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ABSTRACT: Stepwise modification of the methyl groups at
the a positions of BODIPY 1 was used for preparation of a
series of mono- (2, 4, and 6) and diferrocene (3) substituted
donor—acceptor dyads in which the organometallic substitu-
ents are fully conjugated with the BODIPY 7z system. All
donor—acceptor complexes have strong absorption in the NIR
region and quenched steady-state fluorescence, which can be
partially restored upon oxidation of organometallic group(s).
X-ray crystallography of complexes 2—4 and 6 confirms the
nearly coplanar arrangement of the ferrocene groups and the
BODIPY 7 system. Redox properties of the target systems
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were studied using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). It was found that the first oxidation
process in all dyads is ferrocene centered, while the separation between the first and the second ferrocene-centered oxidation
potentials in diferrocenyl-containing dyad 3 is ~150 mV. The density functional theory-polarized continuum model (DFT-
PCM) and time-dependent (TD) DFT-PCM methods were used to investigate the electronic structure as well as explain the
UV—vis and redox properties of organometallic compounds 2—4 and 6. TDDFT calculations allow for assignment of the charge-
transfer and 7 — 7* transitions in the target compounds. The excited state dynamics of the parent BODIPY 1 and dyads 2—4
and 6 were investigated using time-resolved transient spectroscopy. In all organometallic dyads 2—4 and 6 the initially excited
state is rapidly quenched by electron transfer from the ferrocene ligand. The lifetime of the charge-separated state was found to
be between 136 and 260 ps and demonstrates a systematic dependence on the electronic structure and geometry of BODIPYs

2—4 and 6.

B INTRODUCTION

Light-induced charge separation is a key to the conversion of
solar energy to electricity." Efficient transformation of sunlight
to electricity depends on many factors, including the absorption
cross-section and spectral coverage, rate of electron transfer,
excited state relaxation dynamics, and stability of the charge-
separated (CS) state.” Not surprisingly, numerous donor—
acceptor (D—A) dyads and donor—antennae—acceptor (D—
An—A) triads have been extensively studied as possible
candidates for solar energy conversion in artificial photo-
synthetic systems.” The electronic coupling between the donor
and the acceptor in D—A and D—An—A systems depends on
donor—acceptor spatial orientation and separation and the
nature of the bridge between them.>* For instance, formation
of an exceptionally long-lived (230 us) CS state was observed
in a system with a relatively short, ~2.6 A, D—A distance.”*
Ferrocene derivatives can be used as efficient and robust
electron donors in D—A assemblies. Numerous ferrocene-
containing porphyrins,”~'® tetraazaporphyrins,'’ phthalocya-
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nines, - corroles,”” and subphthalocyanines ™ have been
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intensively studied in conjunction with their exciting electron-
transfer properties. More recently, non-macrocyclic 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)" and aza-
BODIPY'® platforms were also used in preparation of the
ferrocene-containing D—A and D—An—A assemblies. As
expected, in the case of ferrocene-containing BODIPYs and
azaBODIPYs in which the organometallic group is not
conjugated with the 7 system of the BODIPY or azaBODIPY,
the optical and redox propertles are a superposition of the
donor and antennae fragments."*"™" In the case of BODIPYs
and azaBODIPYs, with ferrocene groups conjugated into the
parent 7 system, low-energy metal-to-ligand charge-transfer
(MLCT) bands are commonly observed in the near-infrared
(NIR) spectral region that are easily tunable in energy and
intensity as was shown for alkynylferrocene-substituted
BODIPYs.'> ™ Examples of the ferrocene-containing BODI-
PYs with organometallic groups conjugated into the 7 system
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Scheme 1. Synthetic Pathways for Preparation of Organometallic BODIPYs 2—4 and 6
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via vinyl bridging groups are rare, and no systematic study is Compound 2: mp 147—148 °C. '"H NMR (CDCl,;, 500 MHz) § 7.70
available on the influence of the different substituents on the (d, 1H, J = 16.0 Hz), 7.42—7.34 (m, 7H), 7.28 (m, 4H), 6.89 (s, 1H),

4.67 (t, 2H, ] = 2.0 Hz), 4.52 (t, 2H, ] = 2.0 Hz), 4.27 (s, SH), 4.21—
4.10 (m, 4H), 2.93 (s, 3H), 1.09 (t, ] = 7.1 Hz, 3H), 1.06 (t, ] = 7.1
Hz, 3H). *C NMR (CDCl,;, 125 MHz): § 165.14, 163.94, 144.11,
132.35, 131.63, 130.08, 129.52, 128.89, 128.50, 127.78, 114.23, 81.74,

optical and redox properties of these systems.'*” Thus, in this
report, we discuss the preparation, redox, and photophysical
properties of several symmetric and asymmetric ferrocene-

containing D—A assemblies (Scheme 1) with strong absorption 71.49, 70.07, 68.73, 61.08, 60.11, 45.36, 13.92, 13.76. Anal. Calcd for 2,
in the NIR region in which organometallic substituents are CyoHyBF,FeN,0,: C, 67.44; H, 4.95; N, 3.93. Found: C, 67.18; H,
conjugated into the 7 system via a vinyl bridge. The choice of 4.92; N, 3.95. Compound 3: mp 220—221 °C. 'H NMR (CDCl,, 500
BODIPYs was as follows: BODIPY 2 was chosen as a parent MHz) § 7.70 (d, 2H, ] = 16.0 Hz), 7.44 (d, 2H, ] = 16.0 Hz), 7.40—
platform, BODIPYs 3 and 4 have an additional organometallic 7.35 (m, 6H), 7.33—7.28 (m, 4H), 6.89 (s, 1H), 4.68 (t, 4H, ] = 2.0
(3) or organic (4) electron-donating group, and BODIPY 6 has Hz), 4.50 (t, 4H, ] = 2.0 Hz), 429 (s, 10H), 4.16 (q, 4H, ] = 7.1 Hz),

1.06 (t, 6H, J = 7.1 Hz). 3C NMR (125 MHz, CDCl;) § 165.50,
152.59, 145.12, 142.75, 135.02, 132.21, 129.67, 128.80, 128.31, 123.59,
122.24, 115.02, 82.31, 71.25, 70.12, 68.67, 61.02, 13.89. Anal. Calcd for

an additional electron-withdrawing group (Scheme 1).

W EXPERIMENTAL SECTION 3, C,H,sBF,Fe,N,0,: C, 67.43; H, 4.77; N, 3.08. Found: C, 67.26; H,
Reagents and Materials. Solvents were purified using standard 4.94; N, 3.13. ) ) )
approaches: toluene was dried over sodium metal, THF was dried over 1,7-Diphenyl-2,6-dicarbethoxy-3-(2-(4-dimethylaminopheny!l)-

vinyl)-5-(2-(ferrocenyl)vinyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-in-
dacene (4). A mixture of 142 mg (0.2 mmol) of monoferrocene
BODIPY 2, 149 mg (1 mmol) p-dimethyamino benzaldehyde, 42 mg
(0.5 mmol) of piperidine, and 42 mg (0.7 mmol) of acetic acid was
refluxed in S mL of toluene for 1.5 h. After cooling the solution was

sodium—potassium alloy, and hexane and DCM were dried over
calcium hydride. Dimethyl BODIPY derivative 1' and pyridone
BODIPY derivative 5'® were prepared as described earlier. Silica gel
(60 A, 60—100 um) was purchased from Dynamic Adsorbents Inc.
Synthesis. 1,7-Diphenyl-2,6-dicarbethoxy-3-(2-(ferrocenyl)vinyl)-

5-methyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (2) and 1,7- washed with water, dried over Na,SO,, and evaporated to dryness. The
Diphenyl-2,6-dicarbethoxy-3,5-bis(2-(ferrocenyl)vinyl)-4,4-difluoro- residue was chromatographed on silica gel (eluent hexane—ethyl
4-bora-3a,4a-diaza-s-indacene (3). A mixture of 1030 mg (2 mmol) acetate, 3:1), yielding 96 mg (57%) of compound 4. Mp 171—172 °C.
of BODIPY 1, 490 mg (2.3 mmol) of ferrocenecarboxaldehyde, S00 '"H NMR (500 MHz, CDCl;) § 7.80—7.66 (m, 3H), 7.61 (d, 2H, ] =
mg (5.9 mmol) of piperidine, and 1500 mg (25 mmol) of acetic acid 8.8 Hz), 7.46 (d, 1H, ] = 16.0 Hz), 7.43—7.31 (m, 10H), 6.86 (s, 1H),
was refluxed in 75 mL of benzene for 3.5 h. After cooling, the solution 6.75 (d, 2H, ] = 8.8 Hz), 4.73—4.68 (m, 2H), 4.54—4.49 (m, 2H), 4.32
was washed with water, dried over Na,SO,, and evaporated to dryness. (s, SH), 4.24—4.16 (m, 4H), 3.09 (s, 6H), 1.13—1.07 (m, 6H). 3C
The residue was chromatographed on silica gel (eluent hexane—ethyl NMR (CDCl,, 125 MHz): § 165.58, 165.35, 153.47, 152.15, 151.50,
acetate, 3:1), yielding 480 mg (34%) of monoferrocene-containing 145.00, 144.34, 141.71, 135.20, 134.62, 132.37, 132.09, 129.81, 129.64,
BODIPY 2 and 430 mg (27%) of diferrocene-containing BODIPY 3. 129.55, 128.66, 128.49, 128.24, 128.15, 125.05, 122.99, 122.53, 121.63,
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Table 1. Summary of Crystallographic Data for Compounds 2—4 and 6

2 3 4 6
empirical formula C4H;3B,F,FeN,O, CsH3B, F,Fe,N,0, C4H,4B F,Fe N;O, C,3HjB F,Fe N;O4
fw 712.38 908.41 843.56 748.94
cryst syst orthorhombic triclinic monoclinic triclinic
space group, Z Iba2, 8 P-1,2 P2,/n, 4 P-1,2
a (A) 18.720(2) 11.4501(3) 11.2986(2) 13.5752(2)
b (A) 48.938(7) 12.3332(3) 11.5422(8) 15.8246(2)
c (A) 8.0507(9) 16.1010(11) 36.2597(6) 18.0956(12)
a (deg) 90.0 110.795(8) 90.0 103.130(7)
S (deg) 90.0 94.810(7) 116.998(8) 94.420(7)
7 (deg) 90.0 94.587(7) 90.0 91.117(6)
vol. (A?) 7375.4(15) 2103.4(2) 4213.3(4) 3771.7(3)
Peca (g/cm®) 1283 1.434 1.330 1319
u#(Ka) (mm™) 0.461/Mo 0.749/Mo 0.416/Mo 3.644/Cu
O e (deg) 23.254 27.449 27.484 65.077
Rt 0.259 0.0350 0.0294 0.060
GoF(F*) 0.9932 0.9345 0.9940 0.9457
R, (F* > 26(F?)) 0.1118 0.0438 0.0784 0.0997
wR, (all data) 0.2346 0.0913 0.1644 0.2496
AP AP (e/A%) 1.16/—0.96 0.71/-0.79 241/-0.79 1.40/-1.10
Table 2. Selected Bond Lengths (Angstroms) and Angles (degrees) for D—A BODIPYs 2—4 and 6
compound 2 compound 4
Fe(1)—C,,(Cp)” 2.036(18)  Fe(1)—C,(Cp)” 2.06(2) B(1)—F(1) 1.387(4)  C(40)—C(41)-C(42)  1269(3)
C(1)-C(11) 1.38(3) C(11)—C(12) 1.36(3) C(1)-Cc(11)-C(12)  1252(3)  F(1)-B(1)-F(2) 109.4(2)
C(12)-C(13) 1.46(3) N(1)-B(1) 1.55(3) c(11)-C(12)-C 1245(3)  N(2)-C(30)-C 169.68(4)
N(2)-B(1) 1.53(3) B(1)-F(1) 1.33(2) (13) (40)-C(41)
B(1)-F(2) 1.34(3) C(1)-C(11)—-C(12) 1232) N(1)-B(1)-N(2) 106.9(2) Cgi?%:g%i‘%g—c 177.52(4)
ngg—c(lz)—c 120(3) N(1)-B(1)-N(2) 106.3(19) NEI))—C(?))—C 157.94(4) CE44;)—C(3(4§)—N 2.96(3)
12)-C(11 3)—C(49
E(1)-B(1)-F(2) 110(2) NE}%)_CC(&) C 1532(2) C)-C(1)-C(11)—  17696(5)
C@)-C(1)-CU1)-  1664(2) c2)
C(12) compound 6
compound 3 Fe(1)-C,(Cp)“* 2.023(10)  Fe(2)—C,(Cp)* 2.020(9)
Fe(1)=C,(Cp)* 2044(3)  Fe(2)—Cy(Cp)” 2049(3) Fe(1)-C,(Cp)"® 2051(9)  Fe(2)-C,(Cp)” 2.032(10)
Fe(l)—Cw(Cp)l’ 2.047(3) Fe(2)—Cw(Cp)b 2.052(3) C(l)—C(ll) 1.469(10) C(SS)—C(SG) 1.437(10)
c(1)-c(11) 1.451(4) C(41)—C(42) 1.445(4) C(11)—-C(12) 1.333(11)  C(54)—C(SS) 1.331(10)
C(11)-C(12) 1.339(4) C(40)—C(41) 1.341(4) C(12)—C(13) 1.443(11)  C(44)—C(54) 1.494(10)
C(12)—C(13) 1442(4)  C(30)-C(40) 1.436(4) N(1)-B(1) 1564(11)  N(4)-B(2) 1.555(12)
N(1)-B(1) 1.558(4) N(2)-B(1) 1.564(4) N(2)-B(1) 1.526(11)  N(5)-B(2) 1.524(10)
B(1)-F(1) 1.380(3) B(1)-F(2) 1.386(4) B(1)-F(1) 1.399(10)  B(2)—F(3) 1.386(10)
C(1)-C(11)-C(12)  1260(3)  C(30)-C(40)-C(41)  126.9(3) B(1)-F(2) 1.373(11)  B(2)-F(4) 1.385(10)
c(11)-c(12)-C 1244(3)  C(40)-C(41)-C(#2)  1254(3) C(31)-C(32) 1.359(13)  C(74)=C(75) 1.347(12)
(13) C(33)-0(3) 1.222(11)  C(76)—0(6) 1.243(11)
N(1)-B(1)-N(2) 106.8(2)  E(1)-B(1)-F(2) 110.4(2) C(1)-C(11)-C(12)  124.8(8)  C(44)—C(54)—C(55)  122.5(8)
N(1)-C(13)-C 163.77(5)  N(2)-C(30)-C 170.15(6) c(11)-C(12)-C 126.5(8)  C(54)—C(55)-C(56)  123.3(8)
(12)—C(11) (40)—C(41) (13)
C(2)-C(1)-C(11)— 173.36(5) C(46)—-C(42)-C 173.03(5) N(1)-B(1)-N(2) 106.9(6)  N(4)—-B(2)-N(S) 107.9(6)
c(12) (41)—-C(40) F(1)-B(1)-F(2) 109.5(7)  E(3)-B(2)—F(4) 109.4(7)
compound 4 N(1)-C(13)-C 17229(9)  N(4)—C(56)-C 169.71(10)
Fe(1)-C,(Cp)” 2.040(4)  C(41)-C(42) 1.448(4) (12)—C(11) (55)—C(54)
Fe(1)-C,.(Cp)® 2.048(4)  C(40)—C(41) 1.345(4) C(2)-C(1)-C(11)—  174.91(9) C(48)—C(44)—C 175.12(9)
C(1)-C(11) 1450(4)  C(30)—C(40) 1.439(4) c(12) (54)-C(s9)
c(11)-C(12) 1.348(4)  N(2)-B(1) 1.551(4) “Average Fe—C bond distance for substituted Cp ring. bAverage Fe—
C(12)-C(13) 1444(4)  B(1)-F(2) 1.388(4) C bond distance for unsubstituted Cp ring.
N(1)-B(1) 1.563(4)  C(30)—C(40)—C(41)  125.3(3)

11491, 113.06, 112.06, 82.38, 70.93, 69.92, 68.48, 61.03, 60.82, 40.24,
13.80. Anal. Calcd for 4, CyoH,BF,FeN;O,: C, 69.77; H, 5.26; N,

4.98. Found: C, 69.77; H, 5.18; N, 5.00.

2-Carbethoxy-3-(2-(ferrocenyl)vinyl)-7-(1-butyl)-1,9-diphenyl-4,4-
difluoro-3a,4a,7-triaza-4-bora-cyclopental[b]fluoren-8-on (6). A

mixture of 110 mg (0.2 mmol) of compound 5,'% 66 mg (0.3
mmol) of ferrocenecarboxaldehyde, 34 mg (0.4 mmol) of piperidine,

and 36 mg (0.6 mmol) of acetic acid was refluxed in 10 mL of toluene
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for 1 h. After cooling the solution was washed with water, dried over
Na,SO,, and evaporated to dryness. The residue was chromatographed
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on silica gel (eluent hexane—ethyl acetate, 1:1), yielding 134 mg
(45%) of compound 6. Mp 153—154 °C. 'H NMR (500 MHz,
CDCly) 6 7.75 (d, 1H, J = 16.0 Hz), 7.50 (m, 2H), 7.41-7.25 (m,
9H), 7.22 (d, 1H, J = 7.5 Hz), 7.08 (s, 1H), 6.77 (d, 1H, ] = 7.5 Hz),
4.64 (t, 2H, ] = 2.9 Hz), 4.52 (t, 2H, ] = 2.9 Hz), 4.21 (s, SH), 4.12 (q,
2H, ] = 7.1 Hz), 3.85 (t, 2H, ] = 7.0 Hz), 1.68—1.60 (m, 2H), 1.36—
1.26 (m, 2H), 1.01 (t, 3H, J = 7.1 Hz), 0.86 (t, 3H, ] = 7.4 Hz). °C
NMR (CDCl,, 125 MHz): § 165.05, 159.36, 151.03, 147.83, 145.81,
138.13, 131.49, 130.87, 129.53, 129.18, 128.89, 128.37, 127.97, 125.49,
114.25, 97.27, 81.64, 72.03, 70.31, 69.04, 61.25, 48.72, 31.71, 30.96,
20.02, 13.76. Anal. Calcd for 6, C,;3H;sBF,FeN;05: C, 68.91; H, 5.11;
N, 5.61. Found: C, 68.66; H, 5.13; N, 5.63.

DFT-PCM and TDDFT-PCM Calculations. The starting geo-
metries of compounds 1—4 and 6 were adopted from the experimental
X-ray data and optimized using a hybrid B3LYP exchange-correlation
functional.'® This B3LYP exchange-correlation functional was found to
result in good agreement between calculated and experimentally
determined bond distances and angles in ferrocene-containing
compounds.20 Energy minima in optimized geometries were
confirmed by the frequency calculations (absence of the imaginary
frequencies). Solvent effects were calculated using the polarized
continuum model (PCM).*" In all calculations, DCM was used as the
solvent. In PCM-TDDFT calculations, the first 30 states (BODIPYs 1,
2, 4, and 6) or 50 states (BODIPY 3) were calculated. In all
calculations, full-electron Wachter’s basis set”> was utilized for iron
atoms, while all other atoms were modeled using the 6-31G(d)** basis
set. Gaussian 09 software was used in all calculations.”* The QMForge
program was used for molecular orbital analysis.”® In the case of dyad
4, additional geometry optimizations and single-point and TDDFT
calculations were conducted using TPSSh®® and BP86”” exchange-
correlation functionals.

X-ray Crystallography. Suitable for X-ray diffraction experiments,
single crystals of dyads 2—4 and 6 were prepared by the slow
evaporation of saturated DCM/MeOH solutions. A Rigaku RAPID-II
diffractometer with a graphite monochromator and Mo Ka (4 =
0.71073 A) or Cu Ka (4 = 1.54187 A) radiation was used for X-ray
diffraction data collection. All experiments were conducted at —150
°C. Multiscan absorption correction”® was applied to the data in all
cases. The crystal structures were solved by the direct method (SIR-
92)* and refined by full-matrix least-squares method based on F*
using the Crystals for Windows programs.*® All non-hydrogen atoms
were refined anisotropically, while hydrogen atoms were refined using
“riding mode” with displacement parameters bonded to a parent atom:
Uio(H) = 1'2Ueq(C) (Ueq = 1/3(Uy; + Uy, + Uyy)).

In both crystallographically independent molecules of BODIPY 6,
the n-butyl group was found to be disordered over two positions by a
rotation along the C—N bond. Since in one of those molecules
disordered chains were close, only one set of disordered butyl groups
was refined (Supporting Information Figure S1). The final refined
occupancies were found to be 0.5 and 0.5, respectively. A standard set
of geometrical restraints was used during the refinement. The analyses
of the structures and visualization of the results were done using
CAMERON software.”" Crystal data for complexes 2—4 and 6 are
summarized in Table 1, while selected bond distances and angles are
presented in Table 2. CCDC 1059186 (2), 1059183 (3), 1059184 (4),
and 1059185 (6) contain the supplementary crystallographic data for
all compounds. These data can be obtained free of charge via www.
ccde.cam.ac.uk/conts/retrievinghtml (or from Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK,; fax:
(+44) 1223-336-033 or deposit@ccdc.cam.ac.uk).

Spectroscopy Measurements. A Jasco-720 spectrophotometer
was used to collect UV—vis data. Electrochemical cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) measurements were
conducted using a CH Instruments electrochemical analyzer utilizing a
three-electrode scheme with platinum working, auxiliary, and Ag/AgCl
reference electrodes. DCM was used as solvent, and either a 0.1 M
solution of tetrabutylammonium perchlorate (TBACIO,) or a 0.05 M
solution of tetrabutylammonium tetrakis(pentafluorophenyl)borate
(TBAB(C(Fs),) was used as electrolyte. Because of its high cost, the
later electrolyte was used only for experiments on dyads 3 and 4 in
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order to minimize the ion-pairing effect in CV and DPV experiments.
In all cases, experimental redox potentials are recorded versus a
decamethylferrocene (Cp*,Fe) as an internal standard. Spectroelec-
trochemical experiments were conducted in DCM/0.3 M TBACIO,
and DCM/0.15 M TBAB(CF;), systems using a custom-made 1 mm
cell and platinum mesh working electrode. NMR spectra were
recorded on a Varian INOVA instrument with a 500 MHz frequency
for protons and 125 MHz for carbon. Chemical shifts are reported in
parts per million (ppm) and referenced to tetramethylsilane
(Si(CHj;),) as an internal standard. In all cases, final assignments of
'H and "*C signals were made using COSY spectra. Elemental analyses
were conducted by Atlantic Microlab. Steady-state fluorescence data
were collected using a Cary Eclipse fluorimeter at room temperature.

Fluorescence lifetimes were measured using time-correlated single-
photon counting. Samples in a 1 cm quartz cuvette were excited with a
472 nm, 40 MHz diode laser (Driver: Picoquant PDL 800-B; Head:
Picoquant LDH-P-470). Emission was directed through a double
monochromator (Jobin-Yvon DH-10) and detected using an avalanche
photodiode (Picoquant MPD PDM). The instrument response of the
system is approximately 500 ps Gaussian, full width at half-maximum
(fwhm). The fluoroescence quantum yield for 1 was measured using a
Fluorolog 1680 0.2 m double spectrometer running Datamax software
against Rhodimine 6G in ethanol as the external standard, ¢ = 0.94.3

Pump—probe experiments with subpicosecond time resolution were
used to characterize the exited state lifetimes for samples with low
emission yields or lifetimes shorter than the time resolution accessible
to the single-photon counting setup. A home-built regeneratively
amplified Ti:sapphire-based system generated 800 uJ pulses at 1 kHz
that were centered at 810 nm and 60 fs wide.>* The light was divided
into pump and probe lines. The pump line was either frequency
doubled in BBO to 405 nm or used to drive a home-built noncollinear
optical parametric amplifier and provide pump light at 619 nm. The
probe line, ~20 yW, was focused into a 2 mm thick sapphire window
to generate continuum (450—750 nm). The pump and probe beams
were delayed with respect to each other using mechanical translation
stages (Newport, UTM 150PP.1), focused, and crossed at the sample
using an off-axis parabolic mirror. After the sample, the probe light was
collimated and directed into a monochromator (Princton Instruments
SP2150i). The spectrally dispersed probe was detected using a linear
array of 256 silicon diodes (Hamamatsu, $3902-256Q). The pump
beam was modulated at one-half the laser repetition rate using a
mechanical chopper wheel, and the change in optical density was
determined for sequential pairs of probe pulses (with and without the
pump pulse). The data shown were taken using pump pulse energies
of 78—88 nJ. Samples were continuously pumped through a 1 mm
optical path length cell with 1 mm spectrosil windows. Samples had an
optical density at the pump wavelength of 0.2 across the 1 mm cell.
Absorption spectra taken of the samples before and after the pump
probe experiments was identical within experimental error, providing a
lack of evidence for any measurable photochemical degradation during
the experiments.

B RESULTS AND DISCUSSION

Synthesis. The preparation of asymmetric monoferrocene
derivative 2 requires a statistical condensation of ferrocene-
carbaldehyde with an equimolar amount of dimethyl BODIPY
1 under standard Knoevenagel condensation conditions
(Scheme 1). The statistical nature of such condensation
unavoidably leads to formation of symmetric diferrocenyl
BODIPY 3 along with large quantities of the starting BODIPY
1. Fortunately, all three major reaction products can be easily
separated using conventional chromatography methods. The
monoferrocene-substituted BODIPY 2 can undergo a second
Knoevenagel condensation with an excess of p-dimethylami-
nobenzaldehyde to form an asymmetric BOIDPY 4 in relatively
high yield (Scheme 1). The pyridone BODIPY § can undergo a
Knoevenagel condensation with ferrocenecarbaldehyde to form
D—A assembly 6 in 45% yield (Scheme 1). All target
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Figure 1. CAMERON drawing of the X-ray crystal structures of BODIPYs 2—4 and 6.

compounds are surprisingly stable at ambient conditions and
were purified by chromatography using silica gel. All new
organometallic BODIPY compounds are soluble in a variety of
organic solvents. All structures of the target compounds were
confirmed by 'H, *C, and COSY NMR, UV—vis spectroscopy,
electro- and spectroelectrochemistry, as well as elemental
analyses and X-ray crystallography. To the best of our
knowledge, besides of the dyads 2, 4, and 6, there are only
two reported asymmetric ferrocene-containing BODIPYs with
the organometallic groups attached to the a position of
BODIPY via vinyl bridge."*"”

X-ray Crystal Structures. Confirmation of the molecular
structures of organometallic BODIPY dyads 2—4 and 6 was
provided by single-crystal X-ray experiments. X-ray exper-
imental data for BODPYs 2—4 and 6 are listed in Table 1, while
important bond lengths and bond angles are listed in Table 2.
CAMERON diagrams of ferrocene-containing BODIPYs 2—4
and 6 are shown in Figure 1. In agreement with all previously
reported structures,'> the BODIPY core in all complexes is
planar. In all dyads, the boron atom was found in a
pseudotetrahedral N,F, environment with two longer B—N
bonds and two shorter B—F bonds. N—B—N and F—B—F
angles were found to be close to tetrahedral values. Bonds in
the Cp—C=C—Cpoppy fragment clearly alternate with a
central —C=C— bond distance being close to the typical
isolated double-bond distance (~1.34 A) and Cz.—C= and =
C—Cgopipy bond distances being close to standard Ar—C(sp?)
values (~1.45 A). Such bond distance alternation correlates
well with an observed ~125° value for —C—C=C- angles in
all target BODIPYs. Similarly, in the case of p-dimethylamino-
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phenyl BODIPY 4, C,,—C=C—Cjpgppy fragment also has an
alternating bond distance and is almost coplanar with the
phenyl ring NMe, group, suggesting strong conjugation into
the 7 system of BODIPY 4. In contrast, phenyl groups in all
studied ferrocenyl-containing BODIPYs are significantly
rotated from the BODIPY 7 system reducing their conjugation
with the BODIPY core. Conjugation of the ferrocene
substituents into the core 7 system of BODIPY is also quite
obvious from the values of Cp.—Cp.—C=C— torsion angles,
which were observed between 173.03° and 176.96° (Table 2).
Similar conjugation of the 4-NMe,—C4H,—C=C— fragment
into the BODIPY 7 system was also observed in the case of
dyad 4. Indeed, the torsion C(43)—C(42)—C(41)—C(40)
angle is close to 180°. Finally, in the case of pyridone-
containing BODIPY 6, both —C=C— and —C=0 bonds in
the pyridone fragment resemble isolated double bonds with
typical bond lengths.

Spectroscopy. Good solubility of the target BODIPYs in
common solvents aided their characterization. 'H NMR
spectroscopy of BODIPYs 2—4 and 6 confirms the trans-
formation of the a-methyl fragment in the parent BODIPY 1
into a vinylferrocene group with a characteristically large spin—
spin coupling constant for vinylic CH=CH protons. The
presence of the ferrocene groups can be clearly seen from the
Cp—H 2H:2H:SH pattern between 4 and S ppm. Despite the
asymmetric nature of dyads 2, 4, and 6, their ester group
protons were observed at the same positions (Supporting
Information Figures $2—S5).

UV—vis spectra of BODIPYs 2—4 and 6 are shown in Figure
2, and peak positions are listed in Table 3. Similar to the
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Table 3. UV—vis Spectra of the Target BODIPYs 2—4 and 6
in DCM

compound Ay nm (& X 1073, M ".cm™)
2 369(18), 554(54), 671(18)
3 358(17), 575(18), 750(16)
4 363(29), 650(31), 750(40)
6 366(12), 613(48), 715(22)

3, and 6 have intense and broad low-energy bands ranging
between 673 and 750 nm. More intense narrow transitions
were observed between 554 and 613 nm. Since no low-energy
broad bands in the NIR region were observed in the parent
BODIPYs 1 and 5, those can be tentatively assigned to the
MLCT transitions, while narrow bands between 554 and 613
nm observed in dyads 2, 3, and 6 can be attributed to the
BODIPYs & — n* transitions. Several overlapping bands were
also observed in these dyads. Low-energy as well as UV (~360
nm) bands in diferrocenyl derivative 3 have close intensities
with the 7 — 7* transition at 575 nm, while the similar bands
in monoferrocene BODIPY 2 are about one-half of the
intensity of the # — #* transitions at 554 nm. The UV—vis
spectrum of dyad 4 is quite different than BODIPYs 1-3, §,
and 6. It has a complex NIR band with two maxima at 750 and
650 nm, and its UV—vis spectrum exhibits panchromatic
behavior (Figure 2). The broad nature of the NIR band in 4
suggests several overlapping charge-transfer and 7 — #*
transitions.

Redox Properties. The redox properties of the ferrocene—
BODIPY dyads were investigated using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) (Table 4 and

Table 4. Redox Properties of BODIPYs in DCM*”

compound Ox3 Oox2 Oxl1 Redl
1° 0.7 (irr) —1.24 (irr)
2 0.56 (irr) 0.08 —1.19 (irr)
3¢ 1.29 (irr) 0.17 0.02 —121 (irr)
4° 0.72 (irr) 0.31 0.06 —1.16 (irr)
4° 0.9 (irr) 0.39 0.0S —1.26 (irr)
6" 0.98 0.10 —1.04 (irr)

“All potentials are referenced to the FcH/FcH* couple. "DCM/0.1 M
TBACIO, system. SDCM/0.05 M TBAB(CFs), system.

Figure 3). Since it might be expected that the ion pairing would
play an important role in generation of the mixed-valence
diferrocenyl BODIPY 3 species, electrochemical and spec-
troelectrochemical experiments for this dyad were conducted
using a noncoordinating TBAB(C(F;), electrolyte.”* All other
data were collected using a standard DCM/TBACIO,, system.
In general, electrochemical data on ferrocene-containing dyads
2—4 and 6 are similar to previously reported redox properties
of ferrocene—BODIPY complexes.15 Indeed, the first reduction
and the last oxidation processes are irreversible in all target
BODIPYs (Figure 3). By comparison with previously studied
BODIPYs, both processes were assigned as BODIPY centered.
A fully reversible oxidation of the ferrocene group in
monoferrocene dyads 2 and 6 can be clearly seen from CV
and DPV data. In the case of diferrocene BODIPY 3, ferrocene
groups can be oxidized in a stepwise manner with 150 mV
separation between the first and the second reversible oxidation
waves. Such separation between the first and the second
oxidation processes is similar to the redox behavior in well-
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Figure 3. CV and DPV data for BODIPYs 2—4 and 6 in DCM/0.1 M
TBACIO, (BODIPYs 2, 4, and 6) or DCM/0.05 M TBAB(C¢F;),
(BODIPY 3) systems. CV data collected at 100 mV/s.

known MTFcP comlplexes (TFcP = 5,10,15,20-tetraferrocenyl-
porphyrin dianion).'*° More interestingly, two fully reversible
oxidation processes were also observed in the case of BODIPY
dyad 4. Although one could be oxidation of the ferrocene and
other could be oxidation of the dimethylaminophenyl fragment,
it was unclear from CV and DPV data which group oxidized
first. In order to minimize jon-pairing effects, additional CV and
DPV data on dyad 4 were collected in DCM/TBAB(CF;),
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(Supporting Information Figure S6). Use of noncoordinating
electrolyte did not change the reversibility of redox processes,
but as expected,” it increased separation between the first and
the second oxidation waves from 250 (DCM/TBACIO,) to
340 mV (DCM/TBAB(C4Fs),). It is interesting to note that
the influence of the peripheral electron-donating or electron-
withdrawing groups in BODIPYs 3, 4, and 6 on the oxidation
potential of the ferrocene fragment is quite modest. Indeed, the
first oxidation potential in BODIPYs 3 and 4 is only 30—60 mV
lower than that in parent 2, while it is 20 mV higher in
BODIPY 6.

In order to identify redox-active fragments in D—A
assemblies 2—4 and 6 as well as obtain a spectroscopic
signature of the redox-active species, we conducted spectroe-
lectrochemical experiments on each of these systems. The
results of the first reversible oxidation in BODIPYs 2 and 6 are
very similar to each other (Figure 4). In both cases, during the

2.0 f Compound 2
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1.5
8
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i i
0.5 A\
=\ .
0.0
2.5 Ji Compound 6
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2.04
41.5] |
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Figure 4. Transformation of UV—vis spectra of BODIPYs 2 and 6
during the first oxidation process recorded using an optically
transparent thin-layer electrode under bulk electrolysis conditions in
a spectroelectrochemical cell.

first oxidation, the low-energy MLCT band decreased in
intensity, while formation of new, low-intensity bands at 754
(2) and 842 (6) nm was observed. In addition, formation of a
very weak NIR band ca. 1200 nm was also observed in both
systems. Finally, the most intense 7 — 7** transition in the
visible region undergoes a red shift to 567 (2) and 643 (6) nm
with increasing intensity. The 2" and 6* BODIPYs can be
reduced to the corresponding neutral species (Supporting
Information Figure S7). Since the only reversible oxidation is
expected for ferrocene substituents in BODIPYs 2 and 6 as well
as because the NIR MLCT band in these complexes undergoes
the largest change while the 7 — #* transition in the visible
region does not change much, it is safe to propose that
transformation of 2 — 2" and 6 — 6" is localized on the
ferrocene fragment.

The first oxidation process in diferrocene BODIPY 3 is
associated with a decrease of the low-energy MLCT band and
red shift of the 7 — #* transition in the visible region. A very
broad IVCT band appears in the NIR region (Figure 5). During
the second oxidation process, the IVCT band disappears while
two new bands at 799 and 1080 nm appear in the NIR region.
The final UV—vis—NIR spectrum of 3>* resembles those for 2*
and 6" BODIPYs. The broad nature of the IVCT precludes any
reasonable analysis of the coupling matrix elements, but its
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Figure S. Transformation of UV—vis spectra of BODIPY 3 during the
first (top) and second (bottom) oxidation processes recorded using an
optically transparent thin-layer electrode under bulk electrolysis
conditions in a spectroelectrochemical cell.

appearance during the first oxidation process and disappearance
during the second oxidation correlate well with the mixed-
valence nature of 3*. Thus, spectroelectrochemical data is
suggestive of the stepwise oxidation of the ferrocene
substituents in BODIPY 3. Again, 3" and 3% cations can be
easily reduced into neutral BODIPY 3 under spectroelec-
trochemical conditions (Supporting Information Figure S8).
During the first oxidation of monoferrocene-containing
BODIPY 4 under spectroelectrochemical conditions, in both
DCM/TBACIO, and DCM/TBAB(C,F;), systems the higher
energy shoulder on the most intensive band at 758 nm loses
intensity. The most intense band undergoes a high-energy shift
and gains some intensity, while two new low-intensity NIR
bands at 1000 and 1500 nm appear (Figure 6). During the

X Compound 4
First oxidation

Compound 4
Second oxidation

750 1000 1250

Wavlength, nm

500

1500

Figure 6. Transformation of UV—vis spectra of BODIPY 4 during the
first (top) and second (bottom) oxidation processes recorded using an
optically transparent thin-layer electrode under bulk electrolysis
conditions in a spectroelectrochemical cell.

second oxidation, the band at 727 nm in 4* transforms into a
band at 583 nm with the lower energy shoulder at 622 nm,
while both low-intensity NIR bands lose their intensities. On
the basis of the similarity of the NIR bands in 4% to those
observed in BODIPYs 2%, 3**, and 6%, one can speculate that
the first oxidation process in BODIPY 4 is associated with
oxidation of the ferrocene group, while large changes in 7 — 7*
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transitions associated with the second oxidation process are
indicative of oxidation of the p-dimethylaminophenyl fragment,
which reduces the length of the 7 system in 4** and thus results
in a high-energy shift of the main 7 — #* transitions. Similar to
the other BODIPYs generated at spectroelectrochemical
conditions 4* and 4" species can be reduced to the neutral
BODIPY 4 (Supporting Information Figure S9).

The spectroelectrochemical data for BODIPYs 2 and 6
correlate well with their respective chemical oxidation experi-
ments (Supporting Information Figures S10 and S11). During
oxidation of BODIPYs 2 and 6 with Fe(ClO,);, the MLCT
band disappears, a high-intensity visible band undergoes a red
shift, and two new weak bands in the NIR appear. Chemical
titration experiments on 4, however, are quite different from
the spectroelectrochemical data (Figure 7). Both high-intensity

0.41

0.0

600 800 1200

1000
Wavelength (nm)

Figure 7. Transformation of UV—vis spectra of BODIPY 4 during its
oxidation with Fe(ClO,);.

NIR bands decrease in intensity, while two new bands at 743
and 604 nm appear in the spectrum. This transformation is
close to the second oxidation step observed in spectroelec-
trochemical experiment and suggestive of decreased conjuga-
tion in the chromophore. Thus, one might conclude that during
chemical oxidation the p-dimethylaminophenyl group oxidizes
first. Although not completely understood, such behavior
correlates well with DFT calculations presented below and can
be attributed to the Lewis acidity of the Fe®* ion used in
titrations and/or to the high concentration of TBACIO, used in
electro- and spectroelectrochemical experiments.

Excited State Dynamics. Similar to the other ferrocene—
chromophore dyads, steady-state fluorescence in BODIPYs 2—
4 and 6 is completely quenched as a result of electron transfer
from the organometallic group to the photoexcited antennae. In
contrast, the parent BODIPY 1 has a near quantitative emission
yield of 0.98 + 0.03 with an excited state lifetime of 6.13 + 0.36
ns (single-photon counting data and fit are presented in
Supporting Information Figure $12)

Transient absorption (TA) was used to measure the excited
state lifetimes of 2—4 and 6. The full pump—probe spectra as a
function of delay time after excitation are presented in
Supporting Information Figure S13. In all cases the spectra
are composed of a sum of the ground state bleach (negative
AOD) and excited state absorption (positive AOD). The
transient spectra for 2—4 and 6 decayed to zero at all
wavelengths probed on the time scale probed in the
experiments (1 ns), and the time constants associated with
excited state decay and ground state recovery were the same
within experimental error. The TA data was well fitted using a
single-exponential decay, Figure 8, and no evidence was found
for any intermediate states in the relaxation. The conclusion
was that relaxation proceeds directly to the ground electronic
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Figure 8. Transient absorption measured at the probe wavelengths
listed in Table 5. Symbols are the data, and lines are single-exponential
fits with the time constants listed in Table 5. Note that the time
constant for the fits of 4 and 6 are the same within experimental error,
and the two fit lines are sitting on top of each other.

state via back electron transfer to the oxidized Fc. Time
constants determined by fitting the TA decay range from 136 to
260 ps and are presented in Table S. Back electron transfer in 2

Table 5. Excited State Lifetimes Measured Using Transient
Absorption Spectroscopy

compound probe wavelength, nm lifetime
1 542 6.13 + 0.36 ns
2 460 136 + 6 ps
3 500 176 + 15 ps
4 543 260 + 17 ps
6 510 260.2 + 9.3 ps

and 3 is similar in rate but slightly faster for 2, and the rates in 4
and 6 are the same within experimental error. The similar back
electron-transfer rates are consistent with the fact that this
homologous series maintains very similar relative energetics for
the donor and acceptor levels.

The transient spectroscopy studies are clearly indicative of
the usual quenching mechanism in ferrocene-containing
BODIPYs, ie., electron transfer from the low-spin iron(II)
center in the ferrocene substituent to the photoexcited
BODIPY core.">' If this mechanism is correct then oxidation
of the ferrocene group should partially restore the fluorescence
of the corresponding BODIPY. Indeed, as it can be seen from
Figure 9, a stepwise oxidation of the ferrocene substituents by
Fe(ClO,); in dyads 2—4 and 6 results in partial fluorescence
recovery. Since BODIPY dyad 4 also has a dimethylamino
group, its protonation by the strong acid should also eliminate
quenching of the chromophore. Indeed, titration of the dyad 4
with TFA results in an increase of the fluorescence intensity
(Figure 10).

DFT and TDDFT Calculations. DFT-PCM and TDDFT-
PCM calculations were used to gain further insights into the
electronic structure, redox properties, and UV—vis spectrosco-
py of the new ferrocenyl-containing BODIPYs 2—4 and 6 as
well as the reference BODIPY 1. The B3LYP exchange-
correlation functional, which allows for the prediction of
spectroscopic properties and correct orbital energies of a large
number of ferrocene-containing compounds,”’ was used along
with DCM as a solvent in all calculations. The energy diagram
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Figure 9. Partial fluorescence recovery upon oxidation of BODIPYs 2,
3, and 6 during titrations with Fe(ClO,);.

for BODIPYs 1—4 and 6 calculated at the DFT-PCM level is
presented in Figure 11, orbital composition analysis is shown in
Table 6, and frontier orbitals of the target compounds are given
in Figure 12. The HOMO-LUMO region of the reference
BODIPY 1 is dominated by the 7 and 7* orbitals. The HOMO
region in organometallic dyads 2, 3, and 6 is dominated by
ferrocene-centered MOs. In particular, the ferrocene group
contribution to the HOMO in these complexes varies between
~65% and 80%, while that from the BODIPY varies between
~20 and 35%. Such electronic structures suggest that the first
oxidation is due to the ferrocene group in dyads 2, 3, and 6,
which agrees well with experimental electro- and spectroelec-
trochemical data. It is interesting to note that the energies of
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Figure 11. DFT-PCM-predicted molecular energy diagram for
BODIPYs 1—4 and 6.

the HOMO in 2 and 6 are almost identical despite the presence
of an electron-withdrawing pyridone group in the latter dyad.
The DFT-PCM-predicted LUMOs in dyads 2, 3, and 6 are
~70—80% centered at the BODIPY core, and the LUMO is
well separated in energy from the LUMO+1. The highest
energy occupied 7 orbital in complexes 2, 3, and 6 is the
HOMO-5, HOMO-8, and HOMO-S, respectively. The
electronic structure of these dyads suggests that the lowest
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energy excited states should be MLCT in nature. The
electronic structure of the dimethyaminophenyl-containing
dyad 4 is slightly different. Indeed, the HOMO in dyad 4 is
predominantly centered at the organic part of the chromophore
with ~50% contribution from the p-dimethylaminophenyl
fragment and only ~14% from the ferrocene (Fe + Cp)
group. The ferrocene-centered HOMO-1 is ~0.5 eV lower in
energy. The HOMO—-LUMO energy gap in dyad 4 is the
smallest of all ferrocene—BODIPYs discussed in this paper.
Such an electronic structure of dyad 4 indicates that the first
oxidation should happen at the p-dimethylaminophenyl
fragment followed by the ferrocene group oxidation, and this
disagreement will be discussed below.

In order to clarify preliminary band assignments in the UV—
vis spectra of the reference BODIPY 1 as well as dyads 2—4 and
6 and to identify predominant MLCT transitions in these
compounds, we analyzed results from TDDFT-PCM calcu-
lations. In general, TDDFT-predicted spectra are in very good
agreement with experimental data (Figure 2 and Supporting
Information Figure S14). In the case of reference BODIPY 1,
all intense transitions in UV—vis regions have 7—z* nature as
expected with a prominent single band observed in the visible
region of the spectrum predominantly originating from the
HOMO to the LUMO single electron excitation (Figure 2). In
the case of the simplest ferrocenyl-containing dyad 2, TDDFT
predicts that the visible region of the UV—vis spectrum would
be dominated by three key transitions (Figure 2, Supporting
Information Table S1). The first excited state predicted at 718
nm correlates well with a broad band observed at 671 nm and
predominantly belongs to a HOMO — LUMO single electron
excitation, which has MLCT character. In addition, excited
states 3 (578 nm) and S (541 nm) correlate well with an
observed intense band at 554 nm. Excited state 3 has several
major contributions with the HOMO-2 (~24.5% of Fe) —
LUMO (BODIPY 7*) contribution being the largest. The
HOMO-2 — LUMO contribution also dominates in the
excited state 5, which signifies its 7 — 7* character. According
to TDDFT calculations, the NIR and visible regions of
bisferrocenyl-containing BODIPY 3 should be dominated by
11 excited states with five excited states as major contributors
(Supporting Information Table S1, Figure 2). The first excited
state predicted at 731 nm correlates well with the
experimentally observed broad band centered at 750 nm and
is dominated by the HOMO (~32% of Fe, ~35% of Cp, and
~33% of BODIPY) — LUMO (BODIPY #*) single-electron
transition, which has significant Fc - BODIPY (7*) character.
TDDEFT also predicts a less intense band in the NIR region of
dyad 3 (excited state 4, 680 nm), which has predominant
MLCT character. In addition, TDDFT predicts that the band
observed at 575 nm in dyad 3 includes three excited states. The
first most intense excited state (excited state 5, 592 nm) has
almost equivalent HOMO — LUMO and HOMO-4 — LUMO
contributions. This band is further complimented by two
weaker transitions predicted at S59 (excited state 7) and 539
nm (excited state 9) and both of these excited states having
mixed MLCT and #n—a* character. Since the electronic
structure of dyad 6 resembles that in BODIPY 2, it is not
surprising that the TDDFT-predicted spectrum of 6 in the NIR
and visible regions resembles that in dyad 2 (Figure 2,
Supporting Information Table S1). Indeed, TDDFT predicts
that the NIR and visible regions of BODIPY 6 should be
dominated by 6 excited states with only two of those providing
significant intensities. The first excited state predicted at 756
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Table 6. Compositions of the Frontier MOs of Organometallic BODIPYs 2—4 and 6 Predicted by DFT-PCM Calculations”

composition (%)

composition (%)

MO E (eV) Fe BE, N Cp®  Cap’ Gy MO E (eV) Fe BE, N Cp®  Cap® Gy
2
168 —7.284 0 0.01 0.1 0.15 99.74 205 —6.872 0.04 1.68 9.98 0.52 86.4 1.38
169 —7.218 0.11 0.03 0.18 0.87 98.82 206 —6.812 1.01 1.37 15.44 10.22 63.01 8.95
170 —7.015 5.18 0.03 0.4 92.42 1.97 207 —6.686 11.96 0.52 3.45 36.45 38 9.63
171 —6.962 0.55 1.22 14.49 11.4 72.34 208 —6.552 81.98 0.06 0.32 10.62 4.7 2.32
172 —6.924 0.25 131 922 4.51 84.7 209 -5.939 17.67 0.14 122 2525 30.67 25.04
173 —6.768 4.52 0.59 2.95 43.61 48.33 210 —5.678 71.52 0 0 28.28 0.19 0
174 —6.553 87.46 0.03 0.1 9.13 3.28 211 —5.587 51.2 0.17 1.66 27.88 S 14.1
175 —5.897 24.37 0.08 0.97 31.3 43.28 212 —5.084 4.66 0.1 2.36 9.46 30.67 52.75
176 —5.667 71.49 0 0 28.26 0.24 213 —3.163 2.02 0.74 5.98 10.34 68.52 12.4
177 —5.506 47.71 0.11 1.48 32.16 18.54 214 —1.628 0.79 0.27 543 3.64 46.32 43.55
178 -3.258§ 2.09 0.71 5.93 8.53 82.74 21S —1.468 7.77 0.36 291 35.02 52.93 1.01
179 —1.593 8.59 0.44 4.08 33.16 53.73 216 -0.717 1.75 0.06 2.78 4.58 89.14 1.69
180 —0.955 0.09 0.58 1.6 0.35 97.38 217 —-0.518 8.51 0.21 0.5 11.16 79.25 0.37
181 —0.707 3.87 0.46 6.19 6.94 82.54 218 —0.513 0.8 0.1 022 1.12 91.1§ 6.61
182 —0.581 6.32 0.13 0.45 7.86 85.24
183 —0.507 35.16 0.08 0.18 46.98 17.61 170 =7.1587 1.26 0.06 1.39 12.57 84.71
3 171 —7.136 1.93 0.46 9.59 2091 67.1
218 —6.890 0.1 2.14 12.55 0.97 84.24 172 —7.009 S.21 0.02 0.15 93.45 1.17
219 —6.804 111 0.94 8.1 11.69 78.17 173 —6.908 0.09 1.79 11.35 1.28 85.49
220 —6.622 80.92 0.04 0.33 16.85 1.86 174 —6.794 0.13 0.82 6.6 125 91.2
221 —6.540 77.75 0.08 0.63 19.61 1.93 175 —6.583 66.18 0.21 1.84 21.84 9.93
222 —6.419 31.17 0.52 4.46 53.22 10.62 176 —6.451 29.81 0.78 6.46 30.93 32.01
223 —-5.825 45.15 0.04 0.35 35.75 18.71 177 -5.749 36.67 0.12 1.46 25.07 36.68
224 —5.723 71.89 0 0 27.92 0.18 178 —5.650 70.83 0 0 28.93 0.23
225 —5.627 71.16 0 0 28.63 0.21 179 —5.432 33.64 0.07 191 27.16 37.22
226 -5.615 62.18 0.09 0.85 3294 3.94 180 —3.340 1.85 0.51 S 7.95 84.69
227 —5.341 31.99 0.06 1.35 35.22 31.39 181 —-1.593 8.76 0.46 4.58 34.54 51.67
228 —-3.241 4.09 0.76 6.36 18.16 70.63 182 -0.922 0.01 0.22 0.69 0.34 98.73
229 —1.551 10.93 0.41 6.89 42.87 38.89 183 —0.807 1.8 0.17 6.82 423 86.98
230 —1.492 7.6 0.28 1.8 33.15 57.17 184 -0.570 7.01 0.12 0.38 8.31 84.19
231 —0.796 1.74 0.16 2.78 5.9 89.42 185 —0.502 39.64 0.03 0.1 S1.9 8.32
232 0546 4202 0 0.02 5684 112 “HOMO and LUMO are in bold font. bCp = cyclopentadienyl group.
233 0534 476 014 053 5.76 88.81 “Cgpp = BODIPY contribution except nitrogen and BF, groups; “Cg, =
4 contribution from N,N-dimethylaminophenyl group.
203 —7.164 0.03 0.01 0.31 0.41 98.64 0.59
204 =7.027 5.03 0.01 0.03 94.57 0.21 0.14
Compound 2 3 4 6 LUMO transition. Overall, TDDFT predicts that in the case of
LUMO " M ) s 3 L | dyads 2, 3, and 6, ferrocene-to-BODIPY charge-transfer
oo % 20 e .%; e, = W#. ‘:Q ° transition(s) should be responsible for a broad low-energy
"‘ 3 c .: 3 % 3 i } 3 Q ° NIR band observed in their experimental spectra. According to
e oy WY T TDDFT calculations, the NIR (600—900 nm) region of the
HOMO PR PR 0w P dimethylamino-containing BODIPY 4 should be dominated by
W% w4 y S o > two excited states (excited states 1, 785 nm, and 3, 657 nm),

Figure 12. DFT-PCM-predicted frontier MOs for organometallic
BODIPYs 2—4 and 6.

nm is dominated by the HOMO (~34% of Fe, ~27% of Cp,
and ~39% of BODIPY contributions) — LUMO (BODIPY
7*) single-electron contribution and correlates well with an
experimentally observed broad band at 715 nm. This excited
state has a substantial charge-transfer character. Another excited
state with high intensity (excited state 3) is predicted at 629 nm
and is dominated by the HOMO-4 — LUMO single-electron
contribution, which is complemented by the HOMO —
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which predominantly consist of the HOMO — LUMO and
HOMO-1 — LUMO single-electron excitations, respectively
(Supporting Information Table S1 and Figure 2). The energies
of both excited states correlate well with the experimental
positions of two NIR bands in dyad 4 (750 and 650 nm). Since
the HOMO is predominantly centered at the p-dimethylami-
nophenyl group while the LUMO is predominantly BODIPY
core centered, the first excited state should have charge-transfer
character, although it also can be viewed as a 7—z* transition.
DFT-predicted HOMO-1 composition in dyad 4 has ~51% of
Fe and ~28% of Cp character, and thus, excited state 3 can be
viewed as predominantly MLCT in nature. Although TDDFT
calculations on dyad 4 are in very good agreement with
experimental data, DFT calculations predict that the HOMO in

DOI: 10.1021/acs.inorgchem.5b00992
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this complex has 7-MO nature, while the first oxidation
potential value as well as spectroelectrochemical experiments
on this dyad in TBACIO, and TBAB(C(F;), electrolytes
suggest that the first oxidation is ferrocene centered. Since the
most likely reason for this discrepancy is the choice of
exchange-correlation functional used in the calculation, we
compared our B3LYP (20% of the Hartree—Fock exchange)
calculations with those conducted using hybrid TPSSh (10% of
the Hartree—Fock exchange) and pure GGA BP86 (0% of the
Hartree—Fock exchange) exchange-correlation functionals
(Supporting Information Figure S15). In the case of TPSSh
calculations, the TDDFT- predicted UV—vis spectrum is still in
a good agreement with experiment, but the predicted
composition of the HOMO is suggestive of its 7-MO nature
similar to B3LYP calculations. On the other hand, although
BP86 calculations predict that the HOMO should be almost
50% ferrocene centered, the TDDFT-predicted UV-—vis
spectrum of dyad 4 is in strong disagreement with experimental
data. Thus, the correlation between the electronic structure, the
redox properties, and the nature of the excited states in unusual
BODIPY 4 should be explored in further detail, perhaps using
more sophisticated computational approach.

B CONCLUSIONS

The high reactivity of the methyl groups at a positions of
dimethyl-containing BODIPY 1 was utilized in preparation of a
series of mono- (2, 4, and 6) and diferrocene (3) substituted
donor—acceptor dyads in which organometallic substituents are
fully conjugated with the BODIPY 7 system. An asymmetric
nature of the organometallic donor—acceptor dyads 2, 4, and 6
allows us to tune their photophysical and redox properties by
addition of the electron-donating or electron-withdrawing
groups to the peripheral position of the BODIPY core. All
donor—acceptor complexes have strong absorption in the NIR
region and quenched steady-state fluorescence, which can be
partially restored upon oxidation of organometallic groups. X-
ray crystallography of complexes 2—4 and 6 confirms the
coplanar arrangement of ferrocene groups and BODIPY 7#
system. The redox properties of the target systems were studied
using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). In all cases, BODIPY core oxidation
and reduction were found to be irreversible. It was found that
the first oxidation in all dyads is ferrocene centered. The
separation of redox potentials between the first and the second
ferrocene-centered oxidation potentials in diferrocenyl-contain-
ing dyad 3 was ~150 mV (DCM/0.05 M TBAB(C(F;),
system) despite a large Fe—Fe distance in this compound.
Oxidation of the p-diaminophenyl fragment in BODIPY 4 was
reversible and separated from the redox process at the
ferrocene group by 340 mV (DCM/0.05 M TBAB(C(Fs),
system). Density functional theory-polarized continuum model
(DFT-PCM) and time-dependent (TD) DFT-PCM methods
were used to probe the electronic structures as well as explain
the UV—vis and redox properties of organometallic compounds
2—4 and 6. DFT-PCM calculations suggest that the HOMO in
dyads 2, 3, and 6 is ferrocene centered, while HOMO in 4 is
predominantly delocalized over the BODIPY 7 system. As a
consequence of the electronic structure, the first oxidation in
this complex is not ferrocene centered. TDDFT-PCM
calculations on 4 are indicative of the 7 — #* transition with
lower energy than the first MLCT band, unlike the other target
systems in which the MLCT transitions have lower energies.
The excited state dynamics of the parent BODIPY 1 and dyads
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2—4 and 6 were investigated using time-resolved transient
spectroscopy. The results demonstrate that excited state
quenching takes place via electron transfer from the ferrocene
to the BODIPY, and subsequent back electron transfer to the
original ground state occurs between 136 and 260 ps.
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