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ABSTRACT: The reduction of iron(II) phthalocyanine (Pc(2—)Fe") or its bisaxially coordinated complexes results in the
formation of the purple/red [PcFe] ™, [PcFeL]™, and [PcFeX]*~ (L is neutral and X is anionic ligand) species. The X-ray structure of
the [K(DME),][PcFe] complex exhibits a square-planar [PcFe]™ anion. "H NMR spectra of the reduced species have one or two
phthalocyanine broad peaks between 15 and 17 ppm. Solution magnetic moments are consistent with the presence of a single
unpaired electron. A solid-state Mossbauer spectrum of [K(DME),][PcFe] is consistent with an early report [Taube, R. Pure Appl.
Chem.1974, 38, 427—438]. The solid-state EPR spectrum of the [PcFe]™ anion is close to that recorded by Konarev et al. [ Dalton
Trans.2012, 41, 13841—13847]. Solution EPR spectra of reduced species have axial symmetry (g, ~ 2.08—2.17 and g ~ 1.95—1.96)
and correlate well with spectra reported by Lever and Wilshire in 1978 [Inorg. Chem.1978, 17, 1145—1151]. The UV—vis spectra of
pentacoordinated [PcFeL]™ and [PcFeX]*™ anions consist of the characteristic bands around 810, 690, and 515 nm. These bands
correlate well with the set of MCD pseudo A-terms and resemble transitions in the [Pc(3—)M]~ and [Pc(3—)ML]~ compounds.
The UV—vis and MCD spectra of [PcFeL]™ and [PcFeX]*~ complexes are in stark contrast to the crystallographically characterized
reference [Pc(2—)Co']™ anion, which is EPR silent, has a regular diamagnetic 'H NMR spectrum, and has an intense Q-band at 699
nm, which correlates well with the strong MCD A-term. The DFT and TDDFT calculations are suggestive of the iron(II) center in a
(dxy)z(dxz,},z)3(dzz)l (s = 1) electronic configuration that is antiferromagnetically coupled with the one-electron-reduced Pc(3—)
ligand (ie, [Pc(3—)Fe"]™, [Pc(3—)Fe"L]™, and [Pc(3—)Fe"X]*"). The calculated EPR, Mossbauer, and UV—vis spectra of
[PcFe]™, [PcFeL]™, and [PcFeX]*™ complexes are in excellent agreement with the experimental data, thus resolving the controversy
between axial s = 1/2 like EPR and Pc(3—)-like UV—vis spectra of these compounds.

B INTRODUCTION low-spin diamagnetic hexacoordinate complexes with N-
I h . . . donors,**™>* P-donors,>>*>7>7 C-donors,éo_69 and S-do-
ron phthalocyanine and its analogues accommodate a variety of 0t . ) .

nors, while O-donors typically form PcFeL’L” complexes

oxidation states that span between +1 and +4 as well as spin
states that vary between 0 and 5/2."~” Such an ability to adopt a
variety of oxidation and spin states that are supplemented by the
affinity for coordination by a variety of axial ligands was
exploited in the usage of these complexes for oxidative C—H
bond activation in homogeneous and heterogeneous cataly-
sis,5’8718 colorimetric detection of NO, species and carbon Received: = September 28, 2022 Inolganic[hepixtiy
monoxide,” > electrocatalytic transformation of small mole- Published: December 6, 2022
cules,24_26 formation of the reactive oxygen species activators in
cancer multidrug ther'apies,27’28 and nanoscale electrode
materials in the electrochemical detection of small biologically
relevant molecules.”” > Iron(II) phthalocyanines tend to form

with the sixth ligand being CO. Iron(III) phthalocyanines form
both penta- and hexacoordinated monomeric or dimeric
compounds depending on the type of axial ligand(s).>*>*7*~"”
These complexes can adopt low-spin (s = 1/2), spin-admixed (s
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= 3/5-5/2), and high-spin (s = 5§/2) configurations. Both
iron(I1) and iron(Il) phthalocyanines have been well-studied
by a variety of spectroscopic (e.g., UV—vis, MCD, NMR, EPR,
and Mossbauer) methods, and many of these compounds were
also structurally characterized by X-ray crystallography.

On the other hand, information on the species that are formed
upon reduction of tetra- and hexacoordinated iron(II)
phthalocyanines remains scarce. In the 1960s and 1970s, several
key reports on the nature of such reduced species were
published. In 1972, Clack and Yandle reported the UV—vis
spectrum of iron phthalocyanine reduced by sodium metal.”®
These authors noted that they were not able to observe the EPR
spectrum for the red-colored reduced species.”” In 1974, Taube
reported Mossbauer spectra and magnetic properties on a single-
electron-reduced iron phthalocyanine.* Finally, in 1978, Lever
and Wilshire reported a UV—vis spectrum and a well-resolved
solution EPR spectrum of a single-electron-reduced iron
phthalocyanine.”" The presence of an axial EPR signal with g,
observed between 2.077 and 2.119 and g, observed between
1.953 and 1.961 was interpreted as attributable to the formation
of iron(I) complexes. Based on the superhyperfine splitting of
the g; signal observed for [PcFeL]™ complexes with imidazole,
pyridine, and triphenylphosphine axial ligands, it was concluded
that a single-electron-reduced species had a [Pc(2—)Fe'L]~
formula (L = pyridine, imidazole, PPh;, and DMA), with a d’
iron(I) center located in a square-pyramidal environment. Lever
and Wilshire also stated that the intense peak observed in the
UV—vis spectrum of the reduced species at 516 nm is consistent
with a Pc radical anion (i.e., not with an Fe(I)-containing
species) but that “perturbation of the conventional Pc spectrum
by low-valency metal ions to induce similar shifts” may also be
possible.”" Since that time, Lever’s interpretation of the metal-
centered one-electron-reduced iron(Il) phthalocyanines has
remained undisputed,®**" although Kobayashi and co-workers
commented on the unusual spectrum of such a compound
because it closely resembles the UV—vis spectra of one-electron-
reduced main-group phthalocyanines of the general formula
[Pc(3—)M"]™ and [Pc(3—)M"L] ™ and thus “this profile can be
easily misinterpreted as a reduction centered on the Pc ring”.*’
Konarev and coauthors observed an additional band around
1050 nm in the samples of [PcFeL]™ compounds, which they
attributed to the radical nature of the phthalocyanine ligand.**
However, these spectra were studied in the solid state, and thus
aggregation-induced dimers or oligomers (similar to those
observed in ([Pc(1—)M"],**) can complicate the interpretation
of the experimental data.”

X-ray data on one-electron-reduced iron(II) phthalocyanine
complexes were extensively reported by Konarev and co-
workers. Structural information on reduced PcFe complexes
include materials with the formulas [K([2.2.2]-
cryptand)]*[PcFe]” (and the related sodium salt)®® and
[Li,(THF)(18-crown-6),]|*[PcFe]” (THF = tetrahydrofur-
an),”’ [N,N,N-trimethylpiperazinium]*[PcFe] ~% and several
materials that utilize reduced [PcFe]™ anions as spin-bearing
units in ternary materials, e.g. with fullerenes,**"* tryptycene,
and N,N,N’,N’—tetrabenzyl—p—phenylenediamine,8 and
[Cp*,Cr] cations.” Solid-state magnetometry data reported
by Konarev and co-workers are indicative of an s = 1/2 ground
state for single-electron-reduced iron(II) phthalocyanine
species. The solid-state EPR spectra reported by Konarev and
coauthors have strong counterion dependency and can be
deconvoluted to several overlapping broad bands.*>~** These
EPR spectra are drastically different from the solution-phase

EPR spectra reported by Lever and Wilshire in 1978”" and more
recently by Dzilinski and coauthors;”* however, this is not
surprising given the large observed differences in solid state and
solution.

The main unresolved problem in the electronic structure of
the single-electron-reduced iron(1I) phthalocyanines is the
discrepancy between the observed axial symmetry d’-type (s =
1/2) EPR spectra of these species (which requires one-electron
reduction of the iron(II) center) in solution and the
phthalocyanine anion radical like UV—vis spectra (which
requires one-electron reduction of the phthalocyanine ligand
to form the organic radical anion). Our interest in single-
electron-reduced iron(1I) phthalocyanines converged from two
directions. First, we are interested in generating and isolating
reduced PcM species using chemical reducing agents.”>™”
Thus, in continuation of our studies on the isolated single-
electron-reduced phthalocyanine species, we have studied the
reduction and isolation of iron(II) phthalocyanine derivatives.
Second, we recently discussed the b, *—b,,* energy gap in
PcFeL,, PcFeL'L”, or [PcFeX,]*” complexes (Figure 1), which,
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Figure 1. Hypothetical arbitrary energy molecular diagram for the 2Eg
ground state of a [Pc(3—)Fe"L]~ complex with a low-spin iron center.
Vertical arrows are associated with the symmetry allowed (in a standard
for phthalocyanine D,;, point group) metal-to-ligand charge transfer
(MLCT), ligand-to-metal charge transfer (LMCT), and phthalocya-
nine-centered transitions. Red arrows indicate transitions that originate
from the reduced le,* MOs. Violet and red arrows represent XY-
polarized transitions, and green arrows represent Z-polarized
transitions.

based on magnetic circular dichroism (MCD) and time
dependent density functional theory (TDDFT) data, should
be around 0.10—0.15 eV.”® Similar to main-group phthalocya-
nines of the general formula [Pc(3—)M"]” (M = Mg or
Zn),””~"°" we speculated that this gap can be directly measured
using MCD spectra of [Pc(3—)Fe'L,]™ (n =1 or 2) complexes
as 7e,* — 1b,,*/1b,,* transitions should be observable in the

8
500—600 nm region, assuming that the first reduction of the
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Figure 2. Generation and structures of the reduced species discussed in this paper.

Table 1. Summary of Crystallographic Data for 1 and 2

empirical formula C,4sHcNgOgKFe
formula weight 967.95
temperature (K) 150(2)
crystal system monoclinic
space group Cm

a(A) 16.8604(16)
b (A) 38.787(3)
c(A) 12.3645(11)
a (deg) 90

 (deg) 110.426(2)
v (deg) 90

volume (A%) 7577.5(12)
VA 4

Peatc (g/cm?) 1.251

u (mm™") 0.437
FE(000) 2966.0

crystal size (mm?®) 1.08 X 0.3 X 0.08

radiation Mo Ka (1 =0.71073)
20 range for data collection (deg) 2.784—50.046
reflections collected 60043

independent reflections
data/restraints/parameters 13609/91/960
goodness of fit on F* 1.341

final R indexes [I > 26(I)]
final R indexes [all data]
largest diff peak/hole (e A™)

Flack parameter

1.48/—0.68
0.41(2)

13609 [Ryy = 0.0397, Ry, = 0.0368]

R, = 0.0653, wR, = 0.1665
R, = 0.0759, wR, = 0.1730

C4sH6NgOgKCo

971.04

150(2)

monoclinic

Cm

16.584(8)

38.673(19)

12.272(6)

90

109.743(12)

90

7408(6)

4

1.270

0.489

2951.0

0.513 X 0.286 X 0.157
Mo Ka (1 =0.71073)
3.76—50.054

22425

10954 [R, = 0.0420, Rygpn, = 0.0586]
10954/117/922

1.239

R, = 0.0728, wR, = 0.1879
R, = 0.0878, wR, = 0.1967
1.10/-1.09

0.47(3)

PcFe, PcFel,, and [PcFeX,]*”
centered.

In order to address the two aforementioned questions and
resolve the spectroscopy-based conundrum for the [PcFe]”,
[PcFeL]™, and [PcFeX]*” complexes, we have reduced a
number of iron(II) phthalocyanine compounds with different
axial ligands (Figure 2) as well as the parent unligated PcFe and
have analyzed their electronic structures using UV—vis, MCD,
solution EPR, density functional theory (DFT), and TDDFT
methods. In addition, we also were able to crystallize the four-
coordinate [PcFe]™ anion and obtain its solid-state Mossbauer
and EPR spectra. We compared data on single-electron-reduced
iron phthalocyanine species with similar data for the cobalt
complex. As we will demonstrate below, our analysis explains all
of the inconsistencies in the spectroscopic data observed for

species is phthalocyanine-

20179

these compounds and confirms the low-energy gap between
1b,,* and 1b,,* unoccupied orbitals in iron phthalocyanines.

B RESULTS AND DISCUSSION

Isolation and Structures of Single-Electron-Reduced
Iron(ll) and Cobalt(ll) Phthalocyanines. In order to generate
redox-active species in solution, iron(II) phthalocyanine and its
bisaxial adducts can be reduced under chemical or bulk
electrolysis conditions (Figure 2). Both aggroaches were used
earlier by several research groups.””""**! =**?* I the case of the
chemical reduction, the parent iron(II) phthalocyanine was
reduced by lithium®* or sodium”® metal in THF or dimethoxy-
ethane (DME) solutions. As we will show below, in THF
solution, this reduction results in the formation of the
[PcFe(THF)]™ complex, while based on our data shown

https://doi.org/10.1021/acs.inorgchem.2c03456
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Figure 3. Molecular structure of [K(DME),][PcFe] (1, left) and [K(DME),][PcCo] (2, right). Thermal ellipsoids are set at 30% probability.

Hydrogen atoms have been omitted for clarity.

below, no axial coordination occurred in dry DME solution. In
addition, the chemical reduction of iron(II) phthalocyanine can
be achieved in a mixture of (i) MeOH, NaOH, and NaBH,; (ii)
NaBH, and a coordinating solvent; and (iii) KBEt;H and a
coordinating solvent or DME (which does not coordinate to the
iron center). As we will show below, the first approach leads to
the formation of the [PcFe(OMe)]*~ complex. The second and
third approaches have a broader scope and allow for the
generation of [PcFeL] ™ and [PcFeX]*™ anions in solution (Lis a
neutral ligand and X~ is a monoanionic axial ligand). Because of
the solubility of KBEt;H in polar organic solvents, the reduction
of the iron(II) complexes with this reagent can be easily
monitored by UV—vis spectroscopy. However, in our hands, the
heterogeneous reduction reaction with NaBH, always resulted
in the clean formation of one-electron-reduced species, while
use of an excess KBEt;H can lead (in some cases) to the
formation of one- and two-electron-reduced complexes. The
second general approach to generate reduced iron(II)
phthalocyanine species was explored by Lever and Wilshire.”!
This method includes bulk electrolysis of the bisaxially
coordinated iron(II) phthalocyanine, sometimes in the presence
of an additional axial ligand (present at the beginning of the
electrolysis or added after the electrolysis is complete). As we
will show below, both chemical and electrochemical reductions
in our hands result in the formation of the reduced species with
the same spectroscopic signatures.

With respect to the third synthetic methodology, the addition
of 1 equiv of potassium triethylborohydride (as a solution in
THF) to a suspension of PcM (M = Fe, Co) in DME in
rigorously dry and oxygen-free conditions resulted in the
immediate solublization of the PcM starting material and an
accompanying color change from blue to dark purple for M = Fe
and from blue to yellow/green for M = Co. Filtration of the
reaction mixture and evaporation of the solvent yielded purple
[K(DME),][PcFe] (1) and a green [K(DME),][PcCo] (2)
powders in good yields. These materials are extremely air and
moisture sensitive, precluding any analysis by MALDI-TOF or
other mass spectroscopy, although elemental analysis (C, H, N)
is consistent with the proposed formulas (subject to a small
amount of DME loss). Very air-sensitive X-ray quality crystals of
1 and 2 were obtained via layering and slow diffusion of hexanes
into concentrated DME solutions.

20180

The structures of 1 and 2 are isomorphous, with very similar
unit cells (Table 1), containing two crystallographically
independent (but structurally very similar) [K(DME),]* cations
and two unsolvated, four-coordinate [PcM ]~ anions.

Each structure contains a potassium cation coordinated by
four DME molecules ([K(DME),]*), clearly separated and
noninteracting with the anion [PcM]~, which has a rigidly
square-planar M center within the plane of the Pc ligand (Figure
3); no axial ligands are present in either structure. The M—N
bond lengths of Co—N 1.899(6)—1.917(7) A in 2 (Table 2 and

Table 2. Selected Bond Lengths (A) for 1 and 2

bond 1 (M = Fe) 2 (M = Co)
M-N(1) 1.923(5) 1.906(6)
M—=N(3) 1.917(5) 1.917(7)
M-N(5) 1.906(5) 1.899(6)
M-N(7) 1.921(5) 1.901(7)

Table S1) can be compared with the Co—N distances of
1.906(2) and 1.909(2) A in PcCo'** and 1.88(1)—1.92(1) A in
[nBu,N] [PcCoI].103 For Fe-containing compound 1, the Fe—N
bond lengths of 1.906(5)—1.923(S) A can be compared with
bond lengths of 1.927(1) A in PcFe,'** 1.938(2) A in
diamagnetic PcFe(pyridine),'® and 1.910(3)—1.9252(13) A
in a series of reduced [PcFe(I)]™ anions;*® both of the PcM
structures were collected at room temperature while the data
reported herein were obtained at 150 K, and thus the observed
small shortening of the bond lengths (in the [PcM] anions
relative to the PcM data) can be expected. Changes in M—N
bond lengths are not, in this case, significantly sensitive to the
metal oxidation state, although the M—Npc bond lengths do
show a larger variation compared to cases where axial ligands are
bound. The Pc ligand is only distorted from planarity between 0
and ~12.5° in 2 (based on planes defined by adjacent
isoindolene rings) and between 0 and ~9.1° in 1; in both
cases most adjacent planes are under 3° and thus the Pc rings are
generally very flat.

Reduction of the aromatic 18-7-electron circuit of the Pc
ligand often generates a disruption of the aromaticity,
manifesting in localizing alternating short and long bonds
around the Pc li%and; this is readily observed in doubly reduced
Pc(4—) systems' *°~'%° but often much less so in monoreduced
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Table 3. Reduction Potentials of PcFeL, and [PcFeX,]*~ Complexes®

complex solvent electrolyte” Red, Red, ref
PcFePy, Py TEAP -1.07 -1.32 71
Py TBAP -1.07 —-1.32 tw

Py 2 ~1.09 -139 111
DMSO/1 M Py TBAP —0.95 —-1.22 80
DMSO/5% Py TBAP —0.93 -1.19 tw

DMEF/5% Py TBAP -0.97 -1.27 112

DCM/5% Py TBAP —1.08 112
PcFelm, DMSO/1 M Im TBAP —-1.214 80
DMS0O/0.01 M Im TBAP —1.02 —-1.1S§ 80
DMF/Im TBAP —-1.14 —-1.74 tw
PcFe(DMSO), DMSO TBAP —0.74 ~1.15 80
DMSO TBAP -0.72 —1.1S§ tw
DMSO TEAP —0.71 -1.15 71
PcFe(DMSO), DMSO/PPh, TBAP -0.71 ~1.14 tw
PcFe(DMA), DMA TEAP —0.55 -1.17 71
DMA TBAP -0.91°¢ —-1.14 71

PcFe(DME), DMF TPAP ~1.56 -2.05 113
[PcFe(NCS),]* DME KNCS ~111 ~1.58 tw
[PcFe(OMe),]* DME/MeOH TBAP/NaOH ~1.56 -2.19 tw
[PcFe(OMe),]*~ MeOH TBAP/NaOH —1.37 (irr) tw

“All potentials are given versus SCE. Formulas for the initial PcFeL, complexes are listed in the first column. PTEAP = tetraethylammonium
perchlorate; TBAP = tetrabutylammonium perchlorate; TPAP = tetrapropylammonium perchlorate. “tw = this work. “Two-electron process.

“Dropping mercury electrode data.

Pc(3—) systems. For example, the monoreduced
AI"'Pc3~(anisole),'” contains a nearly flat Pc ring with
delocalized bonds, with the largest dihedral angle between the
CgNg mean plane and an isoindole moiety of ~3.8°% the
PcMg(3—) complex is similar.” First-row transition-metal Pc
complexes with Pc(3—) species can show some bond-length
alternation in the C—N imine bonds,"'® but there is no strong
evidence for breaking of the aromaticity of the Pc ligand in the
form of bond localization in either 1 or 2, consistent with
previous reports of other reduced PcFe- and PcCo-containing
systems.

Electrochemistry and Spectroscopy of Single-Elec-
tron-Reduced Iron(ll) and Cobalt(ll) Phthalocyanines.
Electrochemical reduction potentials for axially coordinated
iron(II) phthalocyanine are listed in Table 3 with a
representative example shown in Figure 4. Similar to previous
reports,”"* two reduction processes were generally observed.
As was proven by Lever’s and Kadish’s research groups,”** even
when reduction waves observed in cyclic voltammetry (CV)
experiments appear reversible, the first reduction process reflects
the axial ligand dissociation process shown in eq 1:

PcFeL, + e~ = [PcFeL]” + L (1)

Another interesting observation is that the reduction
potentials of the PcFe(DMSO), complex in neat DMSO and
in DMSO in the presence of PPh; are virtually the same, while
the EPR, UV—vis, and MCD spectra of the single-electron-
reduced species are different. This is indicative of axial
coordination of DMSO and PPh; to the reduced species,
respectively. This could be reflective of the following equilibria:

PcFe(DMSO), + e~ = [PcFe(DMSO)]” + DMSO  (2)

[PcFe(DMSO)]™ + PPh, = [PcFe(PPh,)]” + DMSO
®3)
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Figure 4. Representative examples of the electrochemistry of PcFeL,
complexes. Black, PcFe(DMSO), in DMSO/0.1 M TBAP; red, same
complex in DMSO/Py (95:5 v:v) mixture with 0.1 M TBAP; blue,
PcFePy, in Py/0.1 M TBAP.

The transformations outlined in eqs 2 and 3 are not unique.
Indeed, in 1978 Kadish and co-workers already observed very
close reduction potentials for the PcFe(DMSO), complex in
neat DMSO and DMSO/1 M Py® mixtures (Py" = 2,6-lutidine,
2,4-lutidine, and 2,4,6-collidine).*® Next, we have studied the
reversibility of the reduction process under spectroelectrochem-
ical conditions to ensure that the experimental spectroscopic
signatures do not belong to degradation products (Figure S and
Figures S7—S17). In all cases, reduction of the iron(II)
phthalocyanines of general formulas PcFeL, and [PcFeX,]*”
under spectroelectrochemical conditions results in the dis-
appearance of the Q-band observed between 650 and 655 nm
and MLCT_, transitions observed between 410 and 460 nm, as
well as the appearance of the bands at ~810, ~690, ~600, and
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Figure 6. Representative examples of UV—vis and MCD spectra of [PcFeL]™ complexes. See the Supporting Information for all other compounds.

~515 nm. The last band dominates the spectrum. The spectral
transformations have some axial ligand dependency. For
instance, the lowest energy band was observed between 809
and 829 nm, while the main transition at ~515 nm developed
visible shoulders when DMA, NCS™, Im, and MeO™ were used
as the axial ligands (Figure S). The reduced [PcFeL]™ and
[PcFeX]*™ complexes have very high affinity for axial ligands,
which is evident from the EPR spectra discussed below. Indeed,
DMF, DMA, THF, and PPh; axial ligands have very weak affinity
toward the parent unreduced iron(Il) phthalocyanine. How-
ever, Lever’s”' and our UV—vis, MCD, and EPR data are clearly
indicative of the axial coordination of these molecules to the iron
center. All reduced [PcFeL]™ and [PcFeX]*~ complexes can be
reoxidized back to the initial PcFe"L, and [PcFe"X,]*”
compounds with 80—90% yield under spectroelectrochemical
conditions (Figures S7—S17). It is interesting to note that the
PPh, ligand in [PcFe(PPh;)]” gets exchanged with DMSO
molecules during the reoxidation reaction as the final spectrum
is indistinguishable from the PcFe(DMSO), complex but the
resultant spectrum is very different from the UV—vis spectra of
PcFe(PR;), compounds.98

Since it is difficult to achieve complete reduction of the
PcFeL, and [PcFe"X,]*” complexes and because of the
difficulties in collecting MCD spectra of the reduced [PcFeL]™

20182

and [PcFeX]*~ compounds generated under spectroelectro-
chemical conditions, we also explored chemical reduction
protocols for all target compounds. Out of two approaches we
tried (reduction with sodium metal and reduction by NaBH, or
KBEt;H), the more reliable synthetic protocol involves
reduction with NaBH, (see the Experimental Section for
details), which allowed us to investigate MCD spectra of the
reduced species in detail (Figure 6). Again, the UV—vis spectra
of the purple [PcFeL]™ and [PcFeX]*” complexes obtained
under spectroelectrochemical and chemical reduction con-
ditions are indistinguishable from each other. The spectra do not
change significantly between room temperature and —55 °C
(Figure 7). They have some axial ligand dependency and differ
significantly from the UV —vis spectra that involve the traditional
blue or green Pc(2—) chromophore. In fact, the UV—vis spectra
of reduced [PcFeL]™ and [PcFeX]*~ complexes closely
resemble the UV—vis spectra of [Pc(3—)M"]™ and [Pc(3—)-
M"L]™ (M = Mg or Zn) species reported by several research
groups.”” """ The lowest energy band was observed between
805 and 829 nm (AE = 360 cm™"). No transitions were detected
between 850 and 2500 nm, which confirms our hypothesis that
the solid-state UV—vis spectra reported by Konarev and co-
workers also reflect aggregation between phthalocyanine
monomers.*® One key difference between the UV—vis spectra
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Figure 7. Variable-temperature UV—vis spectra of [PcFe(NCS)]*™ in
DME.

of pentacoordinate [PcFeL]™ and [PcFeX]*™ and tetracoordi-
nate [PcFe]” complexes is the significant reduction of the
intensity of the band at ~690 nm. Indeed, the UV—vis spectrum
of the isolated [PcFe]™ complex recorded in dry DME inside the
drybox (Figure 8) has a band at ~690 nm with low intensity,

1.2
—— [PcFe]
[PcFe(H,O)]

1.0+

0.8+

0.6+

Absorbance

0.44

0.2+

0.0

300 400 500 600 700 800 900
Wavelength, nm

Figure 8. Comparative UV—vis spectra of [PcFe]™ recorded in dry
(black) and wet (red) DME.

while the UV—vis spectrum of the PcFe reduced with NaBH, in
wet DME has this transition at higher intensity and closely
resembles the UV—vis spectra of [PcFeL]™ and [PcFeX]*~
complexes, which probably reflects the formation of the
[PcFe(H,0)]™ complex (Figure 8). The axial ligand depend-
ency of this band can be clearly seen, as its position varies
between 661 and 690 nm (AE = 640 cm™"). This band is always
red shifted compared to the Q-band position in the initial
PcFeL, or [PcFeX,]*” complexes. A smaller intensity band at
596—609 nm was also observed in the UV—vis spectra of
[PcFeL]™ and [PcFeX]*". The next most intense absorption
band is observed between 511 and 518 nm. This band produces
the purple/red color of the reduced species and typically has
shoulders at lower- and higher-energy regions. Finally, the Soret-
like absorption band was observed around 320 nm in all reduced

compounds. Overall, the UV—vis spectral profile observed for
our pentacoordinate compounds is in excellent agreement with
the spectra reported by Lever and Wilshire in 1978”" and
Dzilinski and coauthors in 2007.”* The UV—vis spectrum of the
tetracoordinate [PcFe]™ anion has a significantly more intense
band at 512 nm and a less intense ~690 nm transition compared
to the pentacoordinate s7pecies. In excellent agreement with
Lever and Wilshire’s data,”' the molar extinction coefficients for
all absorption bands in the 400—850 nm spectral envelope are
significantly reduced (by at least 4 times) compared to the
intensity of the Q-band in the parent PcFeL, and [PcFeX,]*”
complexes” and a similar trend was observed for all reduced
ring-substituted iron phthalocyanines reported to date. In
contrast, only a slight red shift of the Q-band was observed
upon reduction of PcCo (Figure 9). The diamagnetic [Pc(2—)-

[PcCo]

699 UV-Vis

300 400 500 600 700 800
Wavelength (nm)

Figure 9. UV—vis and MCD spectra of [Pc(2—)Co'] in DMF.

Co']™ complex has a UV—vis spectrum expected for a Pc(2—)-
containing phthalocyanine compound. In particular, the
intensities of the Q-bands in Pc(2—)Co" and [Pc(2—)Co']™
complexes are close to each other (& ~ 10° M~ cm™),!'#!">
supporting the presence of a Pc(2—) macrocycle in both
compounds. On the other hand, the UV—vis spectra of [PcFe]”,
[PcFeL]™, and [PcFeX]* complexes are not characteristic of
the presence of the Pc(2—) li§and and instead resemble spectra
of the Pc(3—) chromophore.”> 77?7710

The MCD spectra of [PcFeL] ™ and [PcFeX]*” complexes are
very rich and consist of several clearly visible MCD pseudo A-
terms in the 300—900 nm region (Figure 6). For instance, in the
case of [PcFe(DMSO)]~, four pseudo A-terms centered at 802,
669, 534, and 327 nm have been observed and similar features
were observed for all other compounds studied by MCD
spectroscopy. As with the [Pc(3—)M"]™ (M = Mg or Zn)
species reported by Stillman and co-workers,”” "' one might
expect that the addition of the electron to the previously
unoccupied 7e,* orbitals of the phthalocyanine core will (i) lead
to the static Jahn—Teller distortion and (ii) stabilize the 7e,*
orbitals and thus decrease the energy of the Q-band
(predominantly 1a;, — 7e,* single-electron excitation). Indeed,
based on the MCD spectroscopy, Stillman and coauthors
identified the Q-band in [Pc(3—)M"]™ (M = Mg or Zn)
complexes around 930 nm and suggested that the Jahn—Teller
effect for this band is small (~300 cm™).””7'%" In the case of
[PcFeL]™ and [PcFeX]*™ complexes, their MCD spectra are
closer to those containing a Pc(3—) ligand than the regular
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Pc(2—) macrocycle (see discussion below). In general, each
MCD spectrum has four Faraday pseudo A-terms centered
around 780—800, 650—690, 535, and 320 nm (Figure 6 and
Figures S18—524). Pseudo A-terms centers correlate to some
extent with the absorption peaks observed in the corresponding
UV—vis spectra. For instance, the lowest energy MCD pseudo
A-term is centered around 780—820 nm. The center of this
pseudo A-term does correlate with the position of the prominent
absorption band observed in the UV—vis spectra of the reduced
species between 809 and 829 nm. Thus, similar to the analysis
provided by Stillman and co-workers,”™'*" the low-energy
MCD signal consists of two closely spaced B-terms of opposite
amplitudes. The B-term with the negative amplitude correlates
well with the position of the low-energy band observed in the
UV—vis spectra of [PcFeL] ™ and [PcFeX]*~ complexes. Similar
to the [Pc(3—)M"]™ (M = Mg or Zn) complexes” """ and in
agreement with our TDDFT calculations discussed below, this
band was assigned as the Q-band and the small energy difference
between negative and positive B-terms can be attributed to the
static Jahn—Teller effect. The second Faraday pseudo A-term is
centered between 650 and 690 nm. This pseudo A-term has an
axial ligand dependency, and similar to the lowest energy pseudo
A-term, its center correlates well with the position of the band in
UV—vis spectra of [PcFeL]*” and [PcFeX]*~ complexes. This
band has a significantly lower intensity in the UV—vis spectrum
of the [PcFe]™ complex taken inside a drybox in DME (Figure
8). However, this band was observed by Lever and Wilshire in
1978”" as well as Dzilinski and coauthors in 2007.”* We
speculate (and this agrees well with our TDDFT calculations
discussed below) that this band is characteristic of pentacoordi-
nated [PcFeL]™ and [PcFeX]*” complexes and is forbidden in
the four-coordinate [PcFe] ™ species. The third MCD pseudo A-
term is located around the prominent absorption observed
between 510 and 535 nm in the UV—vis spectra of the [PcFeL]~
and [PcFeX]*~ complexes (Figure 6 and Figures S18—S24).
Unlike for the previous two pseudo A-terms, the energy of the
positive amplitude B-term correlates with the center of the UV—
vis band. Finally, the fourth MCD pseudo A-term is centered
between 315 and 330 nm and its center correlates well with the
position of the Soret-type band observed in the UV—vis spectra
of the [PcFeL]™ and [PcFeX]*™ complexes.

The UV—vis and MCD spectra of [PcCo]~ are very different
from those observed for iron derivatives (Figure 9), and they
correlate well with the data reported by Stillman and Thomson
in 1974."'*"" In particular, the red-shifted (compared to the
parent PcCo) Q-band at 699 nm agrees well with a very intense
MCD A-term, while the other MCD signals have significantly
lower amplitudes, especially in the 300—S50 nm spectral
envelope. Such a discrepancy between the Q-band intensity
and the 300—550 nm band intensities in the MCD spectra of
closed-shell phthalocyanines is very characteristic for Pc(2—)
chromophores. Thus, in agreement with the previous assign-
ments,””"'*!"° the single-electron-reduced PcCo species can be
formulated as a [Pc(2—)Co']™ species, which also correlates well
with their diamagnetic "H NMR spectra and lack of EPR signal.
On the other hand, the overall profile of the UV—vis and MCD
spectra of [PcFe]”, [PcFeL]”, and [PcFeX]*™ complexes are
reflective of the single-electron reduction of the phthalocyanine
macrocycle rather than metal center. Thus, at first glance, the
single-electron-reduced iron phthalocyanine derivatives can be
formulated as [Pc(3—)Fe""]™, [Pc(3—)FeL]", and [Pc(3—)-
Fe""X]*~ species.

Such an assignment, however, seemingly contradicts the
solution EPR data published by Lever and Wilshire in 1978”"
and Dzilinski’s group in 2007.”* Indeed, unlike the solid-state
EPR data on reduced [PcFeL]™ and [PcFeX]* complexes
reported by Konarev and co-workers®> ™ as well as us (Figure
S$50), the solution EPR spectra of these species have clear axial
symmetry and are seemingly reflective of the presence of an s =
1/2 system (Figure 10 and Figures S25—S31). Because of the

[PcFe(OMe)]*
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Figure 10. Representative examples of solution EPR spectra of
[PcFeL]™ and [PcFeX]*™ complexes in frozen solutions at 77 K.

presence of the superhyperfine triplet in the EPR spectra of
[PcFeL]™ (L = Py or Im) and the superhyperfine doublet in the
EPR spectrum of [PcFe(PPh;)] ™, Lever and Wilshire reasonably
concluded that the reduction process is iron centered and thus
the [PcFeL]™ and [PcFeX]*™ complexes have pentacoordinate
iron(I) d” centers with EPR-active (d.)' configuration and
should be formulated as [Pc(2—)Fe'L]™.”" Our frozen solution
data on the [PcFeL]™ and [PcFeX]* complexes are in excellent
agreement with the data reported by Lever and Wilshire and are
indicative of the presence of an axial s = 1/2 system. We also
would like to reiterate the high affinity of the iron centers in the
[PcFeL]™ and [PcFeX]*™ complexes toward axial ligands.
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Indeed, it is well-known that the bulky PPh; axial ligand will not
form a PcFe''(PPh;), complex because of its large cone angle.l It
is also well-documented that O-donor ligands coordinate to
PcFe' only in the presence of CO gas, to form PcFeL(CO)
compounds.éo_69 However, Lever’s, Dzilinski’s, and our EPR
data clearly show that, once reduced, the [PcFeL]™ and
[PcFeX]*~ complexes have high affinities for O-donor ligands
and PPh; (Table 4). Indeed, DMF, DMA, MeO~, and THF
adducts have different EPR parameters (Table 4 and Figures
$30—533). One instructive EPR spectrum is shown in Figure 11

f

[PcFe(DMSO)
[PcFe(DMF)

3000 3100 3200 3300 3400 3500
Field, G

Figure 11. 77 K EPR spectrum of reduced iron phthalocyanine in a
mixture of DMF and DMSO.

for the [PcFeL]™ complexes (L = DMF or DMSO) which is
clearly indicative of the presence of both DMF and DMSO
adducts in solution. A similar result was observed for the DMA/
THF mixture (Figure $30). Thus, in agreement with Lever and
Wilshire, the EPR spectra of the [PcFeL]™ and [PcFeX]*~
complexes can be reasonably assigned as iron(I) d’s = 1/2
systems of general formula [Pc(2—)Fe'L]™ and [Pc(2-)-
Fe'X]*", which apparently contradicts the UV—vis and MCD
data.

The 'H NMR spectra of [PcFe]”, [PcFeL]™, and [PcFeX]*~
complexes in THF-dg, DMSO-d;, DMSO-d/PPh;, and DMEF-
d,/KNCS are shown in Figures S1—S6. They consist of one
(DMSO-dg) or two (all other studied systems) broad signals
observed between 15 and 17 ppm. The variable-temperature 'H
NMR spectra of [PcFe(SCN)]™ in DMF-d; are shown in Figure
12. Upon reduction of the temperature, two initial broad signals
observed at 15.07 and 16.13 ppm coalesce into a single peak
around 240 K. The linear dependency between the chemical
shifts for the phthalocyanine a- and f-protons and 1/T (Figure
12) suggests that the magnetic behavior of [PcFe(NCS)]*™ (and
highly likely all other complexes) follows Curie’s law between
240 and 300 K. The solution magnetic moments for [PcFe-
(DMSO)]™ in DMSO-d, and [PcFe(NCS)]*>™ in DMF-d, were
measured using Evans method and were estimated to be 2.50
and 1.95 g, respectively, which are indicative of an s = 1/2 spin
system present in solution at room temperature. These values
are comparable with the 2.12 pp magnetic moment for
Li*[PcFe]” reported by Taube in 1974.® However, they are
significantly higher than the 1.69—1.74 uy values reported by
Kona;sev8 8a.nd coauthors for similar compounds in the solid
state.

The Mossbauer spectrum of the solid [PcFe]™ complex is
complicated by its high sensitivity toward moisture and oxygen
as well as a high affinity toward axial ligand coordination. Indeed,
even when solid samples of the purple [PcFe]™ complex were
transferred to the Mdssbauer sample holder inside a drybox, the
recorded spectrum consisted of three doublets (Figure 13, left).
The main doublet parameters belong to the [PcFe]™ and are in
excellent agreement with those reported by Taube in 1974"
(Table S). The other two minor doublets belong to the
PcFe''*'"” and p-oxo(1) (PcFe),0'"® complexes formed upon
the oxidation of [PcFe]™ by molecular oxygen diffused into the
Mossbauer sample holder during the rapid transfer of the sample
between the drybox and the Mossbauer instrument. Indeed,
once the sample was purposefully exposed to air, the doublet
associated with the [PcFe]™ disappeared, while doublets
associated with the p-oxo(1) (PcFe),O and PcFe complexes
remained in the spectrum (Figure 13, right). As mentioned
above, our Mossbauer data correlate well with those reported by
Taube” but are in disagreement with the spectra obtained by
Dzilinski and coauthors”™ (Table 5). Based on an experimental
protocol Dzilinski and coauthors used for the sample
preparation (room-temperature evaporation of the THF
solution of the sample) and the high affinity of [PcFe]~ toward

MM 18.5
300 K AN 181
¢
MH/ \MWWMWMNM«WM 517'5_ o-Pc
280 K TN 5 17
————— B — % 16.5- b-Pc
260 K STy
M 15.5
240 K

215 21.0 205 200 195 19.0 185 180 175 170 165 16.0 155 150 145 140 135

1 (ppm)

15 T T T T T
0.0032 0.0034 0.0036 0.0038 0.004 0.0042
1T (K)

Figure 12. Variable-temperature partial "H NMR spectra of [PcFe(NCS)]*~ in DMF-d, (left) and 1/T dependency of the chemical shifts (right).
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Figure 13. Solid-state room-temperature Mdssbauer spectra of [K(DME),][PcFe] (1) before (left) and after (right) exposure to air.

Table S. Experimental and DFT-Predicted Mossbauer Parameters for PcFe-Based Systems

compound method temp
[PcFe]™ exptl RT
air exposed [PcFe]” exptl RT
[PcFe] exptl RT
[PcFe]™ revTPSS/DMF
[PcFe]” TPSSh/DMF
[PcFe(THF)]™ exptl RT
[PcFe(THF)]™ revIPSS/DMF
[PcEe(THF) ] TPSSh/DMF
PcFe 300 K
PcFe 293 K
(PcFe),0 (1) 295 K
(FePc),0 (2) 295 K

“Relative to natural Fe foil at 293 K. Ztw = this work.

&“(mm/s) AE(mm/s) area (%) ref’
0.37 3.22 64 tw
0.35 248 17 tw
0.23 0.69 19 tw
0.35 248 35 tw
0.33 0.72 65 tw
0.35 3.24 4
0.35 2.99 tw
0.40 2.99 tw
0.38 2.80 94
0.36 2.56 tw
0.41 2.58 tw
0.38 2.57 116
0.40 2.62 117
0.25 0.42 118
0.18 1.08 119

the axial ligand coordination as well as the DFT calculations
presented below, we speculate that the Dzilinski’s Mossbauer
spectrum is that of the [PcFe(THF)]~ complex. In both cases,
the quadrupole splitting is larger than in the parent PcFe (which
has a small dependency on the solid-state phase of this
compound). In the simplistic point-charge model, Mossbauer
quadrupole splitting can be calculated as sums of valence and
lattice contributions according to egs 4 and 5, respectively.'>*'*!

q,, = @/7)(1 = R)(r){n(d,,) + n(d,._,2) — n(d,2)
— (1/2)[n(d,.) + n(d, )1} + (4/9)(1 = R)(r™),
{(1/2)[n(p,) + n(p)] = n(p,)} = kya{n(d,y)
+n(de_p) = n(d2) — (1/2)[n(d,,) + n(d )]}

+ kyp{(1/2)[n(p,) + n(p)] = n(p)} = ksqlnyg

+ kg Ay, 4)

g, = (1 = 7)) X (q/)(3cos’ g, — 1)

i=1

©)

where (r7)35and (7_3)4P are the expectation values of 1/r° taken
over the appropriate 3d and 4p radial functions at the iron atom,
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respectively. The terms (1 — R) and (1 — y,,) are constants, and
n is an effective population of the atomic orbitals designated by
parentheses.

Assuminga (d,,)*(d,,,.)*(d,?)" electronic configuration in the
parent Pc(2—)Fe" complex, addition of the extra electron to the
d, orbitals during the reduction process should increase the
value of the g, contribution and, thus, increase the quadrupole
splitting in [PcFe]™, in agreement with the experimental data.
On the other hand, simultaneous reduction and axial
coordination of the additional ligand along the z-axis should
result in competing g, and qy,,, leading to a smaller quadrupole
splitting in [PcFe(THF)]~ compared to [PcFe]™. Thus, at first
glance, again, the increase of the quadrupole splitting in single-
electron-reduced [PcFe(THF)]™ and [PcFe]™ complexes
compared to the parent PcFe seems to be indicative of the
reduction of Fe! to Fel. We will show below, however, that there
is an alternative path that allows an increase in the electron
density at the iron d, orbitals without iron center reduction,
which results in a similar increase of the quadrupole splitting in
these compounds.

DFT and TDDFT Calculations. In order to resolve the
dilemma regarding the reduction site in the [PcFe] ™, [PcFeL]",
and [PcFeX]*” complexes, we have conducted an extensive
array of DFT calculations on the [PcFe]”, [PcFeL]”, and
[PcFeX]*” complexes, as well as the [PcFeL,]™ and [PcFeX,]*”
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Figure 14. DFT-predicted (TPSSh/DMF) energy diagram for [PcFe]”, [PcFe(DMF)]~, and [PcFe(NCS)]*~ complexes.

complexes. As we have shown previously,””>**® the phthalo-
cyanine-centered le,* MOs are always LUMO and LUMO + 1
in the initial neutral PcFe"L, and [PcFe"X,]*~ complexes. These
orbitals are ~1.5 eV more stable than the iron-centered
unoccupied d orbital. In agreement with this electronic
structure description, all hexacoordinated reduced [PcFeL,]”
and [PcFeX,]*” complexes were predicted to have their spin
density delocalized over the phthalocyanine ligand and, thus,
should be described as [Pc(3—)Fe''L,]™ and [Pc(3—)Fe!X,]3~
compounds that retain low-spin iron(II) centers. However, from
simple ligand field theory considerations,"”>'** one might
expect that, upon losing one of the axial ligands (i.e., during the
[PcFeL,]” — [PcFeL]™ + L process), the energy of the d
orbital should reduce significantly. Such energy stabilization will
place this orbital close to the iron-centered d, and
phthalocyanine-centered le,* MOs. In agreement with this
hypothesis, the DFT-predicted electronic structures of the tetra-
and pentacoordinate [PcFe]”, [PcFeL]™, and [PcFeX]*~
compounds are very different from those in the hexacoordinate
species. Indeed, in all cases, the lowest energy for tetra- and
pentacoordinate complexes was achieved as the result of the
antiferromagnetically coupled phthalocyanine anion radical
(1e,*)" doublet and the iron(II) triplet state of the
(dyy)*(d,.)*(d2)" electron configurations.

The orbital energy diagram for selected single-electron-
reduced compounds is presented in Figure 14, selected orbital
images are shown in Figure 15 and Figures $32—5S49, and their
compositions are listed in Table 6 and Table S3. The
representative examples for the total spin densities are shown
in Figure 16 and are clearly supportive of the antiferromagnetic
coupling between the reduced phthalocyanine ring and the
iron(II) triplet. The presence of nearly two unpaired electrons at
the iron center and nearly one unpaired electron at the
phthalocyanine ring is evident from the Mulliken spin density
population analysis shown in Table 7 and for select compounds
using a large array of the exchange—correlation functionals in
Table S2. The formation of the triplet iron(II) centers in tetra-
and pentacoordinate [PcFe]”, [PcFeL]™, and [PcFeX]*~
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Figure 15. DFT-predicted (TPSSh/DMF) frontier MOs for [PcFe] ™.
See Figures S32—549 for MO images of all other compounds.

complexes is expected because of the decrease in the energy of
the iron-centered d orbital upon dissociation of the axial
ligand(s). Such a decrease of the energy leads to the situation
when the electronic structure of the iron(II) center starts to
resemble that of the square-planar PcFe" complex, which is
known to have a (d,,)*(d,,.)*(d,?)" triplet electronic config-
uration at the iron(IIi center, although the (d,,)*(d;2)*(d,.,.)*
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Table 6. DFT-Predicted Molecular Orbital Percent
Contribution Distribution for [PcFe]™

[PcFe]™ a-set [PcFe]™ p-set
MO E (eV) % Fe % Pc MO E (eV) % Fe % Pc
158 0.628 0.32 99.68 157 0.545 0.69 99.31
157 0.628 0.32 99.68 156 0.545 0.68 99.32
156 0.554 0 100 15§ 0.464 0 100
155 —-0.014 92.26 7.74 154 0.121 93.09 691
154  —0.558 43.01 56.99 153 -0.777 3.07 96.93
153 —0.787 0.73 99.27 152 —0.777 3.08 96.92
152 —0.787 0.73 99.27 151 —0.944 1.93 98.07

151 =0.903  2.79 97.21 150 -1.17 0 100
150 -1.065 O 100 149 -1307 0 100
149  -1.187 0 100 148 —1.622  94.06 5.94

148  —2.568  3.66 96.34 147  =2.251 31.87 68.13
147  —2.568  3.66 96.34 146  —2.253 31.72 68.28
146 —4456 0 100 145 —3.858 39.46 60.54
145 —5.408  SS8.75 44.25 144 -3.86 39.66 60.34
144 =541 55.68 44.32 143 —4.559 6446 35.54

143 —5.548  57.84 42.16 142 —-4738 0 100
142 —6.228 9471 5.29 141 —-631S 0 100
141 —6286 0 100 140 —64 0.45 99.55
140  —6.338 048 99.52 139 —6.593 217 97.83
139 —6.548  0.06 99.94 138 —6.593 2.1 97.9
138 —6.549  0.06 99.94 137  —6.601 1S 98.5
137 —6.586 0 100 136 —6.617 449 95.51
136 —6.589  2.04 97.96 135 —6.617 445 95.55
135 —6.813 14.03 85.97 134 —6.635 0 100
134 —6.887 0.2 99.8 133 —6.666  3.92 96.08
133 —6.887 0.2 99.8 132 —6.904  0.18 99.82
132 —6.906  35.63 64.37 131 —6.904 0.18 99.82
131 —6.907  35.7 64.3 130 =7.147 0 100
130 -7.058 0 100 129 —7.706  0.24 99.76

“The HOMO and LUMO are formatted in bold.

Figure 16. DFT-predicted (TPSSh/DMF) total spin densities of
[PcFe]™ (left) and [PcFe(NCS)]*~ (right) anions showing anti-
ferromagnetic interactions between Pc(3—) and Fe"" (s = 1).

triplet configuration is also close in energy."'”"**~"*” Thus, the
single-electron-reduced iron(II) phthalocyanines should be
formulated as [Pc(3—)Fe']™, [Pc(3—)FeL]™, and [Pc(3-)-
Fe""™X]>~ species in which the ring-reduced phthalocyanine core
is antiferromagnetically coupled with the iron(II) s = 1 center.

From the mechanistic single-electron determinant based
point of view, the one-electron-reduction process for hex-
acoordinate PcFel, and [PcFeX,]*~ complexes can be
described in three steps (Figure 17). In the first step, the
phthalocyanine-centered le,* MOs accept an electron to form
[Pc(3—)Fe'"L,]™ or [Pc(3—)Fe"X,]* species that carry low-

Table 7. DFT-Predicted Mulliken Total Spin Densities at the
Iron Center in [PcFe] ™, [PcFeL] ™, and [PcFeX]*>~ Complexes

compound TPSSh (gas) ~ TPSSh (DMF)  revIPSS (DMF)
[PcFe]™ 1.94 1.97 1.74
[PcFePy]~ 1.94 1.98 1.77
[PcFelm]™ 1.97 2.02 1.81
[PcFe(NCS)]*~ 215 2.07 1.84
[PcFe(PPh;)]~ 1.90 1.93 1.56
[PcFe(OMe)]*~ 2.38 2.32 2.09
[PcFe(THEF)]~ 1.99 2.01 1.81
[PcFe(DMF)]~ 2.00 2.05 1.83
[PcFe(DMSO)]™ 1.84 1.87 1.63

spin iron(1I) centers (Figure 17B). The axial ligand dissociation
lowers the energy of the iron-centered d,> orbital (Figure 17C).
Finally, the electron transfer from d, orbitals to the d, orbital
transforms the low-spin iron(II) ion into the triplet state and
provides the pathway for the antiferromagnetic coupling
between iron-centered (dxz,yz)3 and phthalocyanine-centered
( leg”‘)1 orbitals (Figure 17D). From a mechanistic point of view,
the tetracoordinate PcFe complex already has a triplet
(dx},)z(dle},zy(dzz)l electronic configuration (Figure 17E).
Thus, the addition of a single electron directly to the
phthalocyanine-centered le,* MOs should lead to the
formation of the [Pc(3—)Fe"]™ complex in which iron-centered
(d,cz,yz)3 electrons are antiferromagnetically coupled to the
phthalocyanine-centered (leg*)1 orbitals (Figure 17D). It is
obvious that the above-described single-electron approximation
can only be used for illustrative purposes as the iron-centered d,
MOs of e, (in traditional for phthalocyanines D, point group
notation) or e (in the C,, point group) symmetry will interact
strongly with the phthalocyanine-centered le,* MOs (Table 3).
As a result, the occupied MOs of the a-set will only slightly be
dominated by the contribution from the iron d, atomic orbitals,
while the f3-set MOs will be dominated by the phthalocyanine-
centered MOs, resulting in an overall (d,,,.)*(1e,*)" electronic
configuration in the [PcFe]”, [PcFeL]”, and [PcFeX]*~
complexes. Independent of the approach used (molecular
orbital analysis or NBO analysis discussed below), our DFT
calculations suggest that the electron gained by the iron(II)
phthalocyanine upon the reduction process is localized at the
phthalocyanine core. Thus, the DFT-predicted electronic
structure of these compounds can be viewed as [Pc(3—)Fe'']™,
[Pc(3—)Fe'"L]", and [Pc(3—)Fe"X]*~ with Fe" triplet centers.

The natural bond orbital (NBO) analysis reveals approx-
imately a three-electron occupancy of the iron d,.,,, orbitals and
a one-electron-occupied d? orbital in the reduced compounds.
For instance, in the case of [PcFe]™ and [PcFe(NCS)]*", the
NBO analysis predicts (d,,)"*(d,,,.)**(d,?)"""* and
(dy)"”7(d,.,.)***(d,»)"'¢ electronic configurations, respec-
tively. The typical electronic configuration for the parent
PcFeL, and [PcFe"X, ]*~ complexes evaluated by NBO analysis
is (dxy)1‘97_1'98(dxz,yz)3'50_3‘64(dz2)0'72_0'78-59 Thus, it is clear the
NBO analysis predicts that, upon single-electron reduction, the
population of the d > orbital increases while the population of the
d, orbitals decreases, in agreement with the DFT-predicted
electronic structures and total spin densities of these
compounds. Next, we need to explore how such an unusual
electronic configuration ((dxy)z(dxz‘yz)g’(dzl)l(leg*)l) of single-
electron-reduced iron phthalocyanines will correlate with the
EPR, UV—vis, MCD, and Mossbauer spectra observed for these
compounds.
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Figure 17. Proposed mechanism of the formation of the [Pc(3—)Fe']™ and [Pc(3—)Fe'L]™ complexes from Pc(2—)Fe"L, and Pc(2—)Fe"

compounds upon single-electron reduction.

The DFT-predicted EPR spectra for the tetra- and
pentacoordinate [PcFe]™, [PcFeL]”, and [PcFeX]*~ complexes
calculated using several exchange—correlation functionals are
listed in Table 4. As is evident from the g-values listed in Table 4,
the DFT-predicted EPR spectra are nearly axial and overall the
spectra correlate very well with the experimental data. The DFT-
predicted values of superhyperfine splitting for the [Pc(3—)-
Fe''L]™ complexes (L = Py, Im, and PPh;) again correlate well
with the experimental data. The overall EPR spectra predicted
by DFT resemble the axial s = 1/2 spectra rather than those
expected for a phthalocyanine anion radical (an isotropic signal
with a g-value close to 2.0).”””"7'°" They clearly indicate
significant antiferromagnetic coupling between (dm},z)3 and
(leg*)1 configurations, which results in the EPR spectra that
resemble overall iron-centered s = 1/2 systems (Figure 17). The
strong antiferromagnetic coupling to the iron triplet state center
leading to EPR spectra close to those observed for odd-electron
systems has been reported in the literature. In particular,
(corrole)**Fe" complexes and antiferromagnetically coupled
metalloenzymes in a compound-I-like state (in which a
porphyrin cation radical is antiferromagnetically coupled to
the iron oxoferryl triplet state) give rise to EPR spectra close to
those of iron(IIT) low-spin systems.'**~"*" Similarly, ferromag-
netically coupled Fe"'=0 (s = 1) and porphyrin cation radical
(s = 1/2) compound I analogues have EPR spectra that
resemble, to a large extent, iron(I1I) intermediate-spin (s = 3/2)
systems.'**~'* Overall, the DFT-predicted EPR spectra using
several exchange—correlation functionals correlate well with the
experimental data, with the TPSS functional providing the best
agreement between theory and experiment. The DFT-predicted
EPR spectra are indicative of the axial symmetry and overall s =
1/2 ground state in [PcFe]”, [PcFeL]”, and [PcFeX]*~
complexes that formed as a result of antiferromagnetic coupling
between metal-centered (d,,)*(d,,,.)*(d)" and phthalocya-
nine-centered ( leg”‘)1 electronic configurations.

The DFT-predicted Mossbauer isomer shifts and quadrupole
splittings for the compounds of interest are listed in Table S
along with the experimental data. The DFT-predicted values are
in reasonable agreement with the experimental data, clearly
showing the decrease of the quadrupole splitting upon axial
coordination of the THF ligand compared to the square-planar
species. Although the calculated quadrupole splittings are
systematically underestimated, their errors (~10%) are within
the expected range for modern DFT methods.>”"3° Again, our
DEFT calculations show that, in agreement with the experimental
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data, the (dxy)z(dxzyyz)s(dzl)l(leg*)1 electronic configuration
leads to a larger quadrupole splitting in [PcFe]™ and
[PcFe(THF)]~ complexes compared to the parent PcFe.

The TDDEFT calculations were used to explain the overall
shape and the nature of the experimentally observed transitions
in the UV—vis and MCD spectra of the [PcFe]™, [PcFeL]™, and
[PcFeX]*~ complexes. We used [PcFe]”, [PcFe(DMF)]™, and
[PcFe(NCS)]*~ complexes as the representative examples of
tetracoordinate and pentacoordinate mono- and dianions,
respectively. The TDDFT-predicted spectra are compared to
experimental data in Figure 18, while the expansion coeflicients
for the selected transitions are listed in Table 8. In general, the
TDDFT calculations were able to reproduce the general shape
of the observed spectra. In particular, the TDDFT calculations
predicted that the UV—vis spectra in [PcFe]™, [PcFeL]™, and
[PcFeX]*” complexes should be dominated by strong
transitions around 500 nm, which are responsible for the
purple/red color of these compounds. According to the TDDFT
calculations, the experimentally observed band at ~800—830
nm is dominated by the laj,(a) — le,* single-electron
transition and thus can be assigned as the Q-band. A similar
Q-band, which is associated with two MCD opposite sign B-
terms, was observed at ~930 nm in [Pc(3—)M"]™ complexes
(M = Zn or Mg) by Stillman and co-workers.” """ Again, the
calculated overall split between Q, and Q, components is rather
small (1—40 cm™) and correlates well with the experimental
data. The TDDFT calculations predict three pairs of degenerate
(or nearly degenerate) intense transitions in the 400—620 nm
spectral envelope of [PcFe]™ (Figure 18). The first band was
predicted at S67 nm and is dominated by the 1a,,(f) — le*
single-electron excitations that are complemented by the
le,(Pc)/d,(f) — 1by*(Pc) contributions (Table 8). The
second pair of transitions was predicted at 515 nm and has the
highest intensity in this spectral envelope. This band is
dominated by ley(Pc)/d,(f) — 1b,,*(Pc) single-electron
excitations and resembles the MLCT, band observed in the
Pc(2—)Fe!'L, and [Pc(2—)Fe"X,]*~ complexes.”® The pair of
degenerate transitions that are dominated by the 1e,(Pc)/d, (/)
— 1b,,*(Pc) single-electron transitions (band that resembles
MLCT; transition in Pc(2—)Fe'L, and [Pc(2—)Fe"X,]*”
complexes)”® was predicted to have zero intensity (Table 8).
Finally, the third pair of degenerate transitions was predicted at
480 nm and has a significant MLCT character (Table 8).
Addition of the fifth ligand at the axial position to the [PcFe]™
complex leads to a substantial increase of the intensity of the
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Figure 18. Comparison between experimental and TDDFT-predicted
UV—vis spectra of [PcFe]”, [PcFe(DMF)]~, and [PcFe(NCS)]*"
compounds.

band that has significant MLCT| character. This band was
predicted at 602 nm in [PcFe(DMF)]~ and 618 nm in
[PcFe(NCS)]*~ complexes. The lower energy of this band
compared to that predicted for [PcFe] ™ reflects the destabiliza-
tion of the occupied le,/d, orbital upon axial ligand
coordination. Thus, one might speculate that the experimentally
observed in the ~650—690 nm range MCD pseudo A-term in
[PcFeL]™ and [PcFeX]*~ complexes has substantial MLCT,
character. The presence of this band in the UV—vis spectrum of
tetracoordinate [PcFe]™ reflects either the presence of a small
amount of water or THF in solution (Figure 8) or the ability of
the symmetry forbidden transition to gain intensity through a
vibronic mechanism (which is, however, unlikely to give the
observed intensity of this band). The TDDFT-predicted
MLCT,—MLCT, energy gaps are 1690, 1400, and 1280 cm™
for [PcFe]™, [PcFe(NCS)]*", and [PcFe(DMF)]™ complexes,
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which correlate well with the MLCT,—MLCT, energy gap
observed in the parent Pc(2—)Fe'L, and [Pc(2—)Fe"X,]*~
complexes and indirectly measures the 1b, *—1b, * energy
difference (Figure 1). For the [Pc(3—)M]™ and [Pc(3—)ML]~
complexes (M = Mg or Zn), Stillman and co-workers have
reasonably assumed that the energy difference between the most
intense B-terms of negative and positive amplitudes in the
~500—600 nm region can be used as a direct experimental
measure of the 1b;, *—1b,,* energy gap.gg_ml Our TDDFT
calculations are in reasonable agreement with the Stillman
predictions. However, if one would assume that the
experimentally observed MCD pseudo A-term in the ~650—
690 nm area belongs to the MLCT| band and another pseudo A-
term observed around 515 nm belongs to the MLCT, band, then
the 1b;,*—1b,,* energy gap should be significantly larger than
that predicted by TDDFT calculations. One important fact we
would like to mention is that the MLCT, and MLCT, bands in
Pc(2—)Fe"L, and [Pc(2—)Fe"X,]*” complexes are heavily
dominated by the le,/d, — 1b,,* and le,/d, — 1b,,* single-
electron contributions,” while much stronger configurational
interactions were predicted for the same transitions in the
[PcFe]”, [PcFe(DMF)]~, and [PcFe(NCS)]*~ complexes
(Table 8).

Opverall, our DFT and TDDFT calculations explain well the
presence of the axial s = 1/2 EPR spectra as well as Pc(3—)-like
UV—vis and MCD spectra in the [PcFe]”, [PcFeL]™, and
[PcFeX]*™ complexes, thus resolving the apparent locus-of-
reduction controversy for these compounds discussed for S0
years. The DFT- and TDDFT-predicted EPR, Mdssbauer, and
UV—vis spectra of the [PcFe]”, [PcFeL]™, and [PcFeX]*~
complexes are in good agreement with the experimental data
and are indicative of a single-electron-reduced phthalocyanine
ligand that is antiferromagnetically coupled with an inter-
mediate-spin (s = 1) iron(II) center.

Bl CONCLUSIONS

The purple/red [PcFe]™, [PcFeL]™ (L = Py, Im, PPh;, THF,
DMF, DMA, and DMSO), and [PcFeX]*~ (X = NCS™ or
MeQ™) anions were prepared in situ or isolated by the reduction
of iron(II) phthalocyanine (Pc(2—)Fe™) or its bisaxially
coordinated PcFeL, or [PcFeX,]*” complexes under chemical
or spectroelectrochemical reduction conditions. [K(DME),]-
[PcFe] was characterized by X-ray crystallography and was
found to consist of the square-planar [PcFe]™ anion with a flat
phthalocyanine macrocycle. Room- and variable-temperature
"H NMR spectra as well as solution magnetic moments of the
reduced species are consistent with the paramagnetic nature of
all complexes and the presence of a single unpaired electron. A
solid-state Mossbauer spectrum of [K(DME),][PcFe] is
consistent with the early report by Taube.* Solution EPR
spectra of [PcFeL]™ and [PcFeX]*™ complexes have axial
symmetry and correlate well with spectra reported by Lever in
1978.”" The UV—vis and MCD spectra of pentacoordinate
[PcFeL]™ and [PcFeX]*™ anions consist of the characteristic
bands around 810, 690, and 515 nm, which have only slight axial
ligand dependency and are essentially independent of temper-
ature. A ~660—690 nm band exhibits significantly lower
intensity in the square-planar [PcFe]™ complex. Thus, this
band can be used as a diagnostic transition to differentiate
between tetra- and pentacoordinate species. The UV—vis and
MCD spectra of [PcFel]~ and [PcFeX]*™ complexes are in stark
contrast to the crystallographically characterized reference
[Pc(2—)Co']™ anion, which is EPR silent, has a regular
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Table 8. Major TDDFT-Predicted Excited State Contributions for [PcFe]”, [PcFe(NCS)]>", [PcFe(DMF)]~ Complexes Using
the TPSSh Exchange—Correlation Functional in DMF

ES

10, 11
12,13
20, 21
25, 26
38, 39
49, 50
55, 56
62, 63

65, 66
70, 71
79, 80
83, 84

86, 87
90, 91

7,8
9,10
12, 13
15, 16
19, 20
24,25
45, 46
3

60, 61

66, 67
70, 71
72,73

78, 79
81, 82
84, 85

86, 87
93, 94
100

9, 10
11, 12
14
17, 18
19
20
21
22
23
24
25
40, 41
sl
52,53

61, 62
65, 66
70, 71

72

A (nm) E (cm™)

836
567
515
479
379
371
349
342

335
334
321
317

313
312

851
835
618
569
529
498
397
382
369

347
342
339

332
330
327

326
320
312

837
602
558
532
508
508
501
499
496
493
493
396
373
370

348
341
334

333

11960
17630
19399
20861
25183
26920
28655
29261

29827
29985
31127
31547

31934
32034

11748
11973
16186
17583
18896
20092
25203
26148
27107

28777
29263
29499

30101
3033S
30573

30646
31246
32035

11951
16610
17908
18789
19668
19794
19950
20021
20150
20266
20283
25241
26778
26995

28731
29315
29940

30035

oscillator
strength, f

0.1229
0.3152
0.6889
0.1498
0.0702
0.0704
0.1082
0.0365

0.2033
0.0340
0.1936
0.3851

0.1945
0.0587

0.0170
0.1114
0.1211
0.0808
0.8117
0.1395
0.0748
0.0238
0.0890

0.0938
0.1039
0.0368

0.0843
0.0212
0.0284

0.2434
0.2437
0.0694

0.1292
0.1119
0.0205
0.7372
0.0297
0.1289
0.1436
0.0328
0.1200
0.0127
0.1299
0.0761
0.0110
0.0845

0.1197
0.0605
0.0394

0.0486

% contribution

[PcFe]™
H(a) — L/L + 1(a) (87%),H — 3(f) — L/L + 1(B) (9%)
H —3(8) = L/L + 1(B) (64%),H/H — 1(f) — L + 4(p) (18%),H/H — 1() — L + 3(p) (11%)
H/H — 1(f) = L + 4(p) (73%),H/H — 1(f) — L + 3(B) (12%)
H/H - 1(#) = L + 5(#) (95%)
H - 5(a) = L/L + 1(a) (29%),H — 6(a) — L/L + 1(a) (18%),H(a) = L + S/L + 6(a) (16%)
H - S(a) - L/L + 1(a) (43%),H — 6(a) - L/L + 1(a) (17%),H(a) = L + S/L + 6(a) (15%)
H - 10(a) - L/L + 1(a) (39%),H — S(a) — L/L + 1(a) (18%)

H - 3(f) = L+ 6/L + 7(B) (52%),H — 10(a) = L/L + 1(a) (16%),H(a) — L + 5/L + 6(a) (12%),
H - 9(a) —» L/L + 1(a) (11%)

H - 9(a) = L/L + 1(a) (72%)H = 3(f) = L + 6/L + 7(§) (12%)
H — 4(f) — L/L + 1(B) (75%)
H - 5(f) = L/L + 1(f) (45%),H — 1/H — 2(a) —» L + 2(a) (31%),H — 6(a) = L/L + 1(a) (12%)

H - 1/H - 2(a) = L + 2(a) (38%),H/H — 1() = L + 9(B) (15%),H — 5(8) — L/L + 1(B) (15%),
H - 10(a) —» L/L + 1(ar) (12%)

H - 1/H — 2(a) —» L + 3(a) (63%),H — 8(8) — L/L + 1(f) (14%)

H/H - 1(f) = L + 9(B) (19%),H — 1/H — 2(a) = L + 2(a) (18%),H — 8() — L/L + 1(p) (16%)
[PcFe(NCS) >~

H/H — 1(B) = L + 3(B) (54%),H(a) = L/L + 1(a) (21%),H/H — 1(f) — L + 7(B) (14%)

H(a) = L/L + 1(a) (67%),H/H — 1(8) — L + 3() (16%)

H/H — 1(f) = L + 2(8) (79%),H/H — 1(f) — L + 4(B) (16%)

H/H — 1() - L + 4(B) (56%),H — 1(a) — L/L + 1(a) (17%),H — 3(8) = L/L + 1(B) (15%)

H - 3(8) - L/L + 1(B) (50%),H/H — 1(f) —» L + 4(B) (21%),H — 1(a) — L/L + 1(a) (14%)

H - 5(a) - L + 1(a) (40%),H — 6(a) — L(a) (40%)

H(a) - L + S/L + 6(a) (30%),H — 7(a) = L/L + 1(a) (25%),H — 8(a) = L/L + 1(a) (12%)

H - 5(f) = L+ 1(p) (49%),H — 4(f) — L(p) (47%)

H - 8(a) —» L/L + 1(a) (36%),H — 7(a) — L/L + 1(a) (34%),H — 7(8) — L/L + 1() (13%),
H - 12(a) —» L/L + 1(a) (10%)

H-3(f) = L+ 5/L+6(B) (22%),H — 12(a) = L/L + 1(a) (20%),H — 7(a) = L/L + 1(a) (13%)
H-3(f) = L+ 5/L+6(f) (36%),H — 12(a) — L/L + 1(a) (20%),H/H — 1(f) — L + 12(B) (10%)

H/H — 1(8) = L + 12(8) (33%),H — 2/H — 3(a) — L + 7(a) (18%),H — 3(8) — L + S/L + 6(p) (15%),
H - 13(a) = L/L + 1(a) (11%)

H - 11(a) - L/L + 1(a) (66%)
H - 13(a) — L/L + 1(a) (60%)

H/H - 1(f) = L +9(8) (29%),H — 6(f) — L/L + 1(f) (27%),H — 12(a) — L/L + 1(a) (24%),
H - 7(f) - L/L + 1(B) (11%)

H - 6(f) - L/L + 1(f) (44%),H/H — 1(ff) - L + 9(8) (39%)
H - 7(f) = L/L + 1(B) (45%),H — 8(ar) — L/L + 1(a) (12%),H/H — 1(f) = L + 9(f) (11%)
H - 2(a) = L + 2(a) (66%)
[PcFe(DMF)]™
H(a) — L/L + 1(a) (89%)
H/H — 1(f) - L + 2(f) (79%),H/H — 1(f) - L + 4(p) (17%)
H(B) — L+ 4(8) (44%), H — 3(f) = L + 1(f) (42%), H — 1(f) — L + 2(p) (12%)
H - 3(f) - L/L + 1(f) (45%), H/H — 1(f) = L + 4(p) (33%)
H - 1(a) - L + 1(a) (35%),H — 2(a) = L(a) (27%),H — 3(a) - L + 1(a) (11%)
H - 1(a) — L(a) (82%)
H - 1(a) > L + 1(a) (49%),H — 3(a) > L + 1(a) (19%),H — 2(a) — L(a) (11%)
H - 2(a) = L+ I(a) (53%),H — 3(a) = L(a) (18%)
H(B) = L + 5(8) (66%)
H(B) = L+ 7(B) (32%),H — 3(a) — L + 1(a) (19%),H(B) — L + 5(8) (17%),H — 1(8) = L + 6(B) (15%)
H-1(8) = L + 5(B) (83%)
H - 5(a) = L/L + 1(a) (28%),H(a) — L + S/L + 6(a) (24%),H — 6(a) — L/L + 1(a) (14%)
H - 1(f) = L + 8(p) (88%)

H - 5(a) = L/L + 1(a) (36%),H — 6(a) — L/L + 1(a) (30%),H — 5(8) — L/L + 1() (10%),
H - 11(a) = L/L + 1(a) (10%)

H — 11(a) - L/L + 1(@) (30%), H — 5(a) = L/L + 1(a) (15%), H — 3(8) = L + 6/L + 7(B) (10%)
H-3() > L+6/L+7(p) (75%), H — 11(a) = L/L + 1(a) (17%)
H - 12(a) —» L/L + 1(a) (41%),H/H — 1(f) — L + 13(p) (20%),H — 2/H — 3(a) - L + 7(a) (12%),
H - 10(a) = L/L + 1(a) (10%)
H - 10(a) = L + 1(a) (22%),H — 13(a) = L + 1(a) (17%),H — 14(a) — L(a) (16%),
H - 8(a) = L + 1(a) (13%)
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Table 8. continued
oscillator
ES A (nm) E (cm™) strength, f % contribution
[PcFe(DMF)]™
73 333 30039 0.1238 H — 10(a) = L(a) (51%),H — 11(a) — L(a) (11%)
74 333 30039 0.0958 H - 10(a) = L + 1(a) (45%)
79 328 30512 0.0257 H - 12(a) = L + 1(a) (26%), H — 4(f) = L(p) (17%),H — 1(f) — L + 13(f) (15%),
H-2(a) » L+ 7(a) (13%),H — 11(f) = L + 1() (10%)

81 325 30738 0.0229 H - 7(a) = L + 1(a) (14%), H — 8(8) — L(B) (13%),H — 8(a) — L(a) (12%),H — 13(a) — L(a) (11%)
82,83 323 30929 0.3671 H/H — 1(B) —» L + 10(3) (47%),H — 5(B) — L/L + 1(B) (20%)
87 319 31329 0.1192 H(B) — L + 10(B) (32%),H — 5(8) — L(B) (32%),H — 6(a) — L(a) (10%)
89 318 31424 0.1042 H - 1(f) = L + 10(8) (33%),H — 5(B) = L + 1(#) (31%)
91 314 31807 0.0223 H - 1(a) = L + 2(a) (75%)
96 311 32131 0.0602 H - 2(a) = L + 2(a) (28%),H — 7(f) = L(p) (22%),H — 11() — L(p) (13%)
98 310 32254 0.0310 H - 3(a) = L+ 2(a) (30%),H — 7(f) — L + 1(B) (28%),H — 11(f) — L + 1(B) (11%)
99 307 32594 0.0491 H - 2(a) = L+ 2(a) (43%),H — 7(8) = L(B) (41%)
100 307 32626 0.0410 H - 1(a) - L + 3(a) (32%),H — 15(a) — L(a) (17%),H — 3(a) = L + 3(a) (10%)

diamagnetic '"H NMR spectrum, and has an intense (¢ ~ 10°
M~ em™) Q-band at 699 nm, which correlates well with the
strong MCD A-term. DFT and TDDFT calculations are
suggestive of the iron(II) center in the (d,,)*(d,.,.)*(d2)" (s
= 1) electronic configuration that is antiferromagnetically
coupled with the one-electron-reduced Pc(3—) ligand (i.e.,
[Pc(3—)Fe"]™, [Pc(3—)Fe"L], and [Pc(3—)Fe"X]*7). The
calculated using several exchange—correlation functionals EPR,
Mossbauer, and UV—vis spectra of the [PcFe], [PcFeL]™ and
[PcFeX]*™ complexes are in excellent agreement with the
experimental data, thus resolving the apparent contradiction
between the axial s = 1/2 EPR and Pc(3—)-like UV—vis spectra
of these compounds.

B EXPERIMENTAL SECTION

Materials. All solvents were purchased from commercial sources
and purified with the use of standard procedures. Except for the reduced
PcFe and PcCo in DME outlined below, all compounds were prepared
as described previously.*®' For the chemical reduction of PcFe and
PcCo, all procedures were carried out under a nitrogen atmosphere in
an MBraun Labmaster 130 glovebox. All glassware was rigorously dried
overnight at 160 °C and cooled under vacuum prior to use. Iron and
cobalt phthalocyanines (TCI America) were dried under vacuum
overnight before being transferred into a glovebox for use and storage.
Toluene, tetrahydrofuran (THF), and dimethoxyethane (DME) were
distilled from a purple solution of sodium/benzophenone ketyl under
nitrogen. Hexanes were distilled from sodium under nitrogen. All other
reagents were purchased from commercial sources and used without
further purification.

Spectroscopy. NMR spectra were recorded at 294 K, unless
otherwise stated, on a 400 MHz Bruker Avance III spectrometer or a
500 MHz Bruker Avance III spectrometer. All '"H NMR shifts are
reported relative to the impurity of the internal solvent. Elemental
analyses (C, H, N)) were performed at Simon Fraser University by Mr.
Paul Mulyk on a Carlo Erba EA 1110 CHN elemental analyzer. Samples
for elemental analyses were loaded into preweighed tin capsules inside a
glovebox, sealed by crimping the capsules with tweezers, removed from
the glovebox, weighed, and promptly loaded into the analyzer. UV—
visible—NIR solution spectra were recorded on a Varian Cary 5000,
Ocean Optics JAZ-LE200-XR1, or a Jasco V-770 spectrophotometer in
a 0.1 or 1 cm quartz cell or a 0.1 cm quartz cell equipped with a Kontes
PTFE plug, and HI-VAC valve for air-sensitive samples. The MCD
spectra were measured with a Jasco J-1500 CD spectrometer using a
Jasco MCD-581 electromagnet operated at 1.0 T or a permanent
magnet operated at 1.6 T. The completed MCD spectra were measured
at 10 °C in parallel and antiparallel orientations with respect to the
magnetic field. The MCD spectra were recorded in terms of mDeg =
[0] on the y-axis and were converted to molar ellipticity via Ae = 6/

(32980BIc), where B is the magnetic field, ! is the path length (cm), and
c is the concentration (M)."*” EPR spectra were collected on a Bruker
X-band ELEXSYS E-500 instrument at 150 K. Samples were prepared
and frozen under a nitrogen atmosphere. *’Fe Mossbauer spectra were
recorded with a W.E.B. Research Mossbauer spectroscopy system. All
samples were measured at room temperature. A *’Co (in rhodium
matrix) source with a strength of ~40 mCi was used. The detector was a
Reuters-Stokes Kr/CO, proportional counter. The sample powder was
loaded in a high-density polyethylene flat washer and wrapped in
Parafilm and Kapton tape inside an inert-atmosphere glovebox and
mounted in the Mossbauer sample holder; the wrapped sample was in
contact with the atmosphere for under 1 min and was rapidly placed
under helium inside the spectrometer. The velocity was scanned
between 4 and —4 mm s~' using a constant acceleration triangle
waveform and calibrated against Fe foil measured at 295 K in zero
magnetic field. All isomer shifts (5) are relative to Fe foil. Spectra were
fit to Lorentzian curves using the program Fityk.">® Doublet peaks were
allowed to refine in peak width but were constrained to have the same
area. The doublet assigned to be Fe(II)Pc in the [FePc]™ complex
spectra was constrained to the parameters from Fe(II)Pc in the air
exposed sample, leading to a negligible difference in the overall fit.

Computational Aspects. All calculations were run using Gaussian
16."%° BP86" ' *! with Wachter’s full-electron basis set'** (Wf) for iron
and the 6-311G(d) basis set'** for the other atoms was used for all
geometry optimizations. Vibrational frequencies were calculated to
ensure all geometries were local minima. Taking into consideration an
expected exchange—correlation functional dependency on the
predicted theoretical energies of the excited states,"**™'* time-
dependent density functional theory (TDDFT) with TPSSh'*'*
and TPSS"*® was used to calculate the first 80 excited states of each
molecule. In addition, O3LYP,"*° tHCTHThyb,151 B97-1,%* B9g,'>3
MOS,"** and M06'° functionals were tested in EPR parameter
calculations. The same basis sets as for the geometry optimizations were
used for the TDDFT and EPR calculations. Mossbauer parameters
were calculated using TPSS and TPSSh functionals. DFT and TDDFT
calculations were run in either a gas phase or solution using the PCM
model,"*® with dichloromethane (DCM) or dimethylformamide
(DMEF) as the solvent. QMForge157 was used for the molecular orbital
composition analyses.

Single Crystal X-ray Crystallographic Analysis. Crystalline
samples were mounted on a 150 mm MiTeGen Dual-Thickness
MicroMount using Paratone N oil (Hampton) and data collected at
150 K. Diffraction data was collected using a Bruker Smart Apex II
single crystal diffractometer with a TRIUMPH monochromated Mo
Ka radiation (4 = 0.71073 A) source with a crystal-to-detector distance
of 50 mm, using a series of @ and w scans in 0.50° oscillations. The data
was processed and corrected for Lorentz and polarization effects and an
empirical absorption correction was applied, using the Bruker Apex II
software suite.”>® The structures were solved with SIR92,"5'¢® and
subsequent refinements were performed using the SHELXTL crystallo-
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graphic software package of Bruker-AXS.'®' The coordinates and

anisotropic displacement parameters for the non-hydrogen atoms were
refined. Hydrogen atoms were placed in idealized geometric positions
and linked to their respective carbon atoms using a riding model during
refinement. DME molecules were disordered and modeled accordingly.
Diagrams were prepared using MERCURY'® and POV-RAY.'"
Crystallographic data are provided in the Supporting Information and
Tables 1 and 2. Additional crystallographic information can be found in
CCDC 2205011 and 2205012, respectively.

Synthetic Procedures. Synthesis of K(DME),[PcFe] (1). To a
suspension of PcFe (57.0 mg, 0.100 mmol) in 10 mL of DME, 1 equiv
of KBEt;H (0.10 mL, 0.100 mmol) was added slowly, causing the
solution to become dark purple. After the solution was stirred for 20 h,
the solvent was removed in vacuo; the residue was washed with S mL of
toluene and then extracted with 6 mL of DME/2 mL of hexanes. The
extracts were filtered through Celite. Purple crystals of K-
(DME),[PcFe] (1) were isolated in three fractions. Yield: 82 mg
(88%). UV—vis: (DME) A, 326, 509, and 806 nm. Anal. Calcd for
CysHyNgOgFeK: C, 59.56; H, 5.83; N, 11.58. Found C, 59.03; H, 5.82;
N, 11.13. "H NMR (THF-dy): 5 = 16.8 (brs, 8H), 15.8 (brs, 8H) ppm.
Crystals suitable for X-ray analysis were grown by layering hexanes onto
a DME solution of the product in a capped 1 dram vial.

Synthesis of K(DME),[PcCo] (2). To a suspension of PcCo (57 mg,
0.100 mmol) in 10 mL of DME, 1 equiv of KBEt;H (0.10 mL, 0.100
mmol) was added slowly, generating a dark green-yellow solution. After
the solution was stirred for 20 h, the solvent was removed in vacuo; the
residue was washed with S mL of toluene and then extracted
sequentially with 10 mL of DME/2 mL of hexanes. The extracts were
filtered through Celite. Black crystals of K(DME),[PcCo] (2) were
isolated in two fractions. Yield: 79 mg (81%). UV—vis: (DME) A,
316, 385, 465, and 664 nm. Anal. Calcd for C,,H,sN;O4CoK: C, 59.99;
H, 5.26; N, 12.72. Found C, 59.39; H, 4.73; N, 13.03. "H NMR (THE-
dg): 6=9.30 (s, 8H), 7.91 (s, 8H) ppm. *C{'H} NMR (solvent): § =
155.6, 141.4, 125.9, 120.7, 71.4, 57.8 ppm. Crystals suitable for X-ray
analysis were grown by layering hexanes onto a DME solution of the
product in a capped 1 dram vial.
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