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ABSTRACT: Second coordination sphere interactions of cyanido
complexes with hydrogen-bonding solvents and Lewis acids are
known to influence their electronic structures, whereby the non-
labile attachment of B(C6F5)3 resulted in several particularly
interesting new compounds lately. Here, we investigate the effects
of borylation on the properties of two FeII cyanido complexes in a
systematic manner by comparing five different compounds and
using a range of experimental techniques. Electrochemical
measurements indicate that borylation entails a stabilization of
the FeII-based t2g-like orbitals by up to 1.65 eV, and this finding
was confirmed by Mössbauer spectroscopy. This change in the
electronic structure has a profound impact on the UV−vis
absorption properties of the borylated complexes compared to
the non-borylated ones, shifting their metal-to-ligand charge transfer (MLCT) absorption bands over a wide range. Ultrafast UV−vis
transient absorption spectroscopy provides insight into how borylation affects the excited-state dynamics. The lowest metal-centered
(MC) excited states become shorter-lived in the borylated complexes compared to their cyanido analogues by a factor of ∼10,
possibly due to changes in outer-sphere reorganization energies associated with their decay to the electronic ground state as a result
of B(C6F5)3 attachment at the cyanido N lone pair.

■ INTRODUCTION
Lewis acid−base interactions between different boron-
containing compounds and the terminal N-atoms of cyanido
complexes have been known for over 50 years.1−3 Recently, the
idea of exploiting such interactions in the second coordination
sphere of metal complexes received more interest again, and
the borylation of mixed-ligand complexes of IrIII,4 OsII,5 ReI,6−9

RuII,10−12 FeII,10,13 CuI,14,15 NiII,16 PdII,17 PtII,18 and AgI14 has
resulted in new compounds with enhanced photophysical,
electrochemical, and photochemical properties. The boosted
properties of the isocyanoborato complexes compared to their
cyanido precursors typically originate from the energetic
stabilization of the metal-based t2g-like (dπ) orbitals upon
cyanido borylation, entailing a rise in the energy of metal-to-
ligand charge transfer (MLCT) excited states as well as a lower
tendency to undergo oxidation in the electronic ground state.
Due to these beneficial effects, isocyanoborato complexes of 5d
metals often have longer MLCT excited-state lifetimes and
increased photoluminescence quantum yields when compared
to the cyanido parent compounds. Isocyanoborato complexes
have become promising candidates as emitters for organic light
emitting diodes (OLEDs)4,5,7 or sensors,8 some of them
feature uncommon electrochemical properties,10,11,13 and

others have been used as photocatalysts for challenging
photoredox and triplet−triplet energy transfer (TTET)
reactions.12,19 In addition, iscocyanoborato complexes of IrIII

and RuII were shown to be exceptionally photorobust under
catalytic conditions.12,19

Research on isocyanoborato complexes so far has mainly
focused on 4d and 5d metals, with only a few studies
investigating the influence of borylation on the photophysical
and electrochemical properties of mixed-ligand FeII α-diimine
cyanido complexes.10,13 FeII plays a very special role in modern
photophysics and photochemistry because it can adopt the
same low-spin d6 valence electron configuration as RuII and
IrIII, from which many of the most widely used photoactive
transition metal compounds are made. Considering in addition
that iron is the most abundant d-metal element in Earth’s crust,
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it seems unsurprising that complexes of FeII are currently
intensely researched.20−34 Against this background, it seemed
meaningful to investigate the effects of borylation on the
properties and the electronic structure of well-known
heteroleptic FeII complexes with cyanido and 2,2′-bipyridine
ligands. Specifically, we focused on the five complexes shown
in Figure 1 because they represent a useful platform to

rationalize the different effects that cyanido- and isocyanobor-
ato ligands exert on their electronic structure. Among them,
[Fe(bpy)3]2+,

29,30,35−38 [Fe(bpy)2(CN)2],
39−41 and [Fe(bpy)-

(CN)4]2−
40,42−44 are well known, whereas [Fe(bpy)(BCF)4]2−

has been reported recently10 and [Fe(bpy)2(BCF)2] is new.
We find that the attachment of B(C6F5)3 in the second
coordination sphere of the FeII cyanido complexes leads to a
drastic increase of their oxidation potential, in line with prior
reports.10,13 UV−vis studies illustrate how the MLCT
absorption bands can be shifted over a large portion of the
visible spectrum by varying the number of isocyanoborato/
cyanido ligands. X-ray crystal structure analysis along with
infrared (IR) and Mössbauer spectroscopic studies provide
insight into the molecular and electronic (ground-state)
structures of the complexes, whereas ultrafast time-resolved
UV−vis absorption spectroscopy was used to investigate
excited-state dynamics.

■ RESULTS AND DISCUSSION
Synthesis, Characterization, IR Spectroscopy, and

Crystal Structure. The two complexes (PPN)2[Fe(bpy)-
(BCF)4] (PPN+ = bis(triphenylphosphine)iminium; bpy =
2,2′-bipyridine; BCF = CNB(C6F5)3) and [Fe(bpy)2(BCF)2]
were synthesized by reacting the precursor complexes
[Fe(bpy)(CN)4]2− and [Fe(bpy)2(CN)2] with 4.4 or 2.2
equivalents of B(C6F5)3, respectively. The PPN+ counter-
cation gave good solubility in CH2Cl2 (in which the borylation
reaction worked well), and furthermore, PPN+ afforded an
easier to purify and to characterize compound than the more
widely known TBA+ (tetra-n-butylammonium) cation. The
borylated complexes were characterized by 1H, 13C, 11B, and
19F NMR spectroscopy as well as by infrared (IR) spectros-
copy, elemental analysis (EA), and high-resolution mass
spectrometry (HRMS). Suitable crystals for X-ray diffraction
analysis of [Fe(bpy)2(BCF)2] (CCDC deposition number
2159475) were obtained by slow evaporation from a mixture of
CHCl3 and CH2Cl2, and the obtained crystal structure is
displayed in Figure 2.

Relative to [Fe(bpy)2(CN)2], borylation entails a shortening
of both the Fe−C and the C�N bonds in [Fe(bpy)2(BCF)2]
(Table 1), which we attribute to two effects. On the one hand,
the Lewis-acidic B(C6F5)3 unit lowers the energy of the

Figure 1. Chemical structures of [Fe(bpy)3]2+ (a), [Fe(bpy)2(CN)2]
and [Fe(bpy)2(BCF)2] (b), and [Fe(bpy)(CN)4]2− and [Fe(bpy)-
(BCF)4]2− (c) (BCF = CNB(C6F5)3; bpy = 2,2′-bipyridine).

Figure 2. X-ray crystal structure of [Fe(bpy)2(BCF)2]. Individual
atoms shown as 50% thermal ellipsoids. Hydrogen atoms are omitted
for clarity.

Table 1. Selected Average Bond Lengths and Angles and
Infrared Spectral Data for [Fe(bpy)2(CN)2] and
[Fe(bpy)2(BCF)2]

[Fe(bpy)2(CN)2]
a [Fe(bpy)2(BCF)2]

C�N 1.168(5) Å 1.153(3) Å
Fe−C 1.907(4) Å 1.877(2) Å
Fe−Ntrans 1.996(3) Å 1.995(2) Å
Fe−Ncis 1.958(3) Å 1.964(2) Å
C�N−B 171.9(2)°
νC�N 2070 and 2077 cm−1 2166 and 2181 cm−1

aCrystal structure data for [Fe(bpy)2(CN)2] was obtained from ref
45.
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relevant π-bonding orbitals in the C�N bond,13 thereby
strengthening the bonding interaction and shortening the C−
N distance by 0.015(5) Å. However, the C�N π*-orbitals are
stabilized in parallel with the respective π orbitals,13 resulting
in increased π-backbonding from FeII to the C�N π*-orbitals
and causing a 0.030(4) Å shorter Fe−C bond in [Fe-
(bpy)2(BCF)2] compared to [Fe(bpy)2(CN)2].

45 A combina-
tion of steric effects and (partial) population of the C�N π*-
orbitals through π-backbonding is furthermore responsible for
the slightly bent C�N�B angle (Table 1).13

Furthermore, the Lewis-acidity of B(C6F5)3 results in a
weakened σ-bonding interaction between the isocyanoborato
ligand and the FeII center, which in principle could be expected
to lead to a longer Fe−C bond. However, according to the data
in Table 1, this effect is overcompensated by the increased π-
backbonding into the C�N-based π* orbitals described
above, resulting in an overall shorter Fe−C bond in
[Fe(bpy)2(BCF)2] relative to [Fe(bpy)2(CN)2].
In the IR spectrum of [Fe(bpy)2(CN)2] (Figure S20), C�

N stretching modes are observed at 2070 and 2077 cm−1, and
these bands are shifted to higher wavenumbers in [Fe-
(bpy)2(BCF)2] (2166 and 2181 cm−1). This effect is
commonly observed upon the borylation of cyanido complexes
and is a consequence of the stronger C�N bond in the
borylated complexes compared to their cyanido precur-
sors.10,13,16 A similar frequency shift (Figure S21) can also
be observed when going from [Fe(bpy)(CN)4]2− (νC�N =
2054 cm−1) to [Fe(bpy)(BCF)4]2− (νC�N = 2162 cm−1).
Electrochemistry. Cyclic voltammograms (CVs) and

differential pulse voltammograms (DPVs) were recorded for
all five complexes. The DPVs of the key complexes
[Fe(bpy)2(BCF)2] and (PPN)2[Fe(bpy)(BCF)4] as well as
the reference compound [Fe(bpy)3](PF6)2 are displayed in
Figure 3 to illustrate the influence of exchanging bpy ligands
with isocyanoborato ligands. In the following, we first focus on
the changes in the electronic structure associated with the
exchange of bpy ligands with cyanido ligands. In a second step,
we then discuss the effects of borylation of the cyanido ligands.
In the DPV of [Fe(bpy)3]2+, three reduction features at

−1.74, −1.93, and −2.19 V vs Fc+/0, attributable to three
consecutive one-electron reduction events of the bpy-ligands,
as well as the oxidation of FeII to FeIII at 0.68 V vs Fc+/0 are
observed (Figure 3a). When one bpy ligand is replaced by two
cyanido ligands ([Fe(bpy)2(CN)2]), the metal-based oxidation
wave is shifted cathodically from 0.68 V vs Fc+/0 to 0.06 V vs
Fc+/0 (Figure S25 and Figure 4). This is due to an increase in
electron density at the FeII center, caused by the stronger σ-
donation from the two anionic cyanido ligands compared to
the charge-neutral bpy ligand.46 Furthermore, only two
(instead of three) reduction features are observable in this
case, attributable to one-electron reduction of the two
remaining bpy ligands. The first reduction potential is shifted
cathodically compared to the [Fe(bpy)3]2+ complex (Figure
S25) by 0.32 V, signaling that the increased electron density at
the metal center affects bpy reduction. For simplicity, we
assume that the change in the ligand environment affects the
energy of the t2g-like orbitals of the FeII and the FeIII complexes
to the same extent. Even though an increased charge of the
central metal ion is in principle expected to lead to increased d-
orbital interactions between the metal and the ligands, our
crude approach is sufficient to account for the observable shifts
in the MLCT absorption bands upon ligand exchange (vide
infra). In the following discussion, we will further use

experimentally determined redox potentials to draw con-
clusions concerning the relative energies of frontier orbitals,
which is evidently a simplistic approach that will however allow
for an integrated and comparative discussion of data
originating from different experimental techniques.
When going from [Fe(bpy)3]2+ to [Fe(bpy)(CN)4]2−, an

even larger cathodic shift of 1.33 V for the first oxidation
potential, from 0.68 V vs Fc+/0 to −0.65 V vs Fc+/0, is observed.

Figure 3. Differential pulse voltammograms of 1.1 mM [Fe(bpy)3]-
(PF6)2 (a), 1.3 mM [Fe(bpy)2(BCF)2] (b), and 1.0 mM (PPN)2[Fe-
(bpy)(BCF)4] (c) in dry, argon-saturated CH3CN at 293 K with 0.1
M (NBu4)(PF6) as supporting electrolyte. In all three cases, the step
height was 5 mV, the pulse height was 100 mV, the pulse width was
100 ms, and the step width was 50 ms.

Figure 4. Energy level diagram of the key complexes as determined by
cyclic voltammetry and differential pulse voltammetry. Dotted lines
are guides to the eye. The metal-centered oxidation process illustrated
in the lower part is a measure of the HOMO energy. The bpy-ligand-
based reduction process illustrated in the upper part is a measure of
the energy of the lowest-lying π* orbital on the bpy ligands.
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Furthermore, the first reduction potential is shifted cathodi-
cally from −1.74 ([Fe(bpy)3]2+) to −2.51 ([Fe(bpy)-
(CN)4]2−) V vs Fc+/0 (Figure S32 and Figure 4). These
observations are in line with previous electrochemical studies
of [Fe(bpy)3]2+,

29 [Fe(bpy)2(CN)2],
47 and [Fe(bpy)-

(CN)4]2−.
10

Upon borylation of the two cyanido ligands in [Fe-
(bpy)2(CN)2] to give [Fe(bpy)2(BCF)2], the respective
metal oxidation potential is shifted anodically from 0.06 V
([Fe(bpy)2(CN)2]) to 0.89 V vs Fc+/0 ([Fe(bpy)2(BCF)2])
(Figure 3b). The same effects are also observed in [Fe(bpy)-
(BCF)4]2−; however, due to the presence of four cyanido/
isocyanoborato ligands instead of only two, the observed effect
doubles in magnitude. Specifically, upon going from [Fe(bpy)-
(CN)4]2− to [Fe(bpy)(BCF)4]2−, a shift of the oxidation
potential by 1.65 V from −0.65 to 1.00 V vs Fc+/0 is observed.
The bpy0/·‑ reduction potential is shifted to a lesser extent
(0.34 V) from −2.51 to −2.17 V vs Fc+/0 (Figure 4). Thus, in
both comparative cases investigated here, the borylation has a
much stronger influence on the electrochemical potential of
the metal-based oxidation than on the bpy-based reduction,
which is understandable on the basis that the borylation occurs
much closer to the FeII center than to the bpy ligands.
The difference between the oxidation potential and the first

reduction feature (ΔE) is 2.42 V for [Fe(bpy)3]2+ (Figure 3a),
and this value increases with greater number of BCF ligands.
The ΔE increases to 2.78 V in [Fe(bpy)2(BCF)2] (Figure 3b)
and further rises to 3.17 V in [Fe(bpy)(BCF)4]2− (Figure 3c).
The effects of exchanging bpy ligands with cyanido ligands and
their subsequent borylation are summarized in Figure 4, which
captures the changes starting from [Fe(bpy)3]2+ and going to
the cyanido complexes (black lines) and onwards to the BCF
complexes (red lines). The dotted red and black lines are
guides to the eye. The orange labels and dotted lines indicate
the extent of the stabilization of the metal-based t2g-like (dπ)
orbitals (bottom) and of the energetically lowest-lying π*
orbital on the bpy ligands (top).
Based on the available electrochemical data and a Randles−

Ševcǐḱ analysis, diffusion coefficients (D0; Table 2) on the
order of 10−6 cm2 s−1 were estimated for all five compounds
(see the SI for details). For the previously reported
compounds, the diffusion coefficients obtained here are in
good agreement with prior studies.10 Based on the structural
changes upon borylation, a decrease in the D0 values of the
borylated complexes compared to their cyanido precursors
might in principle be expected. However, on the contrary, we
find larger values for D0 in the borylated complexes, possibly
due to stronger interactions of the cyanido complexes with the

solvent as well as stronger ion pairing effects in the cyanido
compounds.10

Mössbauer Spectroscopy. In order to gain further insight
into the electronic ground state structure of the new complexes
and to further understand the effects of borylation, we
employed 57Fe Mössbauer spectroscopy on solid samples at
80 K.
Upon borylation of [Fe(bpy)2(CN)2] to [Fe(bpy)2(BCF)2],

the isomer shift (δ) decreased from 0.25 to 0.21 mm s−1 due to
the increased s-electron density at the FeII nucleus resulting
from less d-shielding in the more electron-withdrawing
borylated complex (Figure 5a). Similarly, δ decreased from

0.14 mm s−1 ([Fe(bpy)(CN)4]2−) to 0.07 mm s−1 ([Fe(bpy)-
(BCF)4]2−), and as already observed in the electrochemical
measurements, the magnitude of the change upon fourfold
borylation is roughly by a factor of 2 larger compared to the
twofold borylation of [Fe(bpy)2(CN)2] (Figure 5b). All
parameters are in accordance with a ferrous low-spin
configuration.48 Quadrupole splittings (ΔEQ) are rather small
and compatible with only small lattice contributions due to the
non-symmetric ligand environment.

Table 2. Summary of the UV−Vis Absorption,a Electrochemical,b and Mössbauerc Properties of the Key Complexes

λmax, abs, MLCT (ε)
(nm M−1 cm−1)

E1/2ox (V vs
Fc+/0) E1/2red (V vs Fc+/0)

ΔEox
d

(mV)
ΔEred

d

(mV) D0
e (cm2 s−1)

δ
(mm s−1)

ΔEQ
(mm s−1)

[Fe(bpy)2(CN)2] 613 (7000) 0.06 −2.06, −2.33 70 70, 73 6.7 × 10−6 0.25 0.62
[Fe(bpy)2(BCF)2] 482 (5500) 0.89 −1.89, −2.15 75 69, 73 7.5 × 10−6 0.21 0.57
[Fe(bpy)(CN)4]2− 666 (1100) −0.65 −2.51 73 1.6 × 10−6 0.14 0.66
[Fe(bpy)(BCF)4]2− 426 (3000) 1.00 −2.17 73 96 4.1 × 10−6 0.07 0.70
[Fe(bpy)3]2+ 520 (8000) 0.68 −1.74, −1.93,

−2.19
75 60, 65, 72 4.1 × 10−6 0.3949 0.3449

aUV−vis data were obtained in dry, N2-saturated CH3CN at 293 K.
bElectrochemical data were obtained in dry, argon-saturated CH3CN at room

temperature with 0.1 M (NBu4)(PF6) as supporting electrolyte.
cZero-field 57Mössbauer data were obtained in the solid state at 80 K. dΔEox/red

denotes peak-to-peak separation and was determined for a scan rate of 0.1 V s−1. eD0 values were calculated on the basis of a Randles−Ševcǐḱ
analysis (see the SI for details).

Figure 5. (a) Solid state zero-field 57Fe Mössbauer spectra of
[Fe(bpy)2(CN)2] (black line) and [Fe(bpy)2(BCF)2] (red line) at 80
K. (b) Solid state zero-field 57Fe Mössbauer spectra of (PPN)2[Fe-
(bpy)(CN)4] (black line) and (PPN)2[Fe(bpy)(BCF)4] (red line) at
80 K.
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UV−Vis Absorption Spectroscopy. In the visible to near-
UV range of the optical absorption spectrum of [Fe(bpy)3]2+

(Figure 6a), two prominent bands with maxima at 350 and 520
nm are observed, both of which are attributed to metal-to-
ligand charge transfer (MLCT) transitions.35,50

When replacing one bpy ligand by two cyanido ligands to
obtain [Fe(bpy)2(CN)2], the maximum of the lower-energy
MLCT band is shifted from 520 to 613 nm (dashed red trace
in Figure 6b). This is in line with the cathodic shift of the
oxidation potential observed in the electrochemical measure-
ments presented above (Figure 4); as the relevant bpy-based
π*-orbitals are destabilized much less than the t2g-like orbitals,
the respective energy gap decreases, leading to a redshifted
MLCT absorption band. However, when B(C6F5)3 groups are
attached to the two cyanido ligands of [Fe(bpy)2(CN)2], the
low-energy MLCT absorption band is blueshifted by ca. 0.54
eV (green trace in Figure 6b), in line with the observed
stabilization of the t2g-like orbitals in the electrochemical
measurements presented above (Figure 4). Compared to
[Fe(bpy)2(CN)2], the metal-based t2g-like orbitals in [Fe-
(bpy)2(BCF)2] are stabilized by 0.83 eV, whereas the bpy-
based π*-orbitals are stabilized by 0.17 eV (Figure 4 and Table
2). Taking both effects into account, an increase of the t2g− π*
energy gap of 0.66 eV is expected based on the electrochemical
measurements, and this is in good agreement with the
observed shift (0.54 eV) of the MLCT band between
[Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2].
A similar trend is observed when comparing the UV−vis

absorption spectra of [Fe(bpy)3]2+, [Fe(bpy)(CN)4]2− and
[Fe(bpy)(BCF)4]2−. From [Fe(bpy)3]2+ to [Fe(bpy)-
(CN)4]2−, a redshift of the low-energy MLCT absorption
band by 0.52 eV is observed, and when the B(C6F5)3 groups

are attached to the four cyanido ligands, the respective MLCT
absorption band is blueshifted by 1.01 eV (Figure 6c). This is
in line with the electrochemical measurements presented
above, where an increase of 1.31 V in the t2g−π* energy gap
was determined (Figure 4). These results are in line with
previous reports, in which a correlation between the relevant
redox potentials and the energy of the respective MLCT
transitions in RuII complexes was observed.51−53 Furthermore,
the effects of borylation on the UV−vis absorption spectra of
[Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2− are comparable to
the effects observed upon methylation of [Ru(bpy)(CN)4]2−
to yield [Ru(bpy)(CNMe)4]2+, which leads to a blueshift of
the MLCT absorption band maximum of ∼1.35 eV in
CH3CN.

54

A qualitatively similar but less pronounced effect is also
observed for the precursor cyanido complexes [Fe-
(bpy)2(CN)2] and [Fe(bpy)(CN)4]2− as well as their RuII
analogues when changing from non-hydrogen bonding
solvents (DMSO and CH3CN) to hydrogen-bonding H2O or
MeOH.40,42,55−57 The Gutmann−Becket acceptor number
(AN) is a frequently employed measure for the hydrogen-
bond acceptor capability of solvents and as such quantifies the
solvents’ Lewis acidity. Strongly Lewis-acidic solvents have
higher values (AN = 54.8 for H2O) than non-Lewis-acidic
solvents (AN = 1 for hexane).58 Solvents with large AN lead to
reduced electron density on the FeII and RuII metal centers of
mixed-ligand α-diimine cyanido complexes, similar to the effect
of borylation.
Transient Absorption Spectroscopy. As noted in the

introduction, the photophysics of iron complexes are currently
intensely studied, in part because FeII would be a very
attractive substitute for precious-metal-based photoactive d6
metal complexes,20−34,59−63 though there are now attractive
alternative options based on isoelectronic MnI and Cr0.64−66

The excited-state dynamics of [Fe(bpy)2(CN)2] and [Fe-
(bpy)(CN)4]2− were previously investigated and were strongly
solvent-dependent because the energy of the lowest MLCT
excited state depends on whether solvents with high AN (H2O
and MeOH) or low AN (DMSO and CH3CN) are
used.39,43,44,67

In the transient absorption spectrum of the [Fe(bpy)2CN2]
complex recorded in CH3CN (Figure S46), an excited state
absorption feature (ESA) at 315 nm as well as two negative
signals centered at ca. 400 nm (partly masked by scattered
excitation light) and 606 nm are observed. The negative signals
coincide with the bands observed in the absorption spectrum
of [Fe(bpy)2(CN)2] (red trace in Figure 6b). After a very short
time (<1 ps), no ESA feature around 370 nm (typically
attributed to bpy·− and usually diagnostic for an MLCT excited
state) is observed,68 indicating that the initially populated
MLCT state undergoes fast relaxation (<1 ps) to a metal-
centered (MC) state, which is then probed in our measure-
ments. Recent findings suggest that in the Lewis-acidic solvent
MeOH, the 5MC state of [Fe(bpy)2CN2] is populated on the
fs timescale,39 and this also seems plausible for our
measurements in CH3CN, although this aspect is not of core
interest for the present study. The observable metal-centered
state decays with a lifetime of 650 ps (Figure S47). The
excited-state dynamics of [Fe(bpy)2CN2] therefore seem
somewhat comparable to [Fe(bpy)3]2+, whose MLCT-excited
state has a lifetime on the order of 50−100 fs and subsequently
undergoes relaxation through different processes to the lowest-
excited MC state, which in turn decays to the ground state

Figure 6. UV−vis absorption spectra of [Fe(bpy)3]2+ (a), [Fe-
(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] (b), and [Fe(bpy)(CN)4]2−
and [Fe(bpy)(BCF)4]2− in dry CH3CN at 293 K.
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with a comparably long lifetime of 1.05 ns29,30,69 and can
become exploitable in photoredox catalysis.70−74

The TA spectrum of [Fe(bpy)2(BCF)2] recorded in
CH3CN 1 ps after excitation (Figure 7a) shows very similar
features as the precursor complex [Fe(bpy)2CN2], namely, an
ESA band centered at 315 nm as well as a ground-state bleach
with local minima around 350 nm and ca. 450 nm.
Analogously to [Fe(bpy)2(CN)2], no spectral signature of an
MLCT excited state was observable for [Fe(bpy)2(BCF)2]
after times over 1 ps, again signaling rapid relaxation to a
metal-centered excited state. The three most prominent TA
features in Figure 7a decay with a lifetime of 67 ps (Figure 7b),
which is ca. 10 times shorter compared to the non-borylated
[Fe(bpy)2(CN)2] complex under identical conditions (see
Figures S48−S50 and Table S2 for the fit details). According
to a recent study on [Fe(bpy)3]2+, the outer-sphere
reorganization energy plays an important role in the relaxation
of the 5MC excited state to the electronic ground state, and
this could also be true for related FeII polypyridine
compounds.69 Given that solvent molecules are known to
interact strongly with the cyanido ligands of [Fe-
(bpy)2(CN)2],

39,40,42 the borylation likely has a substantial
impact on the interaction between the solvent and the metal
complex, in line with the differences in diffusion coefficients

discussed above. Consequently, it seems plausible that the
outer-sphere reorganization energies associated with MC
excited state relaxation in [Fe(bpy)2(CN)2] and [Fe-
(bpy)2(BCF)2] are significantly different, which in turn could
contribute to their very different MC lifetimes (650 vs 67 ps in
N2-saturated CH3CN at 23 °C).
The excited state dynamics of the intensely studied

[Fe(bpy)(CN)4]2− complex in CH3CN have been reported
to be fundamentally different to [Fe(bpy)3]2+ and [Fe-
(bpy)2(CN)2],

22,44,67 because the probed excited state has
relatively clear MLCT-character, manifesting by the presence
of an ESA band around 370 nm that is commonly associated
with a one-electron reduced bpy ligand.67 This behavior is
likely the consequence of the strongly σ-donating nature of the
four cyanido ligands, which destabilize the metal-centered
states to such an extent that the MLCT decay is no longer
ultrafast.44,67 However, the situation changes when the solvent
is changed from non-hydrogen-bonding CH3CN to hydrogen-
bonding H2O. In water, [Fe(bpy)(CN)4]2− was reported to
undergo rapid (<100 fs) deactivation to an MC state before
returning to the ground state with a time constant of 13 ps.44

When the four cyanido ligands of [Fe(bpy)(CN)4]2− are
borylated to give the [Fe(bpy)(BCF)4]2− complex, no spectral
signature of an MLCT state is observed anymore in a TA

Figure 7. (a, c) Transient absorption spectra recorded after different time delays and inverted absorption spectra (designated as (−)abs in the
legends) of [Fe(bpy)2(BCF)2] (a) and [Fe(bpy)(BCF)4]2− (c). (b, d) Measured kinetics at selected wavelengths (symbols) and the results of a
global fit (solid lines; see Figures S48−S50 and Table S2 for the fit details) for [Fe(bpy)2(BCF)2] (b) and [Fe(bpy)(BCF)4]2− (d). All
measurements were performed in dry, N2-saturated CH3CN at 296 K. The samples were excited at 455 nm ((a) and (b)) or 400 nm ((c) and (d)).
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spectrum recorded in CH3CN (Figure 7c). This finding is in
line with a recent literature report,10 and we attribute this to
the 1.01 eV blueshift of the MLCT absorption in Figure 6c,
whereas the effect of borylation on the MC states is likely
substantially smaller. Thus, with the MLCT energy rising
whereas the relevant MC-state energies remain comparatively
constant, MLCT relaxation to MC states becomes easier in
[Fe(bpy)(BCF)4]2− than in [Fe(bpy)(CN)4]2−.

10 Borylation
of the cyanido ligands therefore seems to have a similar effect
as solvent environments with high Gutmann−Becket acceptor
numbers (AN), and this is in line with the reported AN values
for B(C6F5)3 (78.9) and H2O (54.8) compared to CH3CN
(19.3).10,39,58

The transient absorption spectrum of [Fe(bpy)(BCF)4]2−
features an MLCT ground-state bleach at ∼410 nm (Figure
7c), along with an ESA band at around 560 nm decaying with
identical kinetics (τ0 = 28 ps; Figure 7d). A similar ESA band
at 560 nm has been previously observed for [Fe(bpy)(CN)4]2−
and was attributed to a 3MC state.44 Given the spectral
resemblance of the ESA band at 560 nm in Figure 7c and the
close chemical relationship between [Fe(bpy)(CN)4]2− and
[Fe(bpy)(BCF)4]2−, it seems plausible that their lowest
MLCT states relax into a 3MC state in both cases. This stands
in contrast to [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2], in
which the 5MC state population seems more plausible. Prior
studies specifically addressed the issue of the 3MC/5MC
crossover point in FeII complexes.34,75,76

Photostability. Isocyanoborato complexes of RuII and IrIII
have been shown to be exceptionally photorobust,12,19 and
therefore, it seemed interesting to conduct similar photo-
stability measurements with the FeII isocyanoborato com-
plexes. To that end, CH3CN solutions of [Fe(bpy)2(BCF)2]
and [Fe(bpy)(BCF)4]2− as well as their precursors [Fe-
(bpy)2(CN)2] and [Fe(bpy)(CN)4]2− were irradiated with a
blue continuous-wave (cw) laser (447 nm, 1.1 W). The initial
absorbance of each of the solutions was adjusted to 0.1 at the
excitation wavelength (447 nm), ensuring that all the different
complexes absorb roughly the same amount of photons in a
given time interval at least at the beginning of the irradiation
period. The photodegradation of the four complexes was
investigated by recording UV−vis absorption spectra of the
solutions after different time intervals and by tracking the
absorbance at their respective MLCT-absorption band maxima
(Table S3). Using the Lambert−Beer law and the known
molar extinction coefficients at the MLCT band maxima of the
four complexes (Table 2), the change in absorbance during the
irradiation was converted to change in concentration (Δc).
Because all samples absorb (roughly) the same number of
photons in a given time interval, plotting Δc as a function of
irradiation time results in a reasonable graphical representation
of the photostability of the respective complexes (Figure 8).
Similar to a recently published procedure, we determined

the photodegradation quantum yield (Φdegr) (Table 3),
defined as the number of decomposed complexes divided by
the number of absorbed photons (see the SI for details).12

Taking the individual excited-state lifetimes into account (see
the SI), it follows that [Fe(bpy)(BCF)4]2− exhibits a roughly
150 times slower photodegradation than [Fe(bpy)(CN)4]2−,
whereas [Fe(bpy)2(BCF)2] and its precursor [Fe-
(bpy)2(CN)2] photodegrade with similar rate constants
(Table S4).

■ CONCLUSIONS
The second coordination sphere interaction between boron-
based Lewis-acids and cyanido complexes of different metals
was actively explored in recent years.4−10,13−18 Until now, the
focus was mostly on isocyanoborato complexes of 4d and 5d
metals, with a few exceptions of first-row transition metals
including NiII,16,17 Cu,I14,15 and FeII10,13 complexes. This study
shows that the attachment of B(C6F5)3 to two easily accessible,
well-known FeII cyanido complexes has a strong impact on
their structural, electrochemical, and spectroscopic properties.
By comparison with the archetypal [Fe(bpy)3]2+ complex, the
influence of the cyanido ligands and their borylation can be
readily rationalized. In a simplified picture, the exchange of bpy
ligands by cyanido ligands entails a destabilization of the metal-
based HOMO compared to [Fe(bpy)3]2+, as determined by
cyclic voltammetry and differential pulse voltammetry.
However, this effect is overcompensated by the borylation of
the respective cyanido complexes to obtain their BCF
congeners, which show unusually large separations of their
first reduction and oxidation potentials. This has a pronounced
impact on the UV−vis spectra of the borylated complexes, in
which the MLCT absorption bands are shifted to substantially
higher energies compared to the cyanido precursor com-
pounds, similar to what is known for cyanido complexes of RuII
and FeII upon increasing the Gutmann−Becket acceptor
number (AN) of the solvent.40,42−44,55−57,77−80

Mössbauer spectroscopy confirms the decrease of d-electron
density at the metal center associated with the borylation of
the cyanido ligands. Infrared spectra of the cyanido complexes
and their borylated congeners as well as X-ray crystal structure
analyses of [Fe(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] provide
further insight into metal−ligand binding. Most importantly,
the borylation entails shorter (i.e., stronger) C�N bonds as
well as a shortened Fe−C bond distances.

Figure 8. Photodegradation of the four key complexes, determined in
dry, N2-saturated CH3CN at 293 K. Δc is the change in concentration
of intact complex.

Table 3. Photodegradation Quantum Yields (Φdegr) and
Excited-State Lifetimes (τ0) of the Four Key Complexesa

τ0 Φdegr (%)

[Fe(bpy)2(CN)2] (650 ± 25) ps(MC) 8.8 × 10−5

[Fe(bpy)2(BCF)2] (67 ± 2) ps(MC) 1.5 × 10−5

[Fe(bpy)(CN)4]2− 18 ps (MLCT)22 4.9 × 10−3

[Fe(bpy)(BCF)4]2− (28 ± 3) ps(MC) 4.9 × 10−5

aThe dominant character of their lowest excited state is indicated in
parentheses.
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As complexes of FeII and FeIII were in the focus of recent
research aiming at replacing photoactive complexes of the
precious metals RuII and IrIII,81,82 the excited-state dynamics of
the isocyanoborato complexes were investigated and compared
to their cyanido precursor complexes. Whereas [Fe-
(bpy)2(CN)2] and [Fe(bpy)2(BCF)2] behave similarly to
each other in that the lowest MLCT excited state relaxes to an
MC state within less than 1 ps, the MLCT lifetime of
[Fe(bpy)(CN)4]2− in CH3CN is 18 ps according to previous
reports22 but shortens to less than 1 ps upon borylation. This
suggests that the attachment of B(C6F5)3 exerts a similar effect
on the electronic excited-state structure and the excited-state
dynamics as a solvent environment with a high Gutmann−
Becket acceptor number caused by the Lewis acid−base
interaction between the cyanido ligands and their respective
Lewis-acidic solvents.22,39,44 In principle, it seems conceivable
to elongate the MLCT excited-state lifetimes of FeII complexes
through second coordination sphere interactions; however, the
borylation of the cyanido complexes investigated herein is not
well-suited for this purpose. Perhaps the idea of exploiting
second coordination sphere interactions would deserve more
attention in the design of new photoactive first-row transition
metal complexes.
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Bajnóczi, É.; Vankó, G.; Alonso-Mori, R.; Glownia, J. M.; Nelson, S.;
Sikorski, M.; Sokaras, D.; Canton, S. E.; Lemke, H. T.; Gaffney, K. J.
Finding intersections between electronic excited state potential energy
surfaces with simultaneous ultrafast X-ray scattering and spectroscopy.
Chem. Sci. 2019, 10, 5749−5760.
(25) Wenger, O. S. Is Iron the New Ruthenium? Chem. − Eur. J.
2019, 25, 6043−6052.
(26) Braun, J. D.; Lozada, I. B.; Kolodziej, C.; Burda, C.; Newman,
K. M. E.; van Lierop, J.; Davis, R. L.; Herbert, D. E. Iron(II)
Coordination Complexes with Panchromatic Absorption and Nano-

second Charge-Transfer Excited State Lifetimes. Nat. Chem. 2019, 11,
1144−1150.
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