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ABSTRACT: Complexes with the formula [M(diimine)(CN-BR;)4]*, where diimine = bipyridine (bpy), phenanthroline (phen), 3,5-
trifluoromethylbipyridine (flpy), R = Ph, CeFs, and M = Fe'', Ru" were synthesized and characterized by X-ray crystal structure
analysis, UV-visible spectroscopy, IR spectroscopy, and voltammetry. Three highly soluble complexes, [Fe''(bpy)(CN-B(CsFs)3)4]*,
[Ru'(bpy)(CN-B(C¢Fs)3)4]*", and [Ru'(flpy)(CN-B(C¢Fs)3)4]*~ exhibit electrochemically reversible redox reactions, with large poten-
tial differences between the bpy®~ or flpy?~ and M couples 0f 3.27, 3.52, and 3.19 V, respectively. CASSCF+NEVPT?2 calculations

accurately reproduce the effects of borane coordination on the electronic structures and spectra of cyanometallates.

Heteroleptic (diimine-cyanide) complexes of ruthenium,'
iron,? copper,® iridium,* rhenium,’ and osmium®’ have found
use as vapochromic agents,® electrochemically reversible oxi-
dants and reductants,” phosphors for organic light-emitting di-
odes,”®* and photooxidants and photoreductants.!® We and oth-
ers have shown that octahedral metal cyanides bond with bo-
ranes such as boron trifluoride, lowering the ¢ and w* orbital
energies of the cyanide ligand, which weakens metal-carbon
bonding and strengthens CN bonding. Lowering the n* cyanide
orbitals enhances m backbonding, thereby increasing overall lig-
and field strengths.!"'>!3 Consequently, formal potentials for
M® DM couples are shifted anodically and metal-to-ligand
charge transfer (MLCT) transitions are blue shifted, allowing
resolution of ligand field (LF) absorptions, notably in hexacy-
anoferrate(Il).!* Heteroleptic analogues, such as Os(bipyri-
dine)>(CN-B(C¢F5s)3),, also exhibit substantial anodic potential
shifts for metal-centered redox events;’ not surprising, shifts for
diimine-localized redox processes are much smaller.” Figure 1
depicts the general changes in one-electron energy levels that
occur upon boronation of a heteroleptic tetracyanometallate that
possesses an aromatic ligand.

Earlier we reported that coordination of tris(pentafluoro-
phenyl)borane (BCF) to [Fe(CN)s]* anodically shifts the for-
mal Fe''! potential by over 2.1 V.!* Since complexes with two
differently tunable redox centers are relatively rare, we have ex-
tended our investigations of boronated cyanometallates to in-
clude heteroleptic complexes containing 2,2’-bipyridine (bpy),
3,5-trifluoromethylbipyridine (flpy), or phenanthroline (phen).
Boronation with BPh; or BCF afforded ([M(diimine)(CN-
BR3)])* (M = Fe'!, Ru'l; diimine = bpy, phen, flpy; and R = Ph,
CgFs) derivatives. In addition to their utility as chromo-
phores,!*131617 these complexes possess impressive electro-
chemical properties. To enhance our understanding of the ef-
fects of boronation on MLCT transitions, we performed ab ini-
tio calculations on trihydridoborane analogues of the heterolep-

tic cyanometallates using the complete active space self-con-
sistent field (CASSCF) method coupled with n-electron valence
state second-order perturbation theory (NEVPT2). Our calcula-
tions demonstrate the accuracy of CASSCF+NEVPT2 for both
LF and MLCT states of boronated cyanoruthenates. We also
probed the excited-state properties of Fe' analogues, as we
hoped boronation would extend the lifetimes of these typically
short-lived states.
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Figure 1. One-electron energy level changes resulting from
boronation of [M(diimine)(CN),]*".

Synthesis and X-ray Crystallography:

The potassium salts of the precursor [M"(diimine)(CN)4]*
complexes were synthesized according to literature meth-
0ds.!31 K,[Ru(flpy)(CN)4] (Ru-flpy) was prepared in a similar
manner. Bis(triphenylphosphine)iminium (PPN™) salts of the
anions were obtained by addition of a stoichiometric excess of
PPNCI to an aqueous solution of K;[M"(diimine)(CN)4], yield-
ing a solid that was collected by filtration. The tetrabutylammo-
nium (TBA™) salts of selected anions were prepared through
metathesis  with  hydrochloric acid to  precipitate
H,[MY(diimine)(CN),], Subsequent titration with TBAOH af-
forded (TBA),[M"(diimine)(CN)4].
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Figure 2. Structures of [M(diimine)(CN-BR;)4]*, diimine ligands, and boranes investigated in this work.

To obtain the borane adducts of these species, a slight excess
of BPh; or BCF was added to a nitrogen-purged dichloro-
methane solution of the TBA® or PPN' salts of
[M"(diimine)(CN)4]* complexes under reflux conditions. Ad-
dition of hexanes (excess) to a concentrated solution afforded
the following complexes: (TBA)y[Fe(bpy)(CN-BPh;)4] (Fe-
bpy-BPhs), (TBA),[Fe"(bpy)(CN-B(CeFs)3)4] (Fe-bpy-BCF),

(TBA),[Ru"(bpy)(CN-BPh3)4]
(TBA)[Ru'(bpy)(CN-B(CeFs)3)s]
(PPN),[Ru(flpy)(CN-B(C¢Fs)3)4] (Ru-flpy-BCF). Characteri-

(Ru-bpy-BPhs),
(Ru-bpy-BCF),

(TBA),[Fe'l(phen)(CN-BPh;),]
(TBA)Z [Fe“(phen)(CN—B (C()F5)3 )4]
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zation by 'H NMR, "B NMR and, when applicable, °F NMR,
confirmed that all compounds were pure. All compounds also
were characterized by elemental analysis or mass spectrometry,
IR spectroscopy, voltammetry, and UV-visible spectroscopy.
Figure 2 provides structural representations of the complexes
investigated in this work.
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Figure 3. (Top) UV-visible absorption spectra of [Ru(diimine)(CN)4]*; (Middle) [Fe(diimine)(CN-BR3)s]* in MeCN solution; (Bot-
tom) transient absorption spectra of [Fe(diimine)(CN-BR3)4]* in MeCN solution obtained 1 ps after 34,500 cm™ (290 nm) excitation.

Growth of X-ray quality crystals proved challenging for these
complexes due to their tendency to form oils. However, we
were able to obtain four crystal structures: Ru-flpy, Ru-flpy-

Table 1. Vibrational and metal-to-ligand charge transfer data
for [M(diimine)(CN)4]* and [M(diimine)(CN-BR;)4]* in
MeCN.

Species ven (em™) Avier mm) (M em™)
Fe-bpy™ 2047,2077 654,440 -
Fe-bpy-BPhs 2145,2181 465,333 1670, 1940
Fe-bpy-BCF 2170,2207 413,309 2360, 4170
Fe-phen 2045,2074 615 -
Fe-phen-BPh; 2146,2182 439 2610
Fe-phen-BCF 2169, 2206 394 3160
Ru-bpy* 2051,2082 535,374 -
Ru-bpy-BPh; 2140, 2188 397,309 2950, 5000
Ru-bpy-BCF 2168,2216 350 3000
Ru-flpy 2062,2090 584,413 3850, 6130
Ru-flpy-BCF 2171,2218 392,320 3830, 4560

aReference 20. PReference 21. “Reference 22.

BCF, Fe-phen-BPhs, and Fe-phen-BCF. Comparing Ru-flpy
and Ru-flpy-BCF, there is a negligible change in the average
C-N bond length and a minor shortening (ca. 0.05 A) of the av-
erage Ru-C bond length. These small structural changes are
consistent with work on boronated hexacyanoferrates.'*

Infrared and UV-visible Spectroscopy:

IR stretching frequencies, MLCT absorbance maxima (and
extinction coefficients) for the parent complexes and heterolep-
tic isocyanoborates are set out in Table 1. Only one MLCT tran-
sition is reported for Fe-phen-BCF and Fe-phen-BPhs due to
overlap with the first t-n* absorption of the phenanthroline lig-
and. The blueshifts in CN stretching frequencies indicate
strengthening of the CN bond due to coordination of borane to
the nitrogen lone pair.'"* The IR stretching frequencies for Ru-
flpy-BCF are very slightly blueshifted from those of Ru-bpy-

BCF, consistent with a slight decrease in © back donation due
to electron withdrawal by the flpy trifluoromethyl groups. NMR
and IR spectra are shown in the supporting information (Fig-
ures S1-S31).

Figure 3 displays UV-vis spectra for all newly reported spe-
cies. It is well known that Fe and Ru diimine complexes exhibit
two well-defined MLCT absorption maxima in the visible/near-
UV region that are strongly solvatochromic.? For example, the
Ru-flpy MLCT absorptions red shift by 5500 cm™ when the
solvent is changed from water to acetonitrile.”® This shift is ex-
pected in view of the much larger Gutmann-Beckett acceptor
number of H,O compared to MeCN.%* In contrast to the dra-
matic shifts observed in MLCT transitions, the n-n* absorption
shifts only slightly (550 cm™), indicating that solvent interac-
tions and, by extension MCN-B bonding, minimally perturb
diimine orbital energies.

MLCT bands in BCF adducts are blueshifted more than those
reported for Fe(bpy)2(CN-BPh;) and Os(bpy)>(CN-BPhs),,”
likely due to the greater ligand field stabilization of occupied d
orbitals upon boronation of the tetracyano complexes.? The flpy
trifluoromethyl substituents inductively withdraw electron den-
sity, redshifting MLCT transitions, while boronation blue shifts
them.”> Additionally, BCF steric hindrance attenuates the
MLCT energy dependence on solvent. Interestingly, the lowest
energy MLCT transition linearly correlates with the difference
between the formal potentials for one-electron oxidations and
reductions, as shown in Figure 4 for ruthenium-based com-
pounds. As the process is electrochemically irreversible, the
Ru-bpy-BPh; formal potential was estimated from the inflec-
tion potential of a 100 mV s cyclic voltammogram.?®
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Figure 4. MLCT absorbance maximum versus difference in
formal potential for heteroleptic ruthenium complexes. All
spectra and voltammetry acquired in MeCN.

Transient Absorption Spectroscopy:

Excited-state lifetimes of Fe-bpy-BPhs, Fe-phen-BPhs, Fe-
bpy-BCF, and Fe-phen-BCF were investigated using ultrafast
transient absorption (TA) spectroscopy. 0.33-0.35 mM samples
in MeCN were prepared under a N, atmosphere. A 2 mm path
length cuvette was used for all spectra, which corresponds to
approximately 1 a.u. optical density at the excitation wave-
length. The differential absorption spectra of the four Fe com-
plexes obtained 1 ps after excitation are shown in the bottom
panel of Figure 3. Each complex displays concomitant ground
state bleach (GSB) and excited-state absorption (ESA) features
upon irradiation, with Fe-bpy-BCF and Fe-phen-BCF exhibit-
ing a ~1500 cm™' blueshift in isosbestic point versus Fe-bpy-
BPh; and Fe-phen-BPhs (Figures S45 and S49 versus Figures
S43 and S47). A sharp ESA feature at 27,000/24,000 cm™! and
a broad GSB system at 19,000/16,000 cm™" corresponding to
the bpy/phen radical anion were not observed, suggesting that
the transient feature before relaxation is not attributable to a
charge transfer state.?>° Instead, the spectral features likely
originate from a LF state that preferentially forms due to the
high energy of the MLCT state. The excited- state kinetics and
spectral features for these species are consistent with those pre-
viously assigned as LF (*MC or *MC) in related work on Fe-
bpy in coordinating solvents.>**> The ESA observed around
20,000/22,000 cm™* supports this interpretation, since the ab-
sorption likely is due to a lower energy MLCT transition com-
ing from a relaxed LF excited state.?’

As a control, we also measured the TA spectrum of Fe-phen
in MeCN. Previous studies on Fe-bpy in solvents with low Gut-
mann-Beckett acceptor numbers (AN = 19.3 for MeCN; AN =
19.3 for dimethyl sulfoxide; AN = 12.5 for acetone)** demon-
strated that the Fe-bpy MLCT is much longer-lived (picosec-
onds versus hundreds of femtoseconds)*?**2, Consistent with
these studies, the TA spectrum for Fe-phen displays a sharp
ESA around 27,000 cm ™! and a broad GSB around 17,000 cm™,
corresponding to population of a transient MLCT state involv-
ing phenanthroline that preferentially forms over the MC tran-
sient state (Figure S41).

While excited-state lifetimes for BPhs adducts are virtually
identical with those of the parents, both Fe-bpy-BCF (22.4 +
2.3 ps) and Fe-phen-BCF (25.1 £+ 2.3 ps) exhibit slight in-
creases, presumably due to diminished solvent-based non-radi-

ative decay pathways.”> Table S1 lists all excited-state life-
times; Figures S41-S55 provide additional time-dependent TA
data and first-order exponential decay fits.

Density Functional Theory (DFT) and CASSCF+NEVPT2
Calculations:

Optimizations and CASSCF+NEVPT?2 calculations were per-
formed for the heteroleptic cyanoruthenates. Previous ab initio
theoretical work on both homoleptic and heteroleptic cyano-
metallates predicted both LF and charge transfer transitions
with high accuracy, provided an appropriate active space was
chosen. 33336

In calculations of the boronated complexes, trihydridoborane
(BH3) was used as a mimic for BCF to decrease computational
cost; arguably, the results should be valid, as the two boranes
are both strong Lewis acids [Gutmann-Beckett acceptor num-
bers: BH; (75.8); BCF (78.9)].%7

All calculations were performed in ORCA 4.2.1.3 All DFT
structural optimizations used the PBEO functional, the def2-
QZVPP basis set for Ru, and the def2-TZVP basis set for all
other atoms. The conductor-like polarizable continuum model
(CPCM) was used to account for solvation in acetonitrile (¢ =
36.64). X-ray crystal structures of Ru-flpy, Ru-bpy and Ru-
flpy-BCF were used as initial guesses for structural optimiza-
tion. X-ray crystal structure bond lengths along with those ob-
tained from ground-state optimizations are set out in Table 2.
In all cases, the bond lengths obtained from theory are in good
agreement with those obtained from X-ray crystallography.

All CASSCEF calculations were state averaged, with one quin-
tet, nine triplets, and ten singlets included. The coordinates of
all complexes were aligned such that the dimine ligand was co-
incident with the xy plane. For all complexes, the active space
consisted of three metal t,; m-bonding orbitals, two metal 6* or-
bitals, two CN o bonding orbitals, three CN n* + Ru 5d orbitals,
one diimine 7 orbital, and two diimine ©* orbitals, giving twelve
electrons in thirteen orbitals (CAS(12,13)). Figure 5 depicts the
active space orbitals for Ru-flpy. We reduced the number of ©
bonding orbitals given the negligible change in



Table 2. Experimental and DFT-optimized bond lengths for
heteroleptic cyanometallates.

Bond / Length (Opti- Ru-flpy Ru-flpy-BCF  Ru-bpy*

mized/Experimental) A) A)

M-CN (Axial) 1.9705 / 2.0114 / 2.0268 /
2.0090(19) 2.0167(16) 2.070

M-CN (Axial) 2.0294 / 2.0112 /202683 /

2.0632)  2.0137(16)  2.063

M-CN (Equatorial) 1.9707 / 1.9537 /[ 1.96714 /
2.017(2) 1.9687(16) 2.011

M-CN (Equatorial) 2.0296 / 19537 / 196676 /
2.059(2) 1.9640(16)  1.989

M-N; 21024 / 2.1141  / 2.11414 /
2.0880(15) 2.1052(14)  2.115
M-N, 21024 / 2.1143  / 2.11434 /
2.0816(16) 2.1043(14)  2.100
C=N, 1.1683  / 1.1575  / 1.16946 /
1.160(3) 1.1494(19)  1.128
C=N, 11683 / 1.1593  / 1.16943 /
1.161(3) 1.155(2) 1.162
C=N; 11664 / 1.1593 / 1.16724 /
1.158(3) 1.1553(19)  1.125
C=N, 1.1663 / 1.1575 / 1.16728 /
1.162(3) 1.150(2) 1.139

2Reference 8

MLCT transition energies that resulted from inclusion of the
HOMO -1 for bpy or flpy. NEVPT2 was used to account for
dynamical correlation of active-space electrons.’ DFT optimi-
zation input files and the active space orbital depictions for Ru-
flpy, Ru-bpy-BCF, and Ru-flpy-BCF are given in the support-
ing information (Figures S71-S73).

Calculated energies of MLCT and LF transitions for hetero-
leptic cyanoruthenates are given in Table 3 and Table 4, re-
spectively. The calculations for all four complexes are in excel-
lent agreement with the two experimental MLCT maxima for
each species, with higher MLCT energies for both boronated
complexes and higher MLCT energies for Ru-bpy-BHs com-
pared to Ru-flpy-BHs.

CASSCF+NEVPT2 also correctly predicts moderate
blueshifts of LF excited states upon boronation of ruthenates.
We therefore suggest that the Gutmann-Beckett acceptor num-
ber is a useful parameter in estimating the relative excited-state
energies of boronated complexes.®



Table 3 Experimental and calculated singlet MLCT transition energies for heteroleptic cyanoruthenates.

Complex Orbistiz;ilo"flran- Exl[\)/le];‘li(l:rlri:::i;") 11\\;[ ]?],J\?PTTIZEI(IE;g‘)"’) Oscillator Strength
Ru-bpy dy, — 7% 16,870 0.00126
d2-2 - % 17,540 0.0000155
dx, — ¥ 18,690 19,150 0.231
dyz — m*2 - 23,880 0.00925
d?? —> --- 24,530 0.0000379
dxz — %2 26,738 25,620 0.0848
Ru-flpy dyz — m*1 - 14,490 0.00197
d—? > - 15,230 0.0000276
dxz — ¥ 17,120 17,550 0.271
dy, — m*2 - 21,950 0.00802
d2y? > 1ty - 22,680 0.0000239
dx, — T*2 24,210 23,810 0.0819
Ru-bpy- dy, — ¥ - 23,940 0.000245
BH;
d—? > - 24,420 0.00000899
dxz — ¥ 28,570 25,720 0.204
dy, — m*2 - 31,290 0.0113
d2y? > 1ty - 31,840 0.0000831
dx, — T*2 - 32,700 0.0624
Ru-flpy- dyz — m*1 - 21,150 0.00113
BH;
d—? - - 21,640 0.0000139
dxz — ¥ 25,510 23,240 0.238
dy, — m*2 - 29,020 0.00927
d2y? > 1ty - 29,600 0.0000517
dx, — T*2 31,250 30,500 0.0579
Table 4. Calculated singlet LF transition energies for heteroleptic cyanoruthenates.
Complex Orbital Transition 1 r2nsition i‘l‘flf{g)y » NEVPT2 Oscillator Strength
Ru-bpy A’y > dyy 39,210 0.00313
dy, — dyy 42,270 0.00954
dxz — dyy 43,480 0.0000112
Ru-flpy di®2 — dyy 39,580 0.00272
dye — dy 42,700 0.00893
dxz — dyy 44,160 0.00000423
Ru-bpy-BH; di®-2 — dyy 42,990 0.00381
dy, — dy 47,600 0.0132
dxz — dyy 48,250 0.00000160
Ru-flpy-BH; di®-2 — dyy 40,470 0.00290
dye — dy 43,590 0.0119
dxz — dxy 44,570 0.0000131
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Figure 5. Active space molecular orbitals for state-averaged CAS(12,13) of [Ru(flpy)(CN)4]*". Isosurface values set to 0.04.
Electrochemistry:
Formal potentials (or peak potentials in electrochemically ir- Diffusion coefficients were calculated from linear fits of peak
reversible cases), peak current ratios (ip.4/ip.), and diffusion co- current versus the square root of the scan rate (Randles-Sevcik
efficients (Do) are summarized in Table 5. Figure 6 displays equation):

the voltammetry of five heteroleptic tetracyanometallates.



. nFvD
lp = 04463C011FA(W)1/2

Where C,, is the bulk concentration of redox active species, n
is the number of electrons transferred in each redox process
(one in this case), F is Faraday’s constant, 4 is the surface area
of the electrode, v is the scan rate, R is the ideal gas constant,
and T is the temperature.*” All complexes exhibit diffusion co-
efficients on the order of 107 cm? s™!, suggesting that borona-
tion does not significantly affect the diffusional properties of
these complexes. We note that most of the boronated species
exhibit somewhat smaller diffusion coefficients compared to
the bare species, as expected from viscoelastic considerations,
though the minimal decrease is likely a result of differences in
ion-pairing or solvent interactions between bare versus boro-
nated species.

Given the anodic formal potentials for these species, peak cur-
rent ratios were calculated using an empirical formula that de-
convolutes the current at the reversal potential from the redox
event
ip,c,O

lp,a lp,a,O
where i,, /i, 4 is the corrected peak current ratio, iy, /1,40 is
the peak current ratio relative to zero current, and i, /iy, is

lpe _

i
+ 20 4 0.0486
isp

the ratio of the uncorrected peak cathodic current and the cur-
rent at the switching potential.*!

Cyclic voltammetry curves for all parent complexes and their
tris(pentafluorophenyl)borane adducts confirm that electron
transfer is nearly or fully reversible for both ligand-centered re-
ductions and metal-centered oxidations. Bare bipyridine com-
plexes are reduced through an ECE mechanism, where electron
transfer results in bipyridine dissociation followed by additional
reduction.* In contrast, decomposition was not observed for re-
duction of all BCF and BPh; adducts. This behavior likely re-
sults from the slight anodic shift in potential for diimine reduc-
tion, suggesting that the diimine radical is stable on the time
scale of voltammetry.

Interestingly, previous work demonstrated that [Fe(CN-
BPh;)s]* oxidation is electrochemically irreversible.'* As evi-
denced from both chemical and electrochemical experiments,
oxidation results in dissociation of one or more boranes. Con-
sistent with these results, the BPh; adducts of heteroleptic com-
plexes exhibited similar anodic responses. As a side note, the
smaller peak current ratio for Ru-flpy-BCF oxidation in MeCN
could be due to the redox event being too close to the MeCN
solvent window.

Ru-flpy
Fe-bpy-BCF
Fe-phen-BCF
Ru-bpy-BCF
Ru-flpy-BCF

1 " " 1 " 1

0 1

Potential / V vs. F¢°

Figure 6. Voltammetry of parent and boronated [M(diimine)(CN)4]*~ complexes. Voltammetry of Fe-bpy-BCF was acquired in THF.
All other voltammetry was acquired in MeCN. Supporting electrolyte was 0.1-0.2 M TBAPF¢ with electronic compensation for 85%

of the uncompensated resistance. All potentials referenced to Fc

+/0



Table 5. Electrochemical data for [M(diimine)(CN)4]*" and [M(diimine)(CN-BR3)4]*. Formal potentials or peak potentials, potential
separations, and peak current ratios are for 100 mV s scan rates (0.1 - 0.2 M TBAPF; electrolyte).

Solvent  Species E"™(Vvs.Fc®)  E% (Vvs.Fc¢™) AEoxx(mV)  AErea ip,alip.c (0X) ip,alip,c Do (em?s™)
(mV) (red)

MeCN  Fe-bpy 0.64 2540 76 0.99 5.9 x 10 (ox.)
Fe-bpy-BPhs 0.66* -2.19 - 95 - 0.98 4.8 x 10 (red.)
Fe-bpy-BCF  1.00 217 87 110 1.04 0.84
Fe-phen -0.62 -2.46 75 88 0.99 0.73 8.2x 10 (0x.); 5.8

x 107 (red.)
Fe-phen-BPh; 0.432 -2.11 --- 290 - 1.05 -—-
Fe-phen-BCF  1.02 217 87 97 0.99 0.70 4.7x 10 (ox.); 5.1
x 10 (red.)
Ru-bpy ~0.17 239 80 80 1.01 0.72 2.6 x 10° (ox.)
Ru-bpy-BPhs  0.90° 213 100 0.92 2.1 x 10 (red.)
Ru-bpy-BCF 1.43 -2.09 85 85 1.00 1.00 5.0x 10 (0x.); 4.2
x 107 (red.)
Ru-flpy 0.05 _1.92 76 84 0.94 0.93 5.2 % 10° (ox.); 6.1
x 10 (red.)
Ru-flpy-BCF  1.63 1.56 95 115 0.75 0.97 7.4x 10 (ox.); 2.2
x 10 (red.)
THF  Febpy-BCF 091 236 100 100 1.00 0.99 2.9x 10 (ox.); 2.8
x 10 (red.)

*Peak anodic potential. "Peak cathodic potential

The separations in formal potentials for these species are
among the highest ever reported.""® To our knowledge, only
heteroleptic species with alkyl isocyanides exhibit greater for-
mal potential separations (the separation for [Ru(bpy)(CN-
Me)4]*" is 3.70 V).5 As two of the boronated complexes have
greatly separated potentials [Ru-flpy-BCF (3.19 V); Ru-bpy-
BCF (3.52 V)] and long excited-state lifetimes, they likely will
be useful photooxidants and photoreductants (see Figure 7 for
excited-state potentials of Ru-flpy-BCF and Ru-bpy-BCF.
The [Ru(bpz)s]*" excited-state potential (1.07 V vs. Fc*?) is
comparable to that of Ru-flpy-BCF).254344

[Ru(ID(flpy 7)*~*

=156V 1.63V

[Ru(ID)(flpy 7)* [Ru(ID)(flpy)]*~—— [Ru(II)(flpy)]

[Ru(II)(bpy "))*~*

RSV ‘2.63 eV T123V
-2.09V 143V

[Ru(ID)(bpy >~ [Ru(ID)(bpy)]*™ [Ru(TID)(bpy)] ™

Figure 7. Modified Latimer diagrams: Ru-flpy-BCF (up-
per); Ru-bpy-BCF (lower). Potentials vs Fc'’°.

Concluding Remarks:

We have extended investigations of boronated cyanometal-
lates to include heteroleptic species with a variety of diimine
ligands. We demonstrated that the formal potentials of hetero-
leptic iron and ruthenium complexes can be tuned with boranes
while preserving or improving the solubilities, stabilities, and

electronic properties. Importantly, we have shed new light on
the factors that control Lewis-acid-tuning of both formal poten-
tials and MLCT energies using both experimental and theoreti-
cal studies, which should aid the development of vapochromic
sensors, photoredox catalysts, and electrolytes for symmetric,
non-aqueous redox flow batteries.*

Experimental:
General

Ko[Fe(bpy)(CN)4]'*, Ka[Fe(phen)(CN)4]", Ku[Ru(CN)e]*,
and K;[Ru(bpy)(CN)]" were prepared using previously re-
ported procedures. Tetrabutylammonium hydroxide (TBAOH)
(Sigma Aldrich), bis(triphenylphosphine)iminium chloride
(PPNCI) (Sigma Aldrich), 2,2’-bipyridine (bpy) (Sigma Al-
drich), and 1,10-phenanthroline (phen) (Sigma Aldrich) were
used as received. Triphenylborane (BPh;) (Sigma Aldrich) and
tris(pentafluorophenyl)borane (B(C¢Fs)3/BCF) (TCI Chemi-
cals) were purified from dry diethyl ether and hexanes, respec-
tively. All solvents were dried, degassed, and stored over 3 A
molecular sieves. All boronation reactions were performed in a
nitrogen-filled glove box. NMR spectra were collected on Var-
ian 500 MHz and Bruker 400 MHz spectrometers (6 in ppm, m:
multiplet, s: singlet, d: doublet, t: triplet, pt: pseudo- triplet). '°F
NMR spectra were externally referenced to neat CFCl;, and !'B
NMR were internally referenced to 15% BF3-Et,;O. UV—visible
spectra of complexes in MeCN were collected with a Varian
Cary 50 Bio spectrophotometer. Infrared spectra were taken on
a Thermo Scientific Nicolet iS5 FTIR spectrometer with an iD5
diamond ATR accessory. High resolution mass spectrometry
was performed using a Waters LCT Premiere XE mass spec-
trometer (ESI-TOF, negative ion mode). Input files for density
functional theory calculations are in Supporting Information.



Electrochemistry

Electrochemical experiments were performed using a stand-
ard three electrode cell with a glassy carbon working electrode
(3 mm diameter), a Ag"° in MeCN quasireference electrode,
and a platinum counter electrode. Voltammograms were col-
lected in a nitrogen-filled glove box on complexes in either
MeCN or THF with 0.1-0.2 M TBAPF; as supporting electro-
lyte. A Gamry Reference 600 potentiostat was used for all room
temperature voltammetry. All voltammograms were electroni-
cally compensated using positive-feedback iR-compensation
for 85% of the Ry, as measured by potentiostatic electrochemi-
cal impedance spectroscopy.

Transient Absorption Spectroscopy

Transient absorption measurements were collected using a
pump-probe spectrometer (Helios, Ultrafast Systems) with de-
tection in the ultraviolet region (800 nm/12,500 cm™ to 320
nm/31,250 cm™). This system delivers 5 mJ, 35 fs pulses at 800
nm with a 1 kHz repetition rate obtained from an amplified
Ti:AlLOs laser (Coherent brand Astrella) with some output
pumped into a commercial two-stage noncollinear optical para-
metric amplifier (Coherent OPerA Solo kHz). The pump wave-
lengths used in this study, 290 nm (34,500 cm™) and 700 nm
(14,300 cm™), were obtained from the second and fourth har-
monic of the signal beam. The probe beam was aligned with a
computer-controlled program and focused on a 2 mm sapphire
plate to generate a white light continuum. Some of the samples
were also measured at longer wavelengths (approximately 390
nm); with no changes in TA spectra.

Samples were stirred by rotating a magnetic stirrer; insignifi-
cant sample degradation was observed over the time scale of the
experiments as monitored by UV-vis absorption. The white
probe light overlapped the pump beam in the sample holder, and
the change in absorbance was measured with a charge-coupled
detector. The pump pulse energy was 0.3 mW. The instrument
response function for this setup was determined to be 90 fs.
Transient absorption data were collected -10 ps before pump
overlap. Over five scans, 500 steps were collected with an initial
step of 0.01 ps, totaling 2500 points per spectrum. Scans were
collected in an exponential stepping mode out to 1 ns. In the
diimine complexes, a residual signal persisted following 290
nm excitation, corresponding to the solvated dimer anion of
MeCN, which is in equilibrium with the solvated free electron,
at time scales greater than 70 ps.*’” To eliminate confluence of
this residual signal with measured kinetics, two component sin-
gular value decomposition and global analysis of transient spec-
tra were performed according to literature procedures with the
Surface Xplorer Data Analysis Program (Ultrafast Systems).
Each spectrum was fit over the region 16,000-28,000 cm™ (Fe-
phen) and 18,000-29,000 cm™ (Fe-bpy-BPhs, Fe-phen-BPhs,
Fe-bpy-BCF, and Fe-phen-BCF) to a single exponential . *34

Synthesis

(TBA):[Fe(bpy)(CN-BPhs)4] (Fe-bpy-BPhs).
(TBA),[Fe(bpy)(CN)4] (50.8 mg, 0.0634 mmol) dissolved in
DCM was added to a solution of 5.1 equivalents of BPhs (78.6
mg, 0.325 mmol) in 5 mL of DCM. An immediate color change
from dark green to orange was observed. The solution was re-
fluxed overnight. The solution was allowed to cool to room tem-
perature, and the solvent was removed in vacuo until a minimal

volume of DCM remained. 50 mL of hexanes were then added,
and the solution was shaken. The solvent was decanted, and the
precipitate was dissolved in minimal DCM. 50 mL of hexanes
were again added. The solvent was decanted, and the precipitate
was dried in vacuo overnight, yielding the product as an orange
solid (0.0559 mmol, 88% yield). 'H NMR (500 MHz, CD,Cl,)
3 'H NMR (500 MHz, Methylene Chloride-d,) & 8.75 (d, J =
5.8, 2H), 7.72 — 7.54 (m, 16H), 7.05 — 6.91 (m, 50H), 2.59 —
2.45 (m, 16H), 1.29 — 1.12 (m, 32H), 0.87 (t, J= 7.0 Hz, 24H).
"B NMR (128 MHz, CD;CN) & -3.62. TOF MS—ES-: m/z =
1,526.8151 (calc’d for (TBA)[Fe(bpy)(CN-BPh3)s]: m/z =
1,526.8126). Selected IR data (ATR, 4,000-600 cm™!) v/ cm™:
2,181, 2,145 (ven). Elem. Anal. (for TBA salt) (%) found
(calc’d): C, 80.09 (78.97); H, 7.97 (7.41); N, 6.33 (5.98).
(TBA):[Fe(bpy)(CN-B(CFs)3)4] (Fe-bpy-BCF).
(TBA),[Fe(bpy)(CN)4] (111 mg, 0.139 mmol) was dissolved in
10 mL DCM and added to a solution of 5.0 equivalents of
B(CeF5)3 (358 mg, 0.699 mmol) in 15 mL of DCM. An imme-
diate color change from dark green to yellow was observed. The
solution was refluxed overnight, and the reaction vessel was al-
lowed to cool to room temperature. The solvent was removed
in vacuo until a minimal volume of DCM remained. 50 mL of
hexanes were added, and the solvent was decanted. The result-
ing solid was then dissolved in minimal DCM, and 50 mL of
hexanes was added. The solvent was decanted, and the precipi-
tate was dried in vacuo, yielding the product as a yellow solid
(0.133 mmol, 96% yield). 'H NMR (400 MHz, CD;CN) 8.57
(m, 2H), 7.75 (m, 2H), 7.63 (m, 2H), 6.96 (m, 2H), 2.79 (m,
16H), 1.31 (m, 16H), 1.05 (m, 16H), 0.65 (m, 24H). "B NMR
(128 MHz, CD;CN) & -14.44. YF NMR (376 MHz, CD;CN) &
-134.64 (d, J=21.9 Hz), -135.09 (d, J=22.7 Hz), -162.55 (t, J
=18.9 Hz), -162.82 (t,J=18.5 Hz), -167.80 (d, J=21.4 Hz), -
168.07 (d, J = 20.7 Hz). TOF MS—ES-: m/z = 1,181.9811
(calc’d for [Fe(bpy)(CN-B(CeFs)3)4]*: m/z = 1,181.9810). Se-
lected IR data (ATR, 4,000-600 cm™) v/ em™: 2,207, 2,170
(ven). Elem. Anal. (for TBA salt) (%) found (calc’d): C, 49.75
(49.38); H, 2.83 (2.76); N, 3.93 (3.70).

(TBA):[Fe(phen)(CN-BPhs)4] (Fe-phen-BPhs). The general
procedure used to prepare Fe-bpy-BPhs was followed, starting
instead with (TBA),[Fe(phen)(CN)4] to obtain the product as an
orange powder (89% yield). 'H NMR (500 MHz, CD,Cl,) &
8.88 (dd, J=5.8, 1.5 Hz, 2H), 8.09 (dd, J = 8.2, 1.3 Hz, 2H),
7.71 (s, 2H), 7.69 — 7.65 (m, 12H), 7.08 (dd, J = 8.2, 5.2 Hz,
2H), 7.04 (dd, J=17.9, 6.6 Hz, 12H), 7.00 — 6.94 (m, 6H), 6.83
—6.76 (m, 12H), 6.76 — 6.71 (m, 6H), 6.70 — 6.64 (m, 12H),
2.45 (t, 16H), 1.25 — 1.09 (m, 32H), 0.86 (t, J = 7.0 Hz, 24H).
"B NMR (128 MHz, CD;CN) & -3.61. TOF MS—ES-: m/z =
1550.8112 (calc’d for (TBA):[Fe(phen)(CN-BPhs)s]: m/z =
1,550.81268Selected IR data (ATR, 4,000-600 cm™) v / cm™:
2,182, 2,146 (ven). Elem. Anal. (for TBA salt) (%) found
(calc’d): C, 80.36 (79.07); H, 7.87 (7.88); N, 6.25 (5.82).

(TBA):[Fe(phen)(CN-B(C¢Fs)3)4] (Fe-phen-BCF). The gen-
eral procedure used to prepare Fe-bpy-BCF was followed,
starting instead with (TBA),[Fe(phen)(CN)4] to obtain the prod-
uct as a yellow powder (94% yield). 'H NMR (500 MHz,
CD:CL) 6 9.14 (d, J = 5.2 Hz, 2H), 8.34 (dd, /= 8.2 Hz, 2H),
7.84 (s, 2H), 7.56 (dd, J=8.1, 5.2 Hz, 2H), 3.08 (t, 16H, CHpu,
Jun = 8.2 Hz), 1.60 (pquint, 16H, CHyw), 1.35 (psextet, 16H,
CHyw), 0.95 (t, 12H, CH, Jun = 7.3 Hz). ''B NMR (128 MHz,
CD;CN) & -14.54. F NMR (376 MHz, CD;CN) & -134.74 (d,
J=22.0Hz), -135.53 (d, J=22.5 Hz), -162.57 (t, J= 19.3 Hz),
-162.79 (t, J=19.1 Hz), -167.85 (pt, J = 19.8 Hz), -168.14 (pt,



J =193 Hz). TOF MS—ES-: m/z = 1,193.9819 (calc’d for
[Fe(phen)(CN-B(C6Fs)3)4]*: m/z = 1,193.9810). Selected IR
data (ATR, 4,000—600 cm™) v/ cm™: 2206, 2169 (vcn). Elem.
Anal. (for TBA salt) (%) found (calc’d): C, 50.17 (48.97); H,
2.81(2.61); N, 3.90 (3.34).

(TEA)2[Ru(bpy)(CN-BPhs)s] (Ru-bpy-BPhs). The general
procedure used to prepare Fe-bpy-BPhs was followed, starting
instead with (TEA),[Ru(bpy)(CN)4] to obtain the product as a
yellow powder (79% yield). '"H NMR (400 MHz, CD;CN) §
8.90(dd, J=5.5,1.6 Hz, 2H), 8.21 (d, /= 8.2 Hz, 2H), 7.95 (td,
J=1.9,1.6 Hz, 2H), 7.49 (dt, J="7.8, 1.7 Hz, 12H), 7.18 (ddd,
J=1.1,5.5,1.3 Hz, 2H), 7.04 — 6.89 (m, 12H), 6.87 — 6.76 (m,
18H), 3.05 (q, /= 7.3 Hz, 16H), 1.13 (tt, /= 1.9, 7.3 Hz, 24H).
"B NMR (128 MHz, CD;CN) § -5.19. TOF MS—ES-: m/z =
1,460.6587 (calc’d for (TEA)[Ru(bpy)(CN-BPh3)s]: m/z =
1,460.6578). Selected IR data (ATR, 4,000-600 cm™!) v/ cm™:
2,188, 2,140 (ven). Elem. Anal. (for TEA salt) (%) found
(calc’d): C, 39.57 (39.93); H, 2.22 (2.06); N, 6.81 (7.16).

(TBA):2[Ru(bpy)(CN-B(C6Fs)3)4] (Ru-bpy-BCF). The general
procedure used to prepare Fe-bpy-BCF was followed, starting
instead with (TBA),[Ru(bpy)(CN)4] to obtain the product as a
colorless powder (99% yield). 'H NMR (400 MHz, CD;CN) §
8.79 (dd, J = 5.6, 1.5 Hz, 2H), 8.16 (d, J = 8.2 Hz, 2H), 7.99
(dd,J=7.9, 1.6 Hz, 2H), 7.34 (d, J= 7.4, 5.6 Hz, 2H), 3.07 (4,
16H, CHpw, Jun = 8.6 Hz), 1.59 (pquint, 16H, CHsw), 1.34
(psextet, 16H, CHyu), 0.95 (t, 12H, CH,, Jun = 7.3 Hz); g

NMR (128 MHz, CD,Cly) & -14.19; F NMR (376 MHz,
CDxCly) 6 -134.28 (d, J=16.0 Hz), -134.57 (d, /= 15.4 Hz), -
162.19 (t, J = 20.2 Hz), -162.60 (t, J=20.0 Hz), -167.25 (pt, J
= 18.2 Hz), -167.56 (pt, J = 18.3 Hz). TOF MS—ES-: m/z =
1,204.9670 (calc’d for [Ru(bpy)(CN-B(C¢Fs))a]*: m/z =
1204.9663). Selected IR data (ATR, 4,000-600 cm™) v/ cm ™
2216, 2168 (ven). Elem. Anal. (for TBA salt) (%) found
(calc’d): C, 48.97 (48.47); H, 2.79 (2.70); N, 3.87 (3.87).

(PPN):[Ru(flpy)(CN)4] (Ru-flpy). K;Ru(flpy)(CN)4 was syn-
thesized following a modified literature procedure.'® To a boil-
ing solution of K4Ru(CN)s (400 mg, 0.908 mmol) and flpy (305
mg, 1.04 mmol) in 50 mL 1:1 methanol:water was added 400
puL 3.6 N H,SO4 (pH = 4). The solution was refluxed for 24 h,
over which time it slowly turned red; the solution was cooled to
room temperature and neutralized. Excess flpy was removed by
filtration, and solvent also was removed. The remaining solid
was purified by gel-filtration chromatography on a Sephadex
G-15 column. Elution with water gave an orange band free of
excess K4yRu(CN)g. The main fraction was dried under vacuum
to give KoRu(flpy)(CN)s (30% yield). The cation was ex-
changed by precipitation from concentrated aqueous solution
with a saturated solution of PPNCI (307 mg, 0.535 mmol) dis-
solved in 20 mL water. The resulting brick-red precipitate was
collected by filtration and dried in a desiccator or under vacuum
until it turned green (326 mg, 25% yield). Single crystals suit-
able for X-ray diffraction analysis were grown by slow evapo-
ration from DCM solution. "H NMR (400 MHz, CD,CL): § 9.97
(d, J=8 Hz, 2H, 6,6’-H), 8.14 (s, 2H, 3,3’-H), 7.71-7.65 (m,
24H, (PPN)), 7.54-7.46 (m, 36H, (PPN)), 7.44 (d, /= 8 Hz, 2H,
5,5’-H). F NMR (CD,Cl): & -64.70. Selected IR data (ATR,
4,000-600 cm™) v/ ecm™: 2,062, 2,090 (vc). Elem. Anal. (for
PPN salt) (%) found (calc’d): C, 67.13 (64.21); H, 4.23 (4.28);
N, 7.12 (5.595).

(PPN):[Ru(flpy)(CN-BCF)4] (Ru-flpy-BCF).
(PPN)Ru(flpy)(CN)4 (100. mg, 0.0637 mmol) and excess

B(CeFs5)3 (133 mg, 0.261 mmol) were dissolved in minimal
DCM. The two solutions were combined, and an immediate
color change from green to red to yellow was observed. The
solution was refluxed for 1 h, then dried under vacuum. The
resulting yellow solid was washed with 3 x 10 mL hexanes, then
dried under vacuum. The resulting yellow solid was further pu-
rified by flash chromatography on silica gel (eluent gradient
from 100% hexanes to 90% dichloromethane in hexanes), re-
sulting in 131 mg yellow product (0.0362 mmol, 56% yield).
Single crystals suitable for X-ray diffraction analysis were
grown from a saturated ethanol solution at —25 °C. 'H NMR
(400 MHz, CD,Cl,): 6 9.22 (d, J = 4 Hz, 2H, 6,6’-H), 8.29 (s,
2H, 3,3’-H), 7.65-7.59 (m, 14H, (PPN) + 5,5’-H), 7.51-7.40 (m,
48H, (PPN)). F NMR (CD,CL): § -65.48 (s, 6F, CF3), -134.52
(dd, 12F, o-F), -134.99 (dd, 12F, o-F), -161.56 (t, 6F, p-F), -
162.03 (t, 6F, p-F), -167.01 (td, 12F, m-F), -167.29 (td, 12F, m-
F). "B NMR (CDyCly): & -14.05. Selected IR data (ATR,
4,000-600 cm™) v/ cm™: 2,171, 2,216 (ven). Elem. Anal. (for
PPN salt) (%) found (calc’d): C, 53.05 (51.69); H, 1.84 (2.09);
N, 3.09 (2.76).

Collection and Refinement
(PPN):[Fe(phen)(CN-BPhs)4]
Low-temperature diffraction data (¢-and w-scans) were col-
lected on a Bruker AXS D8 VENTURE KAPPA diffractometer
coupled to a PHOTON II CPAD detector or Cu K radiation (4
= 1.54178 A) from an IuS micro-source for the structure of
compound (PPN);[Fe(phen)(CN-BPhs)s]. The structure was
solved by direct methods using SHELXS*® and refined against
F? on all data by full-matrix least squares with SHELXL-2017°!
using established refinement techniques.** All non-hydrogen at-
oms were refined anisotropically. All hydrogen atoms were in-
cluded in the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement pa-
rameters of all hydrogen atoms were fixed to 1.2 times the U
value of the atoms they are linked to (1.5 times for methyl
groups). All disordered atoms were refined with the help of sim-
ilarity  restraints on the 1,2- and 1,3-distances.
(PPN),[Fe(phen)(CN-B(CgFs)3)4] crystallized in the monoclinic
space group C2¢ with half a molecule in the asymmetric unit
along with half a molecule of dichloromethane. The dichloro-
methane molecule was located near a crystallographic sym-
metry element and disordered appropriately. One of the chlo-
rine atoms was disordered over two additional positions.
Collection and Refinement Details for (PPN):[Ru(flpy)(CN-
B(CsFs)3)4]

Low-temperature diffraction data (¢-and @-scans) were col-
lected on a Bruker AXS KAPPA APEX II diffractometer cou-
pled to an PHOTON 100 CMOS detector with graphite mono-
chromated Mo K. radiation (4 = 0.71073 A) for
(PPN):[Ru(flpy)(CN-B(C¢F5)3)4]. The structure was solved by
direct methods using SHELXS*® and refined against F” on all
data by full-matrix least squares with SHELXL-2017°! using
established refinement techniques.> All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were included
in the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of
all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups). All dis-
ordered atoms were refined with the help of similarity restraints
on the 1,2- and 1,3-distances and displacement parameters as
well as enhanced rigid bond restraints for anisotropic displace-
ment parameters. (PPN),[Ru(flpy)(CN-B(CeFs)3)4] crystallized
in the triclinic space group P-1 with one molecule in the asym-
metric unit along with half a molecule of ethanol. One phenyl

Details for



and two pentafluorophenyl groups were disordered over two
positions. All disordered aromatic rings were restrained to be
flat. The ethanol was located near a crystallographic inversion
center and disordered over six positions, three of which are pair-
wise related to the other three by the inversion center. The O-C
and C-C distances in the disordered ethanol were restrained to
be 1.43(2) A and 1.54(2) A respectively.
Collection and Refinement
(PPN):[Ru(flpy)(CN).]

A crystal was mounted on a polyimide MiTeGen loop with STP
Oil Treatment and placed under a nitrogen stream. Low temper-
ature (100K) X-ray data were collected with a Bruker AXS DS§
VENTURE KAPPA diffractometer running at 50 kV and 1mA
(Cu Ko = 154178 A; PHOTON II CPAD detector and Helios
focusing multilayer mirror optics). All diffractometer manipu-
lations, including data collection, integration, and scaling were
carried out using the Bruker APEX3 software. An absorption
correction was applied using SADABS. The space group was
determined, and the was structure solved by intrinsic phasing
using XT. Refinement was full-matrix least squares on /2 using
XL. All non-hydrogen atoms were refined using anisotropic
displacement parameters. Hydrogen atoms were placed in ide-
alized positions and the coordinates refined. The isotropic dis-
placement parameters of all hydrogen atoms were fixed at 1.2
times the U,, value of the bonded atom. (PPN)[Ru(flpy)(CN)4]
crystallized in the triclinic space group P-1 (# 2) with one ru-
thenium anion, two PPN cations, and 2.2 CH,Cl, in the asym-
metric unit.

Collection and Refinement
(TBA)(Ph4As)[Fe(phen)(CN-B(CeFs)3)4]
A crystal was mounted on a polyimide MiTeGen loop with STP
Oil Treatment and placed under a nitrogen stream. Low temper-
ature (100K) X-ray data were collected with a Bruker AXS D8
VENTURE KAPPA diffractometer running at 50 kV and 1mA
(Cu Ko = 1.54178 A; PHOTON II CPAD detector and Helios
focusing multilayer mirror optics). All diffractometer manipu-
lations, including data collection, integration, and scaling were
carried out using the Bruker APEX3 software. An absorption
correction was applied using SADABS. The space group was
determined, and the structure was solved by intrinsic phasing
using XT. Refinement was full-matrix least squares on F?using
XL. All non-hydrogen atoms were refined using anisotropic
displacement parameters. Hydrogen atoms were placed in ide-
alized positions and the coordinates refined. The isotropic dis-
placement parameters of all hydrogen atoms were fixed at 1.2
times the U, value of the bonded atom.
(TBA)(PhsAs)[Fe(phen)(CN-B(CqFs)3)4] crystallized in the tri-
clinic space group P-1 (# 2) with one Fe anion, one PhsAs cat-
ion, and one TBA cation in the asymmetric unit.

Details for
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Voltammetry of parent and boronated [M(diimine)(CN)4]*~ complexes, demonstrating large formal potential separations between
ligand-centered reduction and metal-centered oxidation.




