found to contain two chemically equivalent
[L22Fe'Cl](FeCls) units; one of the FeCl, anion was disordered between two
orientations sharing the same Fe center, and the relative populations of the two

orientations were refined.

X-ray crystal structure of (Ph4P)[LFe"]

A black plate was grown by diffusion of an n-heptane layer into a concentrated
solution of (Ph4P)[LFe"] (from [L22Fe"(OSiMes)](OSiMes) + MesNF + Ph4PBr) in MeCN /
ortho-dichlorobenzene. Data were collected at 150 K. Because a cooling problem
occurred after the 600th frame, only the first 600 frames were used for further data
processing. The structure was solved by direct methods. The asymmetric unit was
found to contain two chemically equivalent (PhsP)[LFe"] units and two solvent

molecules (one MeCN and one 0-C¢H4Cly).

Vil.4.c. Physical methods

Steady-state methods

"H-NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility (DCIF) on a Varian Inova-500 spectrometer, a Bruker Avance-600 or a Bruker
Avance-400. Chemical shifts are quoted in ppm relative to tetramethylsilane and
spectra have been internally calibrated to the monoprotio impurity of the deuterated
solvent. ?H-NMR spectra were recorded on a Varian Inova-500 equipped with a direct-

probe. Mdssbauer absorption data were obtained at 4.2 K on an MS1 spectrometer
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(WEB Research Co.) equipped with a *’Co source and a Janus cryostat, and referenced
to elemental iron. UV-visible absorption spectra were measured on a Spectral
Instruments 440 spectrophotometer. Elemental analyses were conducted at H. Kolbe
Mikroanalytisches Laboratorium (Miihlheim a. d. Ruhr, Germany). ESI-MS analyses were
performed at the Mass Spectroscopy Laboratory at the University of Illinois at Urbana-

Champaign.

Transient absorption spectroscopy

Samples for transient absorption spectroscopy were contained in a 2-mm pathlength
high-vacuum cell and prepared to yield an optical density of ~0.5 at the excitation
wavelength. The setup used for ultrafast transient absorption experiments was
described previously.** In brief, the pulsed 806-nm output of a regeneratively
amplified Ti-Sapphire laser system was separated into two beams. The weaker
component was focused into either a sapphire or a calcium fluoride substrate to
generate the broadband probe pulse. The major component was either frequency-
doubled to 403 nm, or tuned throughout the visible range with an optical parametric
amplifier, then propagated along a computer-controlled optical delay-line to furnish
time resolution. The excitation energy was set to ~5 pJ/pulse, and both beams were
spatially overlapped on the sample; the pump beam was then blocked, and the probe
was spectrally resolved in a monochromator. Transient spectra were recorded with a
CCD camera and derived using a ‘negative time’ reference spectrum; single-

wavelength kinetics were obtained with a lock-in amplified photodiode detector.
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VIII.1. Introduction

Hydrogenases catalyze the redox interconversion of H* and H, in biological systems.
They contain polynuclear inorganic active sites, with ancillary redox clusters providing
the holes or electrons, and acid-base groups routing the protons, to the reaction
centers (Scheme VIII.1.A)."? To date, research on hydrogenase models has mostly
focused on mimicking the structure of the crystallographically characterized enzymes,
in some cases with quite elaborate constructs.>> However, approaches to functional
models based on quite different structures are conceivable. In particular, the ability of
some cobalt(ll) complexes to reduce H* to H, photocatalytically,®” as well as CO, to
CO2 is well established. In such systems, an excited ligand-to-metal charge transfer
state featuring a strongly reducing formal Co(l) center intermolecularly reacts with a
proton source and generates a hydrogen radical, H*, which then further decays.’ Even
though H, is one of the main products of H* decay, the radical intermediate lacks
selectivity and photocatalyst decomposition results.® Thus, in essence, the Co(ll) salt is
the source of the most crucial ingredient in the photoproduction of H,, that is, a high-
energy electron, but it lacks the other three components (which hydrogenase
enzymes manage), namely, two protons and a second electron. Therefore,
improvement of the catalyst would logically require to supplement the Co(ll) reaction
center with (a) an additional redox reservoir able to quickly provide a second electron,
and (b) two Brgnsted acid-base sites that would deliver the protons. In the proteins
and model systems, those requirements are met by the design of intricate
multicomponent molecular or supramolecular systems featuring several functional
sites able to work in concert.>® The porphyrinogen ligand, however, could be the ideal
“2-in-1" packaging for Co(ll):"*"" (a) its redox activity enables it to provide two electrons
with the formation of the spirocyclopropane C—C bond, and (b) metalloporphyri-
nogens have the capacity to take up one or two protons in the proximity of the metal
center.” These considerations imply the intriguing possibility of the following set of

transformations,

2HY + [L%C0' " — [(HLD®Co"] — [(HLDICO'* — H, + [L42Co"]
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Scheme VIIl.1. The active site of the Fe-only hydrogenase according to Rauchfuss’
interpretation of the crystal structure (left, A),>* and a hypothetical cobalt porphyrinogen in
equivalent protonation and redox states (right, B). Color coding highlights the presence of
corresponding functional units, namely a metal ion which could potentially present a hydride
for protonation (green), a reservoir of electrons (blue), and two protons (purple).

where the asterisk denotes a charge transfer excited state obtained by absorption of a

UV or visible photon.

Conceptually,  metalloporphyrinogens are  multifunctional  entities
(Scheme VIII.1.B) that pack (i) redox activity (at the metal and at the pyrroles), (ii) Lewis
acidity (at the metal), (iii) Lewis and Brensted basicity (at the pyrroles), and even (iv) a
chromophore (in the LMCT) in a conveniently small molecule, which contrasts with the
rather heavy reactive core found in the enzymes (Scheme VIIL.1.A). This Chapter
describes investigations probing the possibility of using cobalt porphyrinogens as a
stoichiometric photoinduced hydrogenase mimic. Two versions of the ligand are used,
the octakis(perdeuteromethyl)- and the octabenzylporphryinogen, abbreviated L*

and "'L*, respectively, in their lowest oxidation state.

VIil.2. Cobalt porphyrinogens, synthesis and structure

VIil.2.a. Metallation and oxidation

Reaction of the tetrasodium salt of either octa(perdeuteriomethyl)- or octabenzyl-
porphyrinogen with cobalt(ll) chloride yields the disodium salt of the corresponding
yellow Co(ll)-porphyrinogen complex. The corresponding red Co(lll) oxidation state

can also be obtained by oxidation with ferrocenium. The electrochemistry of [LCo"]*,
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Current
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Figure VIIl.1. Electrochemistry of cobalt octamethylporphyrinogen: DPV traces for T mM
Na,[LCo" in 0.9 M BusNBF, / MeCN. Experimental parameters: sweep rate 20 mV/s, pulse
amplitude 50 mV, period 200 mV, pulse width 50 ms, sample width 17 ms.

Figure VIII.2. Crystal structure of the Co(ll) octabenzylporphyrinogen dianion. The asymmetric
unit contains 1.5 chemically identical [""LCo]* moieties and 3 well-separated {Na(DME)s;}"
counter-ions; only one [""LCo]* ion is displayed, and H atoms are omitted. Thermal ellipsoids
are drawn at the 50% probability level. Color coding: Co, powder blue; N, blue; C, gray.
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displayed in Figure VIIl.1, is qualitatively similar to that observed for iron
porphyri-nogen (Chapter V), with a first wave at negative potential and a second, more
intense one at positive potential, assigned to the [LCo"]- / [LCo"]* and [L**Co"]?* /
[LC0"T" couples, respectively. Quantitative differences observed between the iron and
cobalt systems are consistent with the better stability of the +IIl oxidation state usually
observed for Fe relative to Co: the [LCo"]- / [LC0"]* couple appears at —0.30 V vs NHE
for M=Co (instead of -0.57 V for Fe), and the [L**Co"]>* / [LCo"]- wave at +0.65V
(+0.77V for M =Fe). In other words, the window in which the [LM"]- OS is stable
shrinks on both its high- and low-potential sides for M = Co with respect to M = Fe, but
a sufficient driving force for the disproportionation of neutral and monocationaic
species remains nevertheless, resulting in a maintained three-electron couple
between [L**M"]2* and [LM"]-,

VIil.2.b. Structures

Crystal structure of Na(DME); [""LCo"]

The crystal structure of the disodium salt of cobalt(ll) octabenzylporphyrinogen,
[PPLCo"%, is presented in Tables VIII.1 and VIII.2 and in Figure VIII.2. The sodium cations
are separated from the dianion by triple chelation by DME in pseudo-octahedral
fashion. The cobalt ion lies at the center of a nearly perfect square defined by the four
pyrrole nitrogens; no intermolecular close contacts are observed, and the distances
between cobalt and the o-H atoms of the meso benzyl substituents comprise between
2.7and 3.0A2The average Co—N distances of 1.931 and 1.918 A, respectively, for the
two crystallographically independent [P"LC0"]>- units, appear to be somewhat short
when compared to the average Fe—N distance of 1.933A found in
Na>(THF).(pyO), [LFe'], given the presence of an additional metal d electron. They are,
however, slightly longer than the average Co—N distance in dilithium cobalt(ll)

octaethylporphyrinogen, which features n-bonded Li* ions.”

2 Note that in the refinement of the crystal structure the positions of the H atoms are
modeled and that therefore metrics involving them are not direct physical measurements.
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Table VIII.1. Summary of X-ray crystallographic data for {Na(DME)s}, [P"LCo"].

empirical formula (formula weight)
T (K)

A(A)

crystal system, space group
a;b;c(A)

B(deg)

Z; V(R

crystal size (mm?)

Abs. coeff. (mm™)

F(000)

8 range for data collection

limiting indices

no. of reflns collcd ; no. of ind. reflns (Rint)
completeness to 6= 23.24°
refinement method

data/ restraints / parameters

R:,° wRy® (I > 20(/))

R.,° wRy’ (all data)

GOF¢on F?

largest diff. peak and hole

Ci00H124CoN,01, (1678.94)

100(2)

0.71073

Monoclinic, C2/c

35.6211(19) ; 23.2660(13) ; 33.2209(19)
90.337(2)

12;27532(3)

0.12x0.08 x 0.04

0.259

10764

1.05 to 23.24°
-31<h<39,-25<k<25,-31</(<36
65983 ; 19709 (0.1647)

99.8 %

Full-matrix least-squares on F?
19709/0/1627

0.0723,0.1451

0.1667,0.1859

1.009

0.620 and -0.526 eA-

¢ Ry =X||Fo - |F||/Z|Fo|-
® WR, = (Z(W(F,* - F2)?)/Z(W(F?))".
¢ GOF = (X w(Fs* - FA)*(n - p)"?,
where n is the number of data and p is the number of parameters refined.

Table VIII.2. Selected bond lengths (A) in {Na(DME)s}, [P"LCo"].

Co(2)—N(4)
Co(2)—N(5)

1.933(5)
1.935(5)

Co(2)—N(6)
Co(2)—N(7)

1.928(4)
1.927(5)

Solution structures observed by NMR

As noted in ChapterV, the interpretation of the NMR characteristics of
paramagnetic octamethylporphyrinogen compounds is facilitated by deuteration. It
then provides the basis for the assignment of the corresponding
octabenzylporphyrinogen NMR lines, with the assumption that the solution geometry

of a given compound will be similar in its octamethyl and octabenzyl versions.
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Na, [LCo"] gives rise to a single, broad 'H NMR signal at +0.2 ppm, and two *H
NMR peaks at +8.4 and -31.2 ppm. This result is consistent with the D,q symmetry of
the ruffled tetrapyrrole observed in the solid state and in solution for all L*
compounds: all eight pyrrolic B protons are equivalent, whereas the methyl deuterons
appear in distinct axial and equatorial sites. The origin of the near-zero paramagnetic
shift for the B-pyrrole protons is unclear. The nuclei are close to the 90° angle relative
to the Co center and the main axis of the magnetic tensor (which, according to the
symmetry of the molecule, should coincide with the S, axis). Therefore, a downfield
shift is expected for the B-pyrrole protons given that the axial meso methyls, found
inside the double cone defined by the magic angle relative to S, are shifted upfield —
and this is indeed observed experimentally for [LFe"]** and [LFe"]~. Most likely,
“through-bond coupling” (that is, the effect of spin density delocalized on the organic
periphery of Co) is non-zero and of sign opposite that of the “through-space” (dipole-
dipole) coupling between the nuclear spin of B-H and the electronic spin of Co'.
However, the effect of the nearby paramagnetic ion is clearly visible in the breadth of

the B-H peak, therefore the assignment is unambiguous.

In the '"H NMR spectrum of [P"LCo"]> (Figure VIIl.3), the THF peaks can be
identified immediately by the lack of paramagnetic shift and by the presence of
isotopically shifted signals corresponding to d;- and do-THF. The signals at +8.2 and
-33.3 ppm are assigned unambiguously to the meso-methylenes by comparison with
the 2H NMR signals of [LCo"]*~. Similarly, the B-pyrrole protons must give rise to the
-0.76 ppm peak given its correspondence to the single paramagnetic '"H NMR peak of
[LC0"]>~. The remaining peaks arise from the three inequivalent positions on the phenyl
groups. The para protons can be clearly identified by their integration (7.67 and
5.05 ppm). There remains a slight ambiguity as to the assignment of the ortho and
meta hydrogens, which are represented in the same number in the molecule.
However, the meta H's are expected to be less paramagnetically shifted and
broadened than their ortho neighbors, given that they are farther from the metal ion,
thus the 7.76 and 4.98 ppm peaks can be considered with reasonable certainty as
being due to the meta H's, and the +10.2 and -3.2 ppm peaks to their ortho

counterparts.
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Figure VIII.3. 'H NMR spectrum (500 MHz, THF-dg) of disodium cobalt(ll)
octabenzylporphyrinogen, Na,(THF)[P"LCo"]. The inset showing the high-field peak is on a
different scale. Peak assignments (bold) are in part based on the positions of the 'H- and *H-
NMR signals of Nax(THF). [LCo"] at +0.2 ppm (B-pyrrole) and at +8.4 and -31.2 ppm (-CD3),
respectively: those positions are indicated by a gray mark with an asterisk.

As observed for the equivalent Fe compounds, oxidation of [LCo"]? to [LCo"]-
results in an increase in all paramagnetic shifts, with the methyls moving from +8.4
and -31.2 ppm to +14.5 and -50.3 ppm in 2H NMR, and the B-pyrrole position from
+0.2 to -85.6 ppm.
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VIIL.3. Protonation and photoreaction

VIIl.3.a. Protonation

Reaction of Na,[LCo"l with two equivalents of pyHCl (pyridinium chloride) in
acetonitrile results in the immediate formation of a green solution, which becomes a
brown powder upon removal of the solvent.” The isolated brown material displays a
complete loss of symmetry in 'H and ?H NMR, with ten proton peaks of equal intensity
for the pyrrolic protons (see the bottom spectrum of Figure VII.4) and eight deuterium
peaks for the methyls, which is consistent with double protonation of the macrocycle
at the o or B positions (as observed in the case of zirconium¢ and nickel™
porphyrinogens, respectively), to yield H,LCo". The paramagnetically shifted peaks in
both spectroscopies (range of chemical shifts ~80 ppm) indicate that the metal ion has
been retained. The H NMR signals are clustered in two groups of four peaks each,
respectively shifted upfield and downfield relative to the diamagnetic range,
corresponding to the pseudo-axial and pseudo-equatorial positions, and they prove
that the structural integrity of the tetrapyrrole is retained upon protonation. Finally,
the protonation reaction is also apparent in vibrational spectroscopy. The IR spectrum
of H,LCo" displays bands at 3438 and at 1624, 1607 and 1582 cm™' which Na, [LCo"]
does not have. They are attributed to the stretching motions of the acidic protons and

of the localized C=N and C=C bonds in the protonated pyrroles, respectively.

Na, [""LCo"] reacts in a manner that parallels Na, [LCo"]. A solution of Na, [""LCo"]
turns green upon exposure to 2 equivalents of pyHCI, and the isolated beige powder
displays 'H NMR peaks consistent with its formulation as H,""LCo": in particular, the

four high-field pyrrole peaks are clearly resolved at —41.5, -43.0, —44.3 and -45.2 ppm.

® The brown powder obtained after isolation yields a brown, not green, solution in MeCN;

the IR and NMR spectral characteristics of the green reaction mixture and the brown
solution of the isolated material are similar. Therefore, the origin of the green color is
unclear; it can possibly originate from a small amount of CoCl,, removed upon isolation.

¢ See Chapter V.
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Figure VIIL.4. '"H NMR spectra of (from bottom to top) H.LCo" in CD,Cl, (red), H,LCo" in
pyridine / CD;CN (orange), and its photoproduct in CD,Cl, (blue). The photoproduct also has a
weak peak at ~+166 ppm (not shown). L* = meso-octakis(perdeuteromethyl)porphyrinogen.
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Figure VIIL5. Time evolution (UV-vis absorption spectra) of the photoreaction (A > 309 nm) of
H,LCo" in CH,Cl,. The first spectrum (mostly H,LCo") is in red, the last one (mostly
photoproduct) in blue. The arrows indicate the growth or decay of particular peaks.

L* = meso-octakis(perdeuteromethyl)porphyrinogen.
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Unlike [LC0"]*, H,LCO" is sensitive to axial coordination by neutral Lewis bases. It
decomposes when dissolved alone in MeCN, but is stable in that solvent in the
presence of excess pyridine; in the latter conditions, 'TH NMR shows evidence
forassociation of py both from the paramagnetically shifted py peaks and from the
dramatic shifts experienced by the H,L> protons? relative to the dichloromethane

solution (center spectrum of Figure VIII.4).

VIIL.3.b. Photoreaction

The UV-vis absorption spectrum of H,LCo" shows a peak in the near-UV (371 nm) on
top of a strong far-UV band that monotonically tails into the visible region. Irradiation
of a CHyCl, solution of H,LCo" at A >309 nm results in its conversion to a new
photoproduct of darker brown color. When the photoreaction is monitored by UV-vis
spectroscopy in a quartz cell, the growth of a new band is observed at 499 nm
concomitantly with the decay of the 309-nm band of H,LCo" (Figure VIIL.5). Isosbestic
points are maintained at 325 and 410 nm, showing that the reaction is quantitative
and that no intermediate accumulates in measurable amount during its course. When
performed in CD.Cl, in an NMR tube, the same photoreaction can also be monitored
by 'H NMR spectroscopy: the disappearance of the 10 signals of H,LCo" is
accompanied by the growth of two new paramagnetic peaks in the low-field region of
the spectrum (top spectrum of Figure VIll.4), an intense one (set to 8H) found at
+46.5 ppm at the end of the reaction® and a weaker one (~1 or 2H) at ~+166 ppm,"'4'>
along with some decomposed diamagnetic material (attributed to LH.). Free,
dissolved H, is not detected in CD.Cl, at 4.6 ppm'® by 'H NMR, nor as a gas in

volumetric measurement by Toepler pumping.

4 Between +125 and -35 ppm for eight observable H’s.

¢ At the beginning of the reaction, this peak is observed at slightly higher field, and it
consistently moves to lower field as the reaction approaches completion.

f Because it is so broad and weak, this peak can easily be overlooked; moreover, if the
experimental spectral range is too narrow, it can appear as a spurious “foldover” at high
field."*"®

221



Chapter VIII

According to monitoring by 'H NMR spectroscopy, the same product is
obtained when the photoreaction is carried out in similar conditions in CDCl; or ortho-
dichlorobenzene, although in both cases precipitation of some other material occurs,
along with the observation of other colors (red in CDCl;, green in 0-CsH4Cl,).2 The
photoreaction does not occur in CH;CN, because H,LCo" is not stable to it, however,
after completion of the reaction, dissolution of the photoproduct in CD;CN only
causes a shift of the '"H NMR signal from 46.5 to 39.0 ppm. Moreover, H,LCo" dissolved
in CDsCN in the presence of an excess of pyridine (which protects it against
decomposition) does not give rise to an observable photoreaction. Finally, H,;*"LCo"
photoreacts in CD,Cl, in a manner that parallels H,LCo", with a characteristic 3-pyrrole

peak at 40.3 ppm and a weaker peak (~1 or 2H) at ~+145 ppm.

In infrared, a set of three new bands of similar intensity appear during the
photoreaction at 1951, 1880 and 1811 cm™, in an otherwise blank spectral region
(Figure VIIL6). Given that all known cobalt hydrides and polyhydrides are characterized
I L -
AR r”
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Figure VIII.6. Two regions of the infrared spectra of dichloromethane solutions of (gray)
unirradiated H,LCo" and of (black) H,""LCo" after partial photoreaction. The low-energy region
is that in which the Co—H stretches appear for known cobalt hydrides,"* and the high-
energy region corresponds to acidic organic protons. The spectrum of the pure solvent has
been subtracted.

9 The red color can be tentatively attributed to a small amount of [LC0o"],, and the green
color to a small amount of CoCl..
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by a vibrational absorption between 1870 and 1980 cm™ (sometimes accompanied by
others at lower energies)'”° the three bands observed for the photoproduct can be

assigned to Co—H stretches with reasonable confidence.

Thus, the presence of a weak, strongly paramagnetically shifted '"H NMR signal
(indicative of a very short distance to the metal center) is consistent with the ~1900-
cm™' vibrational bands. Both are adequately rationalized by the presence of a direct
metal-hydride bond in the photoproduct. At this point, the exact structural identity of
the compound is not uniquely defined — monohydrides and polyhydrides, terminal
and bridging, alone and in an equilibrium mixture, are all conceivable. Unfortunately,

the compound has resisted all attempts to grow X-ray quality crystals to date.

VIil.4. Conclusions

The first forays into the possibility of exploiting ligand-based redox activity for the
design of reactivity related to that of hydrogenases have proven encouraging.
Cobalt(ll) porphyrinogen is a relatively mild reducing agent, with redox potential of
approximately -0.30 V vs NHE. It supports the same oxidation states as the iron system,
namely [LCo"]*, [LCo"], and [L**C0"]?*, with slight differences in the redox potentials
as expected on the basis of the aqueous M(II/Ill) couples. A first crucial property of the
system is its ability to take up two protons while maintaining its structural integrity —
a manifestation of the multifunctional nature of porphyrinogen already mentioned.
More precisely, the large negative charge of the reduced ligand, L*, allows it to
maintain a sufficient Lewis basic nature towards the metal after losing two charge
units upon double protonation, and the spread of the charge over an aromatic cycle
(as opposed to its concentration at the coordinating N atom) creates protonation sites
that are more than one bond away from the metal. The second important finding is
the presence of an electronic transition in the reduced, protonated state of cobalt
porphyrinogen, that is coupled to productive bond rearrangements. This results in a
clean photoconversion, evidenced by isosbestic behavior in electronic absorption
spectroscopy. Finally, from a methodology viewpoint, it is clear that in a field where
paramagnetic complexes are the rule, the assignment of NMR spectra can be based on

structural simplicity, and if possible symmetry, as well as deuteration.
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The most desirable reaction conceivable in the cobalt porphyrinogen system,
that is, the direct photochemical conversion of [H,LCo"] to [L“Co"] with elimination of
H, (reduction of two protons by two electrons) is not observed. However,
incorporation of a Co(ll) center into the redox-active ligand porphyrinogen seems to
alter the reactivity of the Co(l) charge transfer excited state fundamentally. Instead of
generating H* (reduction of one proton by one electron) as observed traditionally,®®
cobalt porphyrinogen photochemically produces H- — the two-electron reduction
product of one proton. Further development of the concept to include the second H*
will be contingent on (7) full structural characterization of the cobalt-hydride photo-
product, with consequent elucidation of the reaction stoichiometry, and (2) control of
the regiochemistry of the protonation. In the system studied, the two protons are
likely to reside on pyrroles situated trans to each other, whereas the ideal case for H,
elimination would be the protonation of adjacent pyrroles. This could presumably be

achieved by unsymmetrical substitution of the macrocycle.

In the inorganic literature, the chemical properties of the element cobalt
coordinated by oxidized ligands, in particular porphyrins, have not been investigated
as extensively as those of iron in similar environments. In biological systems, cobalt is
found coordinated to the tetrapyrrole macrocycle corrin in the cofactor cobalamin: the
corrin lacks the extensive delocalization of porphyrin, as well as one of its meso
methylenes. The reactions performed by cobalamin-dependent enzymes are radical
rearrangements initiated by homolysis of the weak Co"—C bond to a methyl or
deoxyadenosyl group.?>* This is in fact very reminiscent of the photoreactivity of
chloroiron(lll) porphyrins mentioned in the previous Chapter (VII.3). One of the
approaches towards multielectron reactivity mentioned in Chapter | of this thesis
(I.1.c), however, has been explored with quite some success, in particular for the
activation of O, and its use for oxygenation reactions, namely the use of dinuclear
coordination compounds. Although the structural variety of known dinuclear
complexes of Co is extensive, the reaction of the Co(llll) state with O, is quite
general.**** A bridging peroxide is usually the product formed initially, and depending
on the availability of external reducing agents, the reaction can proceed to a bis-u-
oxo, water, or an oxygenated substrate. In contrast to this, exposure of dissolved

cobalt(ll) porphyrinogen, [LCo"]*, to air produces a solution the UV-vis spectrum of
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which is identical to that of [LCo"]™. An interesting analogy between metal
porphyrinogen and a dinuclear cobalt system is found with Bosnich’s examples of
“one-site addition two-metal oxidation” reactions.>”>° In these cases, the endproduct
of the reaction of the Co(ll,ll) compound with an oxidant features two new ligands
coordinated at a single Co center, the second metal ion functioning exclusively as an

ancillary redox reservoir — just as the porphyrinogen ligand in the present thesis.

VIIL.5. Experimental section

VIIl.5.a. Synthesis

General technique

All compounds were handled, reactions were performed, and analytical samples were
prepared in inert atmosphere using standard Schlenk, dry-box and vacuum-line
techniques. Solvents were purchased from VWR Scientific Products or Sigma Aldrich
and purified using a Braun solvent purification system or using standard solvent
purification techniques.® Deuterated solvents were purchased from Cambridge
Isotope Laboratories, degassed, dried and distilled by procedures similar to those used
for non-isotopically enriched solvents. Other reagents were purchased from Aldrich,
Acros or Strem Chemicals and used as received. LH, was prepared as its meso-dx
version from acetone-ds and pyrrole. Photochemical experiments were carried out
using the light from a 1000-W high-pressure Hg—Xe lamp by Oriel, which was passed
through a water bath to remove its infrared component and a cutoff filter to remove

short wavelengths as desired, then collimated through a lens.

Synthesis of Na,(THF), [LCo"]

The reactants LNa4s(THF), (6.00 g, 7.24 mmol) and anhydrous CoCl, powder
(0.94 g, 7.24 mmol) were suspended in 200 mL of THF and stirred at r.t. overnight. The
white NaCl precipitate was filtered off and the filtrate was evaporated and dried in
vacuo. The solid residue was triturated in hexanes for two hr, then filtered and dried to
yield 4.38 g (87%) of beige powder. '"H NMR (500 MHz, CD;CN): &/ppm = 3.67 (m, 8H,
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THF-B), 1.84 (m, 8H, THF-), 0.19 (br, 8H, B-pyrr.). °H NMR (77 MHz, CH;CN): 8/ppm = 8.4
(s, 12H, -CDs), =31.2 (s, 12H, —CD3).

Synthesis of Na(MeCN), [LCo"]

A sample of Nax(THF), [LCo"] (1.00 g, 1.43 mmol) was dissolved in 20 mL of THF
and FcBF, (0.40 g, 1.43 mmol) was added. After 10 min., 150 mL of CH.Cl, were added
and the precipitate was removed by filtration; the filtrate was evaporated and dried in
vacuo. The solid residue was triturated in hexanes for 2 hr, then filtered and dried to
yield 0.70 g of dark powder. '"H NMR (500 MHz, CD;CN): 8/ppm = -85.7 (s, B-pyrr.).

Preparation of anhydrous pyHCI

A sample of pyridine (20 mL, 250 mmol) was dissolved in 100 mL of toluene,
then CaH, was added; the mixture was degassed, then stirred under N, for 15 min.
After filtration, the flask containing the clear filtrate solution was evacuated; gaseous
HCl was then slowly allowed to enter the flask and react with the stirred solution.
Precipitation of white pyHCl was accompanied by a strong exothermy. Once the
mixture returned to r.t. under 1 atm HCl gas, the system was again degassed and the
atmosphere reverted to N,; the product was filtered and dried in vacuo. The solid
residue was triturated in pentane for 2 hr, then filtered and dried to yield 12 g (43%) of
white powder. "H NMR (500 MHz, CDsCN): 6/ppm = 18.10 (br, TH, NH), 8.73 (d, 6 Hz, 2H,
0-H), 8.52 (tt, 8 Hzand 2 Hz, 1H, p-H), 8.00 (t, 7 Hz, 2H, m-H).

Synthesis of H,LCo"

A beige solution of Na,(THF), [LCo"] (1.00 g, 1.43 mmol) was prepared in 50 mL
of MeCN, then pyHCl (0.33g, 2.9 mmol, 2equiv.) was added and the solution
immediately turned green. After 5 min. it was evaporated and dried; the beige solid
residue was triturated in CH,Cl, and NaCl was filtered off. The filtrate was again
evaporated, then the solid was triturated in hexanes for 2 hr, filtered and dried in
vacuo to yield 0.62 g (85%) of brown powder. 'H NMR (500 MHz, CD,Cl,): 8/ppm = 37.2,
37.0,22.4,22.0,18.3,18.1,-38.5, -40.0, -40.8, —42.2. 2H NMR (77 MHz, CH,Cl,): 8/ppm =
10.2, 9.9, 94, 9.2, -37.5, -38.0, —38.3, —39.1 (the integration of 4 > 0 peaks and of the
d < 0 peaks are equal). UV-VIS (CH,Cly): Amax = 368 nm.
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Photoreaction of H,LCo"

A dilute yellow solution of H,LCo" was prepared in CH,Cl, in a UV-vis cell; the
absorption spectrum featured an absorption maximum at 371 nm. It was then
irradiated at A > 309 nm until the absorption spectrum remained constant, with a
maximum at 499 nm. Isosbestic points were maintained throughout the course of the
irradiation at 325 and 410 nm. The solvent was removed, CD,Cl, was added, and the
mixture was filtered into an NMR tube. 'H NMR (500 MHz): 6/ppm = +46.5 (8H, B-pyrr.),
+166 (~2H, Co—H).

Controls. (1) The reaction was run on a more concentrated sample in CD,Cl, in
an NMR tube, and the NMR spectral changes monitored periodically. The peaks of the
starting material disappeared concomitantly with the appearance of the product
signal; no intermediate built up in the course of the reaction. (2) The reaction was run
in CDCls, in ortho-dichlorobenzene-ds and in CDsCN: in the first two cases, it yielded

the same NMR signal, and in the third no reaction was observed.

VII.5.b.  Physical techniques

Nuclear magnetic resonance spectroscopy

'"H NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility (DCIF) on a Varian Inova-500, a Bruker Avance-600 or a Bruker Avance-400
spectrometer, and *H NMR spectra were recorded on a Varian Inova-500 equipped
with a direct probe. Chemical shifts are quoted in ppm relative to tetramethylsilane
and spectra have been internally calibrated to the monoprotio impurity of the
deuterated solvent, or the monodeutero impurity of the natural-abundance solvent
(the chemical shift was set to be equal to that observed in "TH-NMR for the monoprotio
impurity of the corresponding deuterated solvent). Spectra were recorded at 20 °C and
a 30-s delay was used between successive pulses in order to allow for quantitative

integration of the solvent peaks in 'TH-NMR.
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Crystal structure of Na;(DME)s [""LCo"]

Yellow trigonal prismatic single crystals of Na,(DME)s [P"LCo"] were grown by layering a
concentrated DME solution of Na,(THF) [""LCo"] with cyclohexane. A crystal was coated
with paratone N oil and mounted on a glass fiber. X-ray diffraction data were collected
on a Siemens diffractometer euipped with a CCD detector, using the Mo Ka radiation,
selected by a graphite monochromator. The data were integrated to hké-intensity and
the final unit cell calculated using the SAINT v.4.050 program from Siemens. Solution
and refinement were performed with the SHELXTL v.5.03 suite of programs developed
by G. M. Sheldrick and Siemens Industrial Automation, 1995 — the SHELXTL softwares
XM and XH had to be used for solution and for refinement instead of XS and XL,
respectively, which are used more routinely for small-molecule structures. An
empirical absorption correction was performed as implemented by the program
SADABS in the SHELX package. The asymmetric unit in C2/c was found to contain one
and a half Nay(DME)s [""LCo"] moieties, one Co center and two of the N atoms
coordinated to it lying at special positions. Least-squares refinements were applied to
F?, with hydrogen atoms placed at calculated positions using a standard riding model

and refined isotropically.
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Chapter IX

Several years of work with metal porphyrinogens have yielded experimental results
detailed in the previous seven chapters of this dissertation. They have also given rise
to some thoughts concerning the significance of the results and their rationalization,
in part based on heuristics and intuition. Thus, this last chapter attempts to put the
material of this thesis in perspective and uncover some underlying principles.
Naturally, it contains less scientific facts and more personal opinions. With this
limitation, it is meant to be helpful to somebody about to get started on a project

involving the redox chemistry of porphyrinogens.

IX.1. Electron transfer series of metal-porphyrinogens

IX.1.a. Preparation with “simple” counter-ions

Prior to the work reported in this dissertation, the published examples of transition
metal complexes of ligand-oxidized porphyrinogens were limited to [*L“V=NAr],
[*L*MNn",  [FL**Mn"—CI] (CusCh)rz,  [*LFe'—CI] (CuaCls),  [YL**Fe"—Cl] (Cu,Cla)ys,
[ILAFe'—I] (I5) » I, [¥L**Fe"—Cl] (FeCls), [*L*Co"], [*L**Co'—Cl] (Cu.Cls), [¥L*Ni], and
[*LACu"] (where *L*, *L*2- and *L** represent the three available oxidation states of the
meso-octaethylporphyrinogen macrocycle, and 9L, L% and 9L** represent the
related meso-tetrakis(penta-1,5-diyl)porphyrinogens)."” For the present work, the goal
of characterizing electron transfer series of this type of high-valent metal-
porphyrinogens by spectroscopic and electrochemical methods dictated that, in
contrast to the above examples, the compounds be prepared in their simplest form,
that is, (a) with counter-ions that are strictly redox-inactive, spectroscopically silent,
and not Lewis basic, and (b) with meso substituents that are inert to redox
decomposition.®'? It was shown that the first condition can be met for the counter-
anions by BF,~. The anions tetraphenylborate and hexafluorophosphate, in particular,
were found to cause rapid decomposition of [L**Fe']>* and [L**Zn]?*. Cobalticarborane,
Co(C:BsH141):, also can yield stable ion pairs with cationic metalloporphyrinogens,

which was put to use for crystallographic purposes. Condition (b) was fulfilled with the
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use of the smallest possible meso substituent, methyl. This choice, however, presents a

drawback, namely a limited solubility in organic solvents of low to medium polarity.

The traditional metallation route via reaction of an alkali (M'*) salt of the
porphyrinogen tetraanion (L*) with a halide (X°) of the metal ion (typically, M") to be
inserted is plagued by several limitations. Firstly, it is a two-step procedure, and the
the deprotonation is cumbersome in the case of sodium (a week-long reflux).
Secondly, it causes separation difficulties: the desired product (M’, [LM"]) is a salt, and
so are the starting materials (M,L and MX;) and the byproduct (M'X), with the
consequence that the four compounds have quite similar solubilities. And thirdly, it
may result in the formation of solvated polynuclear p-halo cations of the type
[(solv)sM".X,]®¥*, a problem which becomes more acute when M',L is less soluble
than M"X.. It was found that homoleptic (or solvated) alkyl, amido, or arene complexes
of M", when available, are convenient reagents for the direct installation of the metal
ion into the free ligand LH,, albeit with less generality. The byproduct, alkane, amine,
or arene+H,, is most easily separated from the desired product. Dialkylzinc,
dialkylmagnesium, zirconium tetrakis(dialkylamide), and arene-calcium fall in that

category.

IX.1.b. Electrochemistry

The quadruple negative charge of the reduced porphyrinogen ligand makes it a
strong ¢ base, and the d orbitals of the central metal ion are thereby very significantly
destabilized compared to their energies in aquo, porphyrin, and bipyridine complexes,
for example. The M(I/IIl) electrochemical couples are correspondingly shifted
cathodically. On the other extreme, the oxidized, neutral A2 ligand is such a poor
donor that within it the Fe(ll/lll) couple is not observed, and attempts to oxidize
[L**Fe']>* to [L*“Fe"]** failed even with very strong oxidants. Both consecutive two-
electron oxidation steps of the ligand when coordinating a metal(ll) ion are
consistently found to be at relatively mild potentials of roughly +0.2 and +0.6 V. Even
though the CV waves involving oxidized versions of the ligand are rarely observed to
be reversible in the electrochemical sense ([L*“Zn]**/[L%Zn] is fully reversible,

however), both cathodic and anodic signals are observed for each of the redox
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couples involved, which corresponds, at the macroscopic level, to the reversibility of
the same transformations carried out on the preparative scale. The most dramatic
electrochemical feature of metal porphyrinogen complexes is the appearance of a
three-electron redox couple between [LM"]- and [LA2M"2* if the M(IIl) oxidation state is
sufficiently stable to drive the disproportionation of [L“M'] to [L**M"]** and [LM"]~. A
fundamental difference needs to be pointed out between this situation and that of
systems that display an n-electron electrochemical wave due to the presence of n
identical redox units that are electronically and electrostatically isolated from each
other: such systems have no selectivity for the multielectron process, instead, the n
isolated units separately undergo n one-electron processes at the same redox
potential. In principle, a selective three-electron couple is a crucial design element
towards the goal of evolving O, from H,0: it forces the system to oxidize two oxos
directly to the superoxo oxidation state instead of the peroxide. Bypassing the
possibility that H.O, be an intermediate eliminates the problems inherent to it in

electrocatalysis, namely, overpotentials and catalyst decomposition.

In practical terms, the electrochemistry of metal-porphyrinogens is not trivial.
In the course of the experiments reported in this thesis, it was oftentimes observed
that the electrochemical signal of a given sample would change irreversibly upon
repeated voltage sweeps. The quality of the |-V curves usually would decrease
drastically, and new waves would grow in. Such behavior results from radical reactions
of odd-electron intermediates, from the limited stability of oxidized porphyrinogen
complexes, and from solubility problems. Such difficulties can to some extent be
circumvented by fast sweeps and by judicious choices of electrolyte and solvent,
however the solubility constraints and the reactivity of certain solvents with strong
reductants do not always allow a set of conditions to be found in which all redox
transformations are reversible. Moreover, aggregation of metal porphyrinogens via
C—C coupling or coordinative bonding is documented even in the absence of

interference from external reagents."

An interesting fundamental question concerning the electrochemistry of
compounds in which a two-electron redox process translates into the formation or

breaking of a C—C bond was brought up in a discussion with Prof. Francois Gabbai.
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Gabbai’s 1,8-bis(diarylmethylium)naphthalene dications are powerful oxidants, and
their reaction with some hydrides and halides results in their reduction to the neutral
state, in which a direct C—C bond is formed between the former methylium centers.
The electrochemistry of those compounds is strongly irreversible: the neutral state
displays a cathodic wave at ~1.1V vs Fc/Fc*, whereas the corresponding reduction
occurs at a much less positive potential (~+0.3 to -0.2V).'?'* This behavior is
rationalized as a special case of so-called ECE mechanism, whereby oxidation of the
C—C bonded neutral molecule yields a C—C bonded dication, which then reacts in a
subsequent chemical step to the ground-state open dication, the re-reduction of
which (to the open neutral state) is shifted cathodically by an amount corresponding
the stability of the C—C bond. In essence, this bistability mechanism is the
intramolecular version of a well-known phenomenon, the irreversibility of the Fe(ll/Ill)
couple in some porphyrinic systems due to the axial coordination of chloride in the
Fe(lll) OS (bottom of SchemeIX.1). From this perspective, the fact that metal
complexes of porphyrinogen exhibit cathodic and anodic DPV signals at practically the
same potential becomes difficult to reconcile with the C—C bond breaking/making
that also has to occur upon redox changes. On the other hand, if such changes in
bonding are considered simply as an extreme case of the bond
lengthening/shortening that accompanies any electron transfer reaction (see the

example of hexaaquoiron, top of Scheme IX.1), then no bistability is expected.

Those two apparently conflicting views can be reconciled. If the bond
making/breaking step has an activation barrier such that it is slow on the timescale of
the electrochemical experiment, then bistability will be observed. Conversely, the
electrochemical experiment will be blind to a “chemical” (that is, bond rearrangement)
event if it is much faster than the CV sweep, and reversible electrochemistry will result.
Such will be the case when structural reorganization between the geometries of the
two redox states is barrierless, only corresponding to a motion along a harmonic
vibrational coordinate (as is the case for the hexaaquoiron ion), but also when the two
geometries (corresponding to the ground state of the oxidized and reduced versions,
respectively) are, in a given oxidation state, distinct minima separated by a barrier of
sufficiently low energy, such that their interconversion is faster than the CV sweep. In

fact, we know from theory (Chapter lll) that the equilibrium between '[L&-"Zn@"]
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Scheme IX.1. Four examples of electrochemical processes involving increasing amounts of
structural reorganization, or changes in bonding. Ar = Ph or substituted phenyl.'>"

(C—C bonded) and 3[L?7Zn®"] (no C—C bond, roughly identical in its geometry to the
reduced state [L“'Zn?"]>) has a small energy difference. A correspondingly low
energy barrier between the two states is sufficient to explain the reversible
electrochemical behavior of metalloporphyrinogens, as opposed to the di(methylium)

ions mentioned above.

IX.2. Electronic structures

The four pyrrole anions behave as very strong ¢ bases within the reduced ligand L*.

However, because the 1 pair of electrons on N is involved in the aromatic system of
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pyrrole, porphyrinogen is not m-basic towards the central metal (in its all-n’
coordination mode), as observed experimentally with the absence of M—N bond

lengthening when M is changed from Fe to Co in [LM"]** (Chapters V and VIII).

The reduced L* remains nucleophilic even when coordinated to a metal di- or
tetracation, with the pyrrole a-C’s contributing the largest coefficients to the four
degenerate HOMOs. Accordingly, metal complexes of porphyrinogen are able to
coordinate alkali counter-cations in m° fashion, and protons at the o-C. Thus,
porphyrinogen is the antithesis of the so-called “ancillary ligands”, the purpose of
which is to not participate in any chemistry, remain inert to chemical changes at the
metal, and only provide a physical barrier shielding the metal center. Porphyrinogen
assists the metal in redox transformations, it also offers basic sites in the vicinity of the
inorganic acidic center. This active participation of the ligand is an advantageous
feature in that it allows for several reactants to be assembled prior to a bond-making
reactive step — this thesis explored a path in which two H* ions were positioned in the
vicinity of the two-electron reservoir before photolysis, and one could in principle
conceive more involved coupling schemes. Of course, this very advantage carries an
inherent drawback, namely, the difficulty of predicting and controlling reactive

outcomes in a system comprising several reactive sites.

In its redox chemistry, porphyrinogen does in favorable conditions undergo
well-defined two-electron transformations — even a four-electron one in a single step
when coordinating Fe(lll) (Fe(lll) is simultaneously reduced to Fe(ll) in the process). The
formation and breaking of a C—C bond drives what is essentially a controlled,
intramolecular version of the electropolymerization of pyrrole to become a selective
two-electron event, as evidenced electrochemically and structurally. However, the
short C—C “delta” bonds observed in the solid state are somewhat deceptive in that
they do not reflect the bond strength. Theoretical methods show that, even though
the singlet state is characterized by a well-defined bond, its homolysis yields a triplet
in which the unpaired, nonbonding spins are unusually stabilized by extensive
delocalization over all four pyrroles. And in fact, several experimental observations
concur to offer indirect evidence in support of the DFT result: the ill-defined NMR
spectrum of [L°M], M=Mg, Zn, Ca, the fully reversible [L*Zn]*/[L“Zn]

239



Chapter IX

electrochemical couple, and the propensity of oxidized porphyrinogens to

decompose, presumably via the formation of radicals.

The oxidation state [L®M] exhibits the hallmark of mixed valency, an IVCT
optical transition. Moreover, it offers a possibility which prior to this work did not exist,
the controlled modification of a single structural parameter of importance to the IVCT.
In the extensive literature describing the measurement of IVCT properties in series of
structurally related mixed-valent compounds and aiming to extract data on electronic
coupling and electron transfer rates through different types of bridges,'*'® comparison
of series of mixed-valent dinuclear complexes differing by the size and nature of the
bridge is tenuous inasmuch as replacement of a bridge with another simultaneously
affects several of the crucial parameters of mixed valency, namely the electronic
coupling between both metal ions, the distance separating them, and the energies of
the orbitals at the metals. In contrast to this, the Mg / Zn / Ca porphyrinogen system
maintains a structurally constant mixed-valent framework with set coupling and
distance, while only orbital energies are tuned by the electric field imposed by the
position of the electronically independent central metal ion. Moreover, the very short
lifetimes observed for the excited state of [L*Mg] serve as a reminder of a fundamental
difference between one- and two-electron mixed valency. In one-electron mixed
valency, the spin of the valence-symmetrical state is the same as that of the localized
state, whereas in two-electron mixed-valent systems the valence-symmetrical state is a
diradical triplet as opposed to the singlet obtained when localization of both electrons

at the same site allows for their pairing in a bonding interaction.

IX.3. Potential for multielectron reactivity

1X.3.a. The facts

Several published instances established the multielectron reducing potential of low-
valent metal porphyrinogens, in particular for the binding and (in some cases)

cleavage of N,, although in no case was the redox ability of the ligand put to use for
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that purpose.’? This thesis explored the reaction chemistry of some porphyrinogen
complexes in transformations actively involving the macrocycle in redox fashion. The
ability of the oxidized iron porphyrinogen [L*“Fe']>* to carry out the oxidation of
iodide to diiodine, while concomitantly being reduced to [LFe"], was proven, while
reactions of [LZn]?>- with CO, and of [LZr'V] with O, and XeF, do take place but could not

be fully characterized.

One difficulty mentioned above is the possibility for the ligand to react, and
potentially decompose, as already documented in the literature.’?* This can
potentially happen via electrophilic / nucleophilic pathways (as postulated by the
articles reporting the decomposition products), but the recurrent observation of H
atom abstraction from the solvent in the systems studied here, as well as the
possibility of triplet oxidized porphyrinogens, favor the hypothesis that radicals may

be involved as well.

1X.3.b. Novel avenues

One approach that could potentially shut down odd-electron reaction pathways is the
use of porphyrinogen in concert with a metal ion featuring a selective two-electron
redox couple. Palladium, platinum, tin, lead, phosphorus, arsenic and antimony are

suitable candidates.

Preliminary forays into the octamethylporphyrinogen chemistry of antimony
show that metallation is possible and that Sb-porphyrinogens can be obtained in at
least two distinct oxidation states. Room temperature reaction of a THF suspension of
solvated tetrasodium porphyrinogen with an equimolar amount of SbCl; results in a
lightly orange mixture which, after removal of undissolved NaCl and the solvent, yields
Na(THF):s [LSb"] in 76% vyield, characterized in 'TH NMR by signals at 5.79 (s, 8H, -
pyrrole), 3.62 (m, 6H, THF-a), 1.78 (m, 6H, THF-B), 1.66 (s, 12H, -CHs), and 1.52 ppm (s,
12H, —-CHs), and of adequate elemental analysis (calc. for CssHasNsNaO,5Sb, C 60.28, H
6.55, and N 8.27%, meas. C 60.37, H 6.68, and N 8.33%). Additionally, dropwise addition
of a CHyCl, solution of SbCls over two hours to a cold (-78°C) CH,Cl, suspension of

solvated tetrasodium porphyrinogen in equimolar amount, followed by warming up
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Scheme IX.2. Preparation of antimony porphyrinogen in two oxidation states.

to 0°C over 12 hr, then removal of NaCl and the solvent, yields L*Sb"Cl (or LSb"Cl) as a
deep purple powder in 63% yield, of elemental analysis C 57.95, H 5.63, N 9.55, and Cl
6.14% (calc. for CosH3.CIN,Sb C 57.81, H 5.54, N 9.63, and Cl 6.09%). Finally, L*Sb"CI (or
LSbYCl) can also be obtained from Na(THF)s [LSb"] by oxidation by a stoichiometric
amount of SbCls. The three transformations are summarized graphically in
Scheme IX.2.

At this stage, the electronic structure of “LSbCI” is unknown, and both the
LSb"Cl and LSbYCl valence isomers can be proposed. The purple material has very
limited thermal stability, turning to red, then orange, in a matter of minutes to hours at
room temperature in solution, depending on the solvent. Given the relatively large
size of Sb(lll) and the unfavorable strain imposed by large ions on the constrained
oxidized porphyrinogens, it is probable that replacement of Sb by the smaller
congener P would improve the stability of the system in high-valent states, although

the lesser metallic character of P might have the opposite effect in low-valent states.

IX.3.c. Hydrogen atom abstraction in chemistry and biology

Reaction of [L**Fe'—OSiMes]* with fluoride yields a single paramagnetic product that
is soluble in acetonitrile, and with characteristic NMR signature. If “LFe**" were a
traditional oxidizing agent, such as an Fe(lV) center coordinated by a dianionic ligand,
then the product would naturally be formulated as “LFe=0" and expected to perform
OAT chemistry, at least on thermodynamically favorable substrates. However, the
peculiar nature of [L**Fe]?*, an oxidant based on the low-valent metal ion Fe(ll), means

that the transient terminal oxo species formed initially cannot be the stable product
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isolated. Its nature as a valence-isomerized [L“Fe"=0] is excluded by the symmetry
apparent in NMR and by the Mdssbauer parameters. In all likelihood, the low oxidation
state of the metal is maintained in a product arising from bimolecular stabilization of

the initially formed oxo.

This species reacts accordingly. Instead of performing OAT to phosphines, it
reverts back to its reduced [LFe"]~ state by decomposing the phosphines to a mixture
of low-symmetry products, most likely indicative of radical chemistry. Although less
satisfying to an inorganic chemist trained to cherish reductive eliminations and group
transfers, this behavior corresponds to the lack of electrophilic character that is to be
expected when the nonbonding pairs of electrons on the O atom of the oxidant do
not take part in bonding because the metal center is electron-rich. The system takes
the path of outer-sphere electron transfer to the oxidizing reservoir (the macrocycle in
this case) with concomitant or consecutive protonation of the oxo, resulting in net H
atom abstraction. In high-valent metal oxos, the level of control achieved is correlated
with the stability of the M=0O bond; but the strength of this bond is also a kinetic
bottleneck and puts an upper limit on the range of substrates amenable to
oxygenation. Enzymes that hydroxylate unactivated alkanes do not perform the well-
defined and well-controllable concerted OAT into the C—H bond (as mentioned in
Chapter ). Instead, they abstract the H atom in the first place, then “rebound” a
hydroxyl radical onto the carbon-based radical. This is exactly the behavior that the
iron porphyrinogen cation displays (and in principle, any oxidant based on an
electron-rich transition metal center). The problem to solve — and a very severe one
— is the control of the reactivity of such intermediate radicals. Biological catalysts
achieve outstanding control by recognizing and allowing a single substrate into the
vicinity of the reactive agent, and positioning reactants in a geometry so ideal that the
desired reactive pathway is faster than its unproductive competitors. Inorganic
chemists need to develop strategies to organize the second coordination sphere of a
metal ion in a simple and versatile manner that will confer to the active center the

required substrate selectivity.
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1X.3.d. A last word

The study of metalloporphyrinogen chemistry was undertaken on the premise that
oxidation of the ligand instead of the metal center would weaken metal-substrate
(typically metal-oxo) bond by maintaining a high d electron count, thereby enabling
facile oxidative coupling of (loosely) coordinated substrates with external agents. This
idea has proven to be valid, and in fact, oxidized iron porphyrinogens seem to react
mostly without directly binding the substrate at all, preferring fast outer-sphere
electron transfers — often resulting in decomposition via radical pathways unless the
products of odd-electron oxidation are particularly stable (such as I* in the oxidation of
I)). It was also realized that this type of reactivity is in fact quite akin to that of
oxygenase enzymes, the difference being in the level of control over the fate of

reactive radical intermediates.

Porphyrinogens may not provide a platform suitable to being developed to the
level of molecular elaboration that will be needed to eventually achieve adequate
substrate organization and control. Nevertheless, they have proven a very satisfying
model system, one in which structures bear characteristic spectral signatures because
of changes in symmetry, electronic structures can be easily rationalized theoretically in
simple terms (integer oxidation states, localized spins), and spectroscopic methods
can be used to cleanly interrogate specific parts of the system. And the recent
burgeoning of research activity in the field of “non-innoncent” ligands®*3? indicates
that the conceptual degrees of freedom gained by unlocking the redox activity of a
ligand will be put to use by inorganic chemists in the near future to carry out novel

transformations.
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2 From “A Nation’s Strength,” attributed to Ralph Waldo Emerson
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Biographical note

In March 1978, the news headlines were concerned with the invasion of South Lebanon by
Israel, the kidnapping of Italian prime minister Aldo Moro by the Red Brigades, and the
catastrophic wreckage of the oil tanker Amoco Cadiz off the shore of Brittany. The same year,
the Eagles’ Hotel California was recognized as the “record of the year”. Thus, when Julien was
born on March 30" in Bienne, Switzerland, 'This could be Heaven or this could be Hell,' and it
was unclear in which of the two directions the world was going to evolve. To date, the balance
has kept swaying on the razor’s edge, and the purgatory state of our Earth has allowed Julien
to grow and learn for twenty-eight years.

His father hoped to see him and his little brother Sven become downhill skiing champions
or biologists. Indeed, at two and a half years of age Julien was able to ski down his first snowy
slope; at four, he would crouch in front of the monstrous ant-hills common on Mont-Sujet
above Bienne and observe the workers carry their loads and the soldiers defend the precious
larvae. During the grade school years in his home village of Evilard and later in Bienne, a
mother extraordinarily supportive in all school-related matters strongly encouraged Julien to
invest all his energy into his classes and homework. In his free time, he would still mostly enjoy
skiing in the Alps, mountain-biking up and down the Jura hills around Evilard, and walking in
the woods with Sven to observe birds and pick mushrooms. In the late 1980s, the alpine ski
racing community was dominated by Swiss legend Pirmin Zurbriggen, whose elegance on the
slopes, fair play and determination impressed and inspired young Julien.

During high school at the Gymnase Francais de Bienne on the shore of Lake Bienne, Julien
was exposed to new influences that fostered other long-lasting interests. He learnt to
appreciate jazz, starting from Oscar Peterson and moving on to Thelonius Monk and Michel
Petrucciani. He discovered that mathematics were an invention of ancient Babylone, classical
India and the Middle East, not the European Renaissance. The Bachmann family vacations in
the United States left to Julien a taste of the vastness of America and the (apparent) optimism
of its inhabitants. Finally, the energy and wit of his young and talented chemistry teacher —
possibly her smile too — lured him into the science of matter and its transformations.

Thus, in 1997 Julien moved to Lausanne to study chemistry on the shore of Lake Léman
(Lake Geneva) at the Université de Lausanne. He fell under the spell of his future wife Sandrine
while working on lab reports, over coffees shared during monotonous classes, and sledding
down the snowy slopes around Grindelwald in the Bernese Alps on a starry night. Thus, he was
able to discover chemistry with the keen eagerness of those in love. He found a mentor whose
style corresponded to his in the late Prof. Carlo Floriani. Julien’s interaction with Prof. Floriani
and members of the Floriani group taught him the magic of inorganic synthesis, the creative
delight of engaged chemistry conversations, and the art of making Italian espresso.

During his Ph.D. work at the Massachusetts Institute of Technology, Julien became aware
of the delicacies of dim sum in Chinatown, of the fears of many Americans materialized in
oversized military and oversized cars, and of the breathtaking beauty of the vast, lonesome
Canadian landscapes. On their honeymoon in Algonquin country, Sandrine and Julien carried
their canoe from lake to lake, camped on tiny islands, confronted bears. Later, they learnt
cross-country skiing in thigh-deep powdery snow in the forests of Québec. Since the birth of
their son Igor in December 2005, they have discovered the delight of a toothless smile, a few
syllables of baby chatter, and the tight grip of a little hand on one finger.

In the summer of 2006, the Bachmanns are headed for Halle in Germany, where Julien will
join the Max-Planck Institut fiir Mikrostrukturphysik as an Alexander von Humboldt fellow.
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