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ABSTRACT: The electronic communication between two
ferrocene groups in the electron-deficient expanded aza-BODIPY
analogue of zinc manitoba-dipyrromethene (MB-DIPY) was
probed by spectroscopic, electrochemical, spectroelectrochemical,
and theoretical methods. The excited-state dynamics involved sub-
ps formation of the charge-separated state in the organometallic
zinc MB-DIPYs, followed by recovery of the ground state via
charge recombination in 12 ps. The excited-state behavior was
contrasted with that observed in the parent complex that lacked the
ferrocene electron donors and has a much longer excited-state
lifetime (670 ps for the singlet state). Much longer decay times
observed for the parent complex without ferrocene confirm that the
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main quenching mechanism in the ferrocene-containing 4 is reflective of the ultrafast ferrocene-to-MB-DIPY core charge transfer

(CT).

B INTRODUCTION

The chemistry of functional dyes connected to redox-active
fragments, and in particular to ferrocene groups, has gained
significant interest because of their potential use in photo-
catalysis, molecular electronics, redox-switchable fluorescence,
and light-harvesting applications."”” Electronic communication
between the ferrocene groups and the excited-state dynamics
(in particular the formation and lifetime of charge-separated
states) in ferrocene-containing porphyrins,”* phthalocya-
nines,”® BODIPYs,”’ aza-BODIPYs,'”'! and BOPHYs'?
were probed by a variety of spectroscopic, electrochemical,
and theoretical methods. Because of their excellent photo-
physical properties, the use of the electron-deficient BODIPY
analogues is attractive for solar light-harvesting applications.
BODIPYs with electron-accepting groups in meso-"""" or -
position(s),"*™** pyridone-conjugated BODIPYs,"”~** and
aza-BODIPYs™>~*’ have comparable first reduction potentials
to Cg fullerene derivatives and have demonstrated significantly
better optical and photophysical properties for light harvesting.
Despite such a prominent and potentially useful combination
of redox and optical properties, studies on ferrocene-
containing systems connected to the electron-deficient
chromophore are sparse.””>* We have recently developed a
scalable synthetic pathway for the preparation of the electron-
deficient manitoba-dipyrromethene (MB-DIPY) chromo-
phores that are direct analogues of the benzo-fused aza-
DIPYs and aza-BODIPYs.>® In this communication, we will
show that the readily available and inexpensive acetylferrocene
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can be used as a precursor for the preparation of the first
ferrocene-containing MB-DIPY analogues with similar absorp-
tion and redox properties to Cg, fullerene and its derivatives.

B RESULTS AND DISCUSSION

Synthesis of the unprecedented ferrocene-containing MB-
DIPYs is shown in Scheme 1 with all synthetic and
characterization data provided in the Experimental Section
and Supporting Information Figures S1—S11. It follows the
procedure previously developed by our group” that uses
acetylferrocene 1 as a precursor for the formation of 2. This
precursor was then used for the formation of sodium MB-
DIPYs 3 in good yield. The final zinc MB-DIPY complex 4 was
prepared by transmetalation of the sodium salts 3 with the zinc
acetate in tetrahydrofuran (THF). Reduction products of 4
([4]°~ and [5]7) were prepared by the chemical reduction
with NaBH, or under spectroelectrochemical conditions to
gain spectroscopic features of the reduced MB-DIPY core.
Because of their low stability in solution, these materials were
not isolated or fully characterized.
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Scheme 1. Synthesis of Ferrocene-Containing MB-DIPYs 3, 4* and Their One- and Two-Electron Reduced Derivatives [4]°

and [5]7¢
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The UV—vis spectra of the sodium and zinc derivatives 3
and 4 are presented in Figure 1. Zinc complex 4 has a similar
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Figure 1. UV—vis absorption spectra of MB-DIPYs 3 (THF) and 4
(DCM).

absorption profile to the ferrocene-BODIPYs and ferrocene-
aza-BODIPYs' "' with MB-DIPY centered 7—7* transitions
observed at ~500 nm and a lower-intensity, lower-energy
broad metal-to-ligand charge-transfer (MLCT) band observed
at ~670 nm (Supporting Information Figure S13). The MLCT
band in 3 overlaps with the MB-DIPY-centered n—r*
transitions forming a broad absorption envelope between
500 and 600 nm. Thus, unlike the previously reported zinc
MB-DIPYs with the other terminal aryl substituents, the UV—
vis spectra of the ferrocene-containing MB-DIPYs 3 and 4 have
additional MLCT bands with lower energies compared to the
ligand-centered z—7z* transitions in agreement with their
electronic structure calculations discussed below.

The redox properties of the new donor—acceptor dyad 4
were probed by electrochemical and spectroelectrochemical
methods (Figures 2, 3, and S12). Cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) experiments
identified one two-electron oxidation and two single-electron
reduction processes in DCM/0.1 M TBAP (Figure 2). In low
ion-pairing DCM/0.05 M TFAB (TFAB = tetrabutylammo-
nium tetrakis[ pentafluorophenyl] borate), the first two, closely
spaced, oxidation processes were measured (Supporting
Information Figure S12). In both systems, the shape of the
cathodic and anodic waves for the oxidation was characteristic
of an adsorptlon/desorptlon process at the working
electrode.”® Based on the ferrocene-BODIPY’ ™ and ferro-
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Figure 2. DPV (top) and CV (bottom) data on MB-DIPY 4 in 0.1 M
TBAP in the DCM system.
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Figure 3. UV—vis—NIR absorption spectra of MB-DIPY 4 (red) and
its two-electron-oxidized [4]** (blue) and one-electron reduced [4]°~
(green) derivatives obtained under spectroelectrochemical oxidation/
reduction conditions in the deoxygenated 0.3 M TBAP/DCM system.
The discontinuity at 850 nm reflects a detector change.

cene-aza-BODIPY® data, the first oxidation process was
assigned to a ferrocene-centered oxidation. The oxidation
potentials in 4 are close to that in acetylferrocene (Supporting
Information Table S1).

Based on the previous data for MB-DIPYs,” we have
assigned both reduction processes to the reduction of the MB-
DIPY chromophore. The first reduction in 4 occurs at a
potential close to that observed for the first reduction potential
of Cy, fullerene and its derivatives.’>*” Derivative 3 was too
moisture sensitive to conduct electrochemical and spectroelec-
trochemical experiments without being hydrolyzed to the
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metal-free MB-DIPY. Unlike ferrocene-BODIPYs, ™ ferro-
cene-aza-BODIPYs,''! and ferrocene-BOPHYs,"> oxidation
of 4 under spectroelectrochemical or chemical oxidation
conditions did not show evidence of the characteristic
intervalence char%e transfer (IVCT) band in the near-infrared
(NIR) region.lo’1 Similar behaviors were observed in the case
of several conformationally flexible ferrocene-pyridoneBODI-
PYs*' and ferrocene-BOPHYs.*® However, zinc complex 4 is
conformationally rigid, and thus, the absence of the IVCT
band during oxidation is indicative of a lack of electronic
communication between two ferrocene groups. Taking into
consideration that the density functional theory (DFT)-
predicted Fe—Fe distance in 4 is comparable to or shorter
than the Fe—Fe distances in the ferrocene-BODIPYs” and
ferrocene-BOPHYs,'” in which electronic coupling between
two iron centers was observed, we speculate that lack of long-
range metal—metal coupling in 4 might be attributed to either
the inverted electronic structure of MB-DIPY compared to the
traditional BODIPYs and aza-BODIPYs, with the highest-
occupied molecular orbital (HOMO) located on the ferrocene
rather than the core, or interruption of the electronic coupling
in 4 by sp*-hybridized carbonyl C=O groups. The single-
electron reduction of zinc complex 4 under spectroelectro-
chemical or chemical reduction conditions (Figures 3 and 4) is
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Figure 4. UV—vis—NIR absorption spectra of one-electron-reduced
[4]° (green) and two-electron-reduced [S]™ (magenta) zinc MB-
DIPY derivatives obtained by the reduction with NaBH, in THF.

similar to that observed earlier for MB-DIPYs.** Formation of
the low-energy bands at 1190 and 1034 nm is indicative of the
reduction of the MB-DIPY core. This anion radical was not
stable and can be easily reoxidized to the initial 4 under
spectroelectrochemical conditions or by simple exposure of
[4]° to air. The second reduction of 4 can be achieved in the
NaBH,/NMe,OH system. Similar to other zinc MB-DIPYs,**
during the second reduction, both NIR bands disappeared and
two new intense bands at 711 and 665 nm appear in the
spectrum of [5] (Figure 4).

Excited-state dynamics for 4 were measured using pump—
probe spectroscopy (Figures 5, S22—S24). Following ex-
citation at 400 nm, transient absorption, TA, was evident at
wavelengths shorter than 525 nm and throughout the near-IR.
In the first picosecond after excitation, the TA shifted
spectrally, to shorter wavelengths in the visible and longer
wavelengths in the near IR, and decreased in intensity.
Subsequently, there was a bimodal reduction in intensity on
time scales of tens and hundreds of picoseconds. To quantify
the time scales, the data at individual probe wavelengths were
fitted as a series of first-order kinetic events. The fitting
function and optimized fitting parameters are presented in the
Supporting Information, and the fits are shown in the bottom
panel of Figure 5. Using the 950 nm probe as an example, the
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Figure S. Transient change in optical density following excitation of 4
in DCM at 400 nm. The dashed line in the upper two panels
represents the inverted absorption spectrum for reference. In the
bottom panel, the circles are the time evolution of the dominant
principle component of the singular value decomposition (SVD)
analysis and the solid lines are the fit to a sequential set of first-order
events (Supporting Information Figures $22—524).

three sequential time scales are 0.27 + 0.03, 12 + 2, and 300 =+
0.03 ps.

Excitation at 400 nm was predominantly a 7 — 7* transition
of the MB-DIPY core;*” the HOMO — 4 — lowest un-
occupied molecular orbital (LUMO) + 1 transition in 4 was
based on the time-dependent DFT (TDDFT) results below.
The transient absorption was analyzed using singular value
decomposition (SVD). In all cases, time evolution of the
dominate principle component was fitted to characterize the
time constants associated with a change in the TA (Supporting
Information and Table S2). The resulting fits are presented in
Figure S. In the absence of the Fc electron donors, the 7*
excited state demonstrates broad transient absorption across
the visible and NIR with the fastest decay time constant of 670
+ 60 ps, see the bottom of Figure 5 and Supporting
Information. However, when Fc groups were added, 4, there
was a rapid loss of TA in the first picosecond after excitation in
the visible and NIR with an initial sub-picosecond time
constant (130 =+ 6 fs in the visible) followed by a 12 + 2 ps
loss of TA. The fastest component is assigned to an initial
charge transfer event from the Fc to the singly occupied ©
orbital to create the charge transfer (CT) state. At this point,
NIR absorption remains due to TA from the electron in the
excited 7* orbital. The 12 ps time constant follows loss of the
CT state and return to the ground electronic state through the
transfer of the electron in the 7* orbital to the singly occupied
HOMO centered on the Fc. The energetic driving force for the
initial charge separation and subsequent charge recombination
are illustrated in Figure 6. These dynamics, ultrafast transfer of
an electron from the HOMO on the donor to the 7 orbital on
the core opened by the initial excitation, followed by
subsequent charge recombination via transfer from the excited
7* to the HOMO, are analogous to excited-state deactivation
in catechol-containing BODIPYs, aza-BODIPYs, and BO-
PHYs.** The longest time scale measured was small in
amplitude, poorly determined, and varied somewhat depend-
ing on the probe wavelength. This may represent some degree
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Figure 6. MO energies of MB-DIPYs 3 (left) and 4 (right) predicted
by DFT calculations along with their frontier orbital images.

of thermalization following charge recombination back to the
ground state.

To gain additional insight into the spectroscopic and redox
properties of the sodium and zinc complexes, 3 and 4, density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed on these systems. The DFT-
predicted energy level diagram is shown in Figure 6, and the
frontier MO compositions for 3 and 4 are listed in Supporting
Information Figures S14—S17.

In good agreement with the experimental electro- and
spectroelectrochemical data, the HOMO in all compounds was
predicted to be dominated by contributions from the two
ferrocene fragments, while the LUMO is MB-DIPY centered.
The LUMO in complexes 3 and 4 resembled the HOMO in
typical BODIPYs and aza-BODIPYs, with the large contribu-
tions coming from orbitals on the nitrogen atoms. The highest
energy occupied MO that has a predominant MB-DIPY
character was the HOMO—4 in 3 and 4. In agreement with
our earlier calculations,” this MO resembled the typical
LUMO in regular BODIPYs and aza-BODIPYs and was
dominated by contributions from the a- and f-carbon atoms of
isoindole fragments.'”'" The spin density in [4]°" was
predominantly localized on the MB-DIPY core (Supporting
Information Figure S18), while the HOMO of the two-
electron reduced [5]™ resembled that of a typical BODIPY.

TDDFT calculations on 3, 4, and [4]*7, [5]™ (Figure 7 and
Supporting Information Figures S18—S21) were in agreement

0.0

! m M 0
300 400 500 600 700 800 900 1000
Wavelength, nm

Figure 7. Experimental (top) and TDDFT-predicted (bottom) UV—
vis—NIR spectra of zinc MB-DIPY 4 in DCM.

with the experimental UV—vis spectra. Similar to the
previously reported ferrocene-BODIPYs" and ferrocene-aza-
BODIPYs,'”"" TDDFT predicts several predominantly MLCT
transitions that have energies lower than the most intense, MB-
DIPY-centered 7—7n* band (see Supporting Information for
the detailed analysis). The energy difference between a cluster
of MLCT bands and the low-energy 7—z* in 3 (Supporting
Information Figure S19) was significantly smaller than it is in 4
(Figure 7). This correlated well with the experimental
observations. TDDFT calculations on single-electron reduced
[4]°~ were consistent with the two experimentally measured

NIR bands. These bands were predicted to disappear upon a
second reduction to [5]7, in agreement with the experiment
(Supporting Information Figures $20 and S21).

B CONCLUSIONS

In conclusion, we have prepared and characterized sodium and
zinc derivatives of the first ferrocene-containing MB-DIPY
compounds, where the ferrocene groups are conjugated to the
benzo-fused aza-BODIPY core. Despite a ferrocene-dominated
HOMO and modest Fe—Fe distance in 4, the electrochemical
and spectroelectrochemical experiments indicated very little, if
any, electronic coupling between the two iron centers. The first
reduction potential in complex 4 was close to that observed in
Cyp fullerene and its derivatives. The reduction of 4 led to the
formation of the anion-radical [4]*7, which absorbs strongly in
the NIR region. The time-resolved spectroscopy confirmed the
ultrafast initial formation of the charge-separated state in
complexes 4, which subsequently decayed in 12 ps to the
ground state. The low-lying CT state provided efficient
deactivation of the initial 7* excited state, with the lifetime
reduced by a factor of 20 compared with MB-DIPYs that lack
the ferrocene groups. The charge recombination excited-state
deactivation was also faster than previously reported in the
analogous ferrocene-BODIPYs.

B EXPERIMENTAL SECTION

Materials. Solvents were purified using standard ap-
proaches: THF and 1,4-dioxane were dried over sodium
metal and benzophenone, and DCM was dried over
phosphorous(V) oxide. Phthalonitrile, sodium hydride, sodium
borohydride, zinc acetate dihydrate, and 25% methanolic
solution of tetramethylammonium hydroxide were purchased
from Sigma Aldrich. All air-sensitive reactions were carried out
under dry argon atmosphere using Schlenk-tube and vacuum-
line techniques.

Spectroscopy Measurements. A Jasco-V770 spectropho-
tometer was used to collect UV—vis data. Standard rectangular
1 X 1 cm quartz cuvettes were used for all of the
measurements. Spectra shown in Figures 1, 2, and 7 are
measured in DCM at ambient conditions (as indicated in the
figure captures). Spectra shown in Figure 4 are measured in
THF at ambient conditions (as indicated in the figure
capture). NMR spectra were recorded on a Bruker Avance
instrument with a 300 MHz frequency for protons and 75
MHz frequency for carbons. Chemical shifts are reported in
parts per million (ppm) and referenced to the residual proton
resonance of the deuterated solvent (CDCl; = § 7.26; THF-dg
= § 1.73), and carbon spectra are referenced to the carbon
resonances of the solvent (CDCl; = § 77.16; THF-dg = 6
25.37). High-resolution mass spectra of all new compounds
were recorded using a Bruker micrOTOF-QIIIL All exact mass
measurements showed an error of less than 5 ppm.

Electrochemistry and Spectroelectrochemistry. Elec-
trochemical cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements were conducted using a
CHI-620 C electrochemical analyzer utilizing a three-electrode
scheme with platinum working, auxiliary, and Ag/AgCl
reference electrodes. The typical scan rate for CV experiment
was 100 mV/s. DCM was used as a solvent, and 0.1 M solution
of tetrabutylammonium perchlorate (TBAP) and 0.05 M
tetrabutylammonium terakis(pentafluorophenyl)borate
(TFAB) were used as supporting electrolytes. Spectroelec-
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trochemical experiments were conducted in DCM/0.3 M
TBAP system using a custom-made 1 mm cell and platinum
mesh working electrode. The typical time for spectroelec-
trochemical experiments varies between 40 and 120 min. In all
cases, experimental redox potentials were corrected using
decamethylferrocene (Fc*H) as an internal standard.

Computational Details. The starting geometries of MB-
DIPYs 3, 4, [4]°7, and [S]™ were optimized using a hybrid
B3LYP exchange—correlation functional.”! Frequencies were
calculated to ensure the stationary geometry. Solvent effects
were calculated using the polarized continuum model
(PCM).** In all calculations, DCM was used as the solvent.
In PCM-TDDFT calculation, the first 50 states were calculated
in the case of compounds 3 and 4, 100 states were calculated
for compound [4]°7, and 80 states were calculated for
compound [5]”. Full-electron Wachter’s basis set™ was
utilized for iron atoms, while all other atoms were modeled
using 6-311G(d)** basis set. Gaussian 09 software was used in
all calculations.”> QMForge program was used for molecular
orbital analysis.*®

Pump—Probe Experimental Setup. A home-built,
regeneratively amplified Ti:sapphire laser system produced
~80 fs, 1 mJ, 810 nm pulses at a repetition of 1 kHz. A 90%
portion of this output was frequency doubled by a 1 mm BBO
crystal to produce 400 nm excitation pump pulses. The
remaining 10% of the output was focused into a 2 mm sapphire
plate (visible) or 2 mm YAG (Yttrium Aluminum Garnet)
plate (NIR) to create the continuum probe pulses. Pump
pulses were modulated at half the repetition rate of the laser by
a mechanical chopper. The pump was polarized at 54.7°
relative to the probe to minimize the influence of anisotropic
dynamics on the measurements. The time delay between the
pump and probe pulses was controlled by a mechanically
delayed stage. The pump and probe beams were focused and
crossed in a 1 mm path length sample quartz cuvette. The
pump energy was 1 4J per pulse with a spot size of 164 ym (1/
e?) for the visible pump—probe studies and spot size of 214
um (1/e*) for near-infrared (NIR) studies. Samples were
dissolved in dichloromethane, purged with argon for 5 min
prior to each measurement, and flowed throughout the entire
experiment using a peristaltic pump. The visible probe beam
was collimated after the sample, focused into a monochroma-
tor (Princeton Instruments SP2150i monochromator 150
lines/mm, 500 nm blaze), and detected on a 256-pixel linear
diode array (Hamamatsu $3902-256Q). For experiments
detecting in the NIR, detection was done using a Princeton
Instruments SP2150 monochromator (150 lines/mm, 1200
nm blaze) with a 256 linear InGaAs diode array (Hamamatsu
(G9213-256S). Measuring the probe beam with and without
the pump for each sequential pair of laser pulses provided the
change in optical density, AOD, on a shot to shot basis. The
spectra presented represent the average of 30 000 pulse pairs at
each time delay. The samples had an optical density of 0.25—
0.30 at the pump wavelength. Absorption spectra were taken
before and after pump—probe data collection, and no change
was observed within experimental error, suggesting a lack of
photodegradation during the experiments.

Pump—Probe SVD Analysis. Figures S22—S24 present
the SVD analysis of the pump—probe results for the diphenyl
analog of 4 and 4 excited at 400 nm. The SVD analysis was
done using publicly available software package Glotaran
(http://glotaran.org/). Time constants were determined for
the change in amplitude of the dominant principle component.

Time constants are presented in Table S2. Figures present the
first four SVD principle components, and the amplitudes for
the first 20 components.

Synthetic Procedures. 2-[(17)-3-imino-2,3-dihydro-1H-
isoindol-1-ylidene]-1-ferrocenylethane-1-one (2). The solu-
tion of acetylferrocene 1 930 mg (4.07 mmol) in dry DMF (50
mL) was treated with solid sodium hydride (8.15 mmol, 200
mg) at 0 °C under argon atmosphere. The resulting mixture
was stirred for S min at 0 °C. Then, the solution of
phthalonitrile (4.88 mmol, 625 mg) in dry DMF (20 mL)
was slowly added. The resulting solution was stirred for
another S min at 0 °C and then at room temperature
overnight. Then, deep purple solution formed, which was
quenched with water (20 mL), neutralized with aqueous
ammonium chloride solution and stirred for another 30 min.
Then, the resulting deeply colored purple precipitate was
collected by vacuum filtration, washed with water, and air-dried
to give 1340 mg (92%) of pure compound 2 as a deep purple
solid. 'H NMR (300 MHz, CDCL,) § 11.02 (br.s, 1H), 8.18—
8.15 (m, 2H), 8.02=7.96 (m, 2H), 6.61 (s, 1H), and 5.26 (t,
Juw = 3.0 Hz, 2H); 4.92 (t, Jun = 3.0 Hz, 2H); 4.58 (s, SH);
BC NMR (75 MHz, CDCl,) & 148.9, 136.7, 131.4, 131.2,
121.2, 92.3, 81.5, 72.8, 70.2, and 69.4; HRMS (APCI-TOF)
m/z: [M — H]™ Caled for C,,H,;(N,OFe 355.0528; found
355.0576.

Compound 3. The solution of compound 3 (300 mg, 0.84
mmol) was treated with sodium hydride powder (14 mg, 0.50
mmol) in dry 1,4-dioxane (20 mL) under argon atmosphere.
The resulting mixture was stirred for 5 min at room
temperature, then under refluxed conditions for 3 h. Then,
the solution was cooled down to room temperature, diluted
with dry hexane (100 mL), and left for 3 h for crystallization.
The resulting precipitate was collected by vacuum filtration
and air-dried to give 259 mg (86%) of pure compound 3. 'H
NMR (300 MHz, THF-dg) & 8.04—8.01 (m, 2H), 7.96—7.93
(m, 2H), 7.51—7.43 (m, 4H), 6.79 (s, 2H), 5.10 (s, 4H), 4.60
(s, 4H), and 4.25 (s, 10H); *C NMR (75 MHz, THF-dg) &
194.7, 175.7, 162.1, 143.7, 142.4, 129.9, 129.6, 122.9, 120.5,
104.0, 84.8, 73.0, 70.8, and 70.6; HRMS (APCI-TOF) m/z:
[M]~ Caled for C,oH,sN;Fe,0,Na 717.0774; found 717.0808.

Compound 4. To the solution of compound 3 (100 mg,
0.14 mmol) in THF (15 mL), the suspension of zinc(Il)
acetate dihydrate (34 mg, 0.15 mmol) in THF (4 mL) was
added. The resulting mixture was stirred for 4 h at room
temperature. Then, the resulting precipitate was collected by
filtration, and the crude product was additionally dried in a
high vacuum for 1 h to give 70 mg (60%) of pure zinc complex
4.'H NMR (300 MHz, CDCL,) & 8.16-8.14 (m, 2H), 7.88—
7.86 (m, 2H), 7.63—7.55 (m, 4H), 6.71 (s, 2H), 5.32—5.25
(m, 2H), 5.06—5.02 (m, 2H), 4.86—4.76 (m, 4H), 4.38 (s,
10H), 3.77—3.73 (m, 4H), and 1.87—1.83 (m, 4H), 1.80 (s,
3H); *C NMR (75 MHz, CDCl;) § 197.2, 175.0, 158.6,
140.1, 138.5, 130.9, 130.8, 123.7, 120.9, 103.4, 82.2, 74.3, 74.1,
713, 70.8, 70.5, 68.1, 25.7, and 23.9; HRMS (APCI-TOF) m/
z: [M — OAc]* Caled for CyyH,3N;Fe,0,Zn 758.0169; found
758.0266.

Compounds [4]°~ and [5]". The suspension of zinc(II)
complex 4 (41 mg, 0.05 mmol) in dry THF (10 mL) was
treated with sodium borohydride (6 mg, 0.15 mmol) under
argon atmosphere. The resulting mixture was stirred for 10
min yielding [4]°” as a deep green solution. Then, the solution
was treated with 25% methanolic tetramethylammonium
hydroxide solution (18 mg, 0.05 mmol) and stirred for
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another 5 min yielding a green solution of two-electron
reduced anionic zinc(1I) complex [$]™. Due to the low stability
of the obtained dyes, they were immediately subjected to UV—
vis absorption spectroscopy analyses.

Compound [4]*~. UV/vis (THF): A,
644, 585, 535, 450, and 390 nm.

Compound [5]~. UV/vis (THF): A,,,. = 711, 665, and 390
nm.

1190, 1034, 716,

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c03764.

Experimental and theoretical characterization data for
compounds 3 and 4 as well as starting materials and
reference compounds (PDF)

B AUTHOR INFORMATION

Corresponding Authors

David A. Blank — Department of Chemistry, University of

Minnesota, Minneapolis, Minnesota 554SS, United States;
orcid.org/0000-0003-2582-1537; Email: blank@umn.edu

Victor N. Nemykin — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada;
Department of Chemistry, University of Tennessee, Knoxville,
Tennessee 37996, United States; © orcid.org/0000-0003-
4345-0848; Email: vnemykin@utk.edu

Authors
Yuriy V. Zatsikha — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada;
orcid.org/0000-0002-9770-7007
Liliya I. Shamova — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
Jacob W. Schaffner — Department of Chemistry, University of
Minnesota, Minneapolis, Minnesota 55455, United States;
orcid.org/0000-0003-4970-3789
Andrew T. Healy — Department of Chemistry, University of
Minnesota, Minneapolis, Minnesota 55455, United States
Tanner S. Blesener — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
Gabriel Cohen — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
Brandon Wozniak — Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c03764

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Generous support from the Minnesota Supercomputing
Institute, NSERC, CFI, University of Manitoba, and WestGrid
Canada to V.N.N. is greatly appreciated. Generous support
from the NSF support (DMR-1708177) to D.AB. is also
greatly appreciated.

B ABBREVIATION

MB-DIPY (or manitoba-dipyrromethene) is the common name
of the ligand. The preferred IUPAC names for compounds 3
and 4 are: 3: 2-[(1Z,3Z)-3-{[(1Z)-1-(2-ox0-2-ferrocenylethy-
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lidene)-1H-isoindol-3-yl]imino}-2-sodio-2,3-dihydro-1H-isoin-
dol-1-ylidene]-1-ferrocenylethan-1-one and 4: [(1Z,3Z)-1-(2-
oxo-2-ferrocenylethylidene)-3-{[ (1Z)-1-(2-oxo-2-ferrocenyle-
thylidene)-1H-isoindol-3-yl]imino}-2,3-dihydro-1H-isoindol-
2-yl]zincio acetate.
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