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ABSTRACT: Thirteen boronated cyanometallates [M(CN-BR3)6]***>~ (M = Cr, Mn, Fe, Ru, Os;
BR; = BPh;, B(2,4,6,-F3CsHz)3, B(C6Fs)3) and one metalloboratonitrile [Cr(NC-BPhs)s]*~ have
been characterized by X-ray crystallography and spectroscopy [UV-vis-NIR, NMR, IR, spectroe-
lectrochemistry, and magnetic circular dichroism (MCD)]; CASSCF+NEVPT2 methods were em-
ployed in calculations of electronic structures. For (¢, g)5 electronic configurations, the lowest en-
ergy ligand-to-metal charge transfer (LMCT) absorptions and MCD C-terms in the spectra of boro-
nated species have been assigned to transitions from cyanide m + B-C borane o orbitals.
CASSCF+NEVPT?2 calculations including t,,, and t,,, orbitals reproduced t;,,/t5, — t;4 excita-
tion energies. Many [M(CN-BR3)s]**” complexes exhibited highly electrochemically reversible
redox couples. Notably, the reduction formal potentials of all five [M(CN-B(C¢Fs)3)s]>” anions
scale with LMCT energies, and Mn(I) and Cr(I) compounds, [K(18-crown-6)]s|[Mn(CN-
B(CeFs)3)s] and [K(18-crown-6)]4[Cr(CN-B(C¢Fs)3)s], are surprisingly stable. Continuous wave
and pulsed electron paramagnetic resonance (hyperfine sublevel correlation) spectra were col-
lected for all Cr(Ill) complexes; as expected, “N hyperfine splittings are greater for
(PhsAs)3[Cr(NC-BPh3)s] than for (PhsAs)3;[Cr(CN-BPhs)s].

Introduction
Homoleptic cyanometallates are a rich class of molecular anions that have been studied since the

18" century.! The first successful synthesis of potassium hexacyanoferrate(Il) occurred in 1752,
when Pierre Joseph Macquer cleaved the cyanide-linkage polymer Prussian Blue with hydroxide.!
The synthesis of potassium hexacyanoferrate(I11) was reported 70 years later, by Leopold Gmelin.?
The past 200 years have witnessed a steady growth in the synthesis, characterization, and applica-
tions of homoleptic cyanometallates, with cyanide complexes of nearly every transition metal re-
ported in the literature.> Most metal cyanide complexes are traditionally prepared from the reaction
of alkali cyanides with metal chloride salts at elevated temperatures.>* Oxidized versions of cy-
anometallates are typically prepared using reduced forms and a suitable oxidant.>"® Coordination

numbers of metal cyanides vary substantially throughout the d-block.’



Ligand field theory along with electronic spectroscopy and other physical methods have been em-
ployed in work aimed at understanding the ground- and excited-state properties of homoleptic
cyanometallates.” Spectroscopically relevant molecular orbitals for hexacyanoferrates are shown
in Figure 1.>!° To the best of our knowledge, the first UV-visible absorption spectrum of hexacy-
anoferrate(I11) (Fe-III) was reported in 1931.!!

Serendipitously, the 2T ground state electronic structures of [M(CN)s]*~ (M = Fe, Ru, Os) com-
plex anions provided a means for quantifying the magnetic circular dichroism (MCD) selection
rules developed in the 1950s and 1960s by Schatz, McCaffrey, and Stephens, with important con-

12715 Neglecting effects of spin-orbit coupling, the low-

tributions later by Piepho and Kobayashi.
temperature MCD spectra of open-shell hexacyanometallate complexes should exhibit intense,
positive and negative differential absorptions of approximately equal intensities from allowed lig-
and to metal charge transfer (LMCT) transitions that are signed differently based on orbital par-
entage. Notably, the contribution of different MCD terms to the spectrum of hexacyanoferrate(I1I)
was quantitatively assessed by Upton et al., who demonstrated that B-term contributions are non-
negligible above 20 K, and that C-terms are dominant at lower temperatures, as expected for com-
plexes with orbitally degenerate, paramagnetic ground states.!® The MCD spectra of hexacyano-
ruthenate(II1) (Ru-III) and hexacyanoosmate(Ill) (Os-III) in frozen matrices were studied later
by Kang et al., who demonstrated the striking similarity of these spectra to those of Fe-III, with
only minor shifts in LMCT bands as a function of metal center.!” In contrast to Group VIII com-
plexes, the MCD spectroscopic properties of hexacyanomanganate(III/I) (Mn-III/IT) and hexa-
cyanochromate(III/IT) (Cr-I1I/IT) have not been as well documented, with the majority of studies
aimed at applications such as building blocks for Prussian Blue-type battery materials, phosphors,

single-molecule magnets. 3!
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Figure 1. Molecular orbital energy level diagram for hexacya:ometallates. Adapted from reference 3.

Many cyanometallates exhibit electrochemically reversible redox couples. In the 1970s, Gutmann
et al. published detailed studies that included determination of the formal potentials of Fe-ITI/I1
and Mn-IV/III/II in a variety of protic and aprotic solvents.?>2* His studies demonstrated that
both Fe-III/IT and Mn-IV/III/II potentials exhibit a dramatic solvent dependence, as set out for
the former complex in Table 1. Of interest is that an approximately linear correlation exists be-
tween the formal potential of the Fe-III/II redox couple and the acceptor number of the solvent.
Importantly, these studies led to a better understanding of the effects of both dielectric constant
and donor-acceptor interactions on the ground-state electronic properties of cyanometallates while
simultaneously providing a unifying theory for effects of donor-acceptor interactions of solvents
on the reactivity of small molecules. The Gutmann donor-acceptor model, as one method of quan-
tifying the effects of Lewis acidity and basicity, has been supported by solvent-dependence studies
of both chemical and electrochemical reactions. Acceptor number values are measured by finding
the 3'P-NMR shift of triethyl-phosphine oxide (Et;PO) with antimony pentachloride in 1,2-dichlo-
roethane (arbitrarily set to AN = 100), where a solvent with high electrophilicity inductively with-
draws electron density through the Et;PO oxygen.?’



Table 1. Formal potentials for (TBA)3;[Fe(CN)s] (Fe-III) in aprotic and protic solvents with varying dielectric con-

stants and acceptor numbers. Voltammetry was acquired with 0.1 M TBACIO; as electrolyte. Data from references
2224 26 27

Solvent E” g AN
(V vs. F¢™)
N-Methylpyrrolidinone -1.75 32.0 13.3
N,N-Dimethylformamide -1.72 36.1 16.0
Acetonitrile -1.54 380 189
Dimethylsulfoxide -1.51 450 193
N,N-Dimethylthioformamide | —1.48 51.2 18.8
1,2-Dichloroethane —1.43 10.1 16.7
Propylene carbonate -1.32 69.0 18.3
Nitromethane -1.26 359 205
Ethanol —0.88 243 379
Methanol -0.74 326 415
Acetic acid 0.15 6.2 52.9

Lewis acid-base interactions, ranging from frustrated Lewis pairs to solvent effects to full dative
bond formation, have been exploited in numerous applications. For example, in cyanometallates,
boranes are neutral Lewis acids that will coordinate to the lone pair of nitrogen in a dative bond
when the carbon lone pair is already coordinated to a metal. According to electronic structure
calculations, coordination of an electron-deficient species to nitrogen lowers all molecular orbital
levels, but not by the same amount.?® When solvation effects are minimized, anodic shifts in formal
potentials are consistent with the relative Lewis acidity of electron acceptors, as evidenced by work
on borane adducts of Fe(phen)>(CN),.?* Adding methyl cation to a cyanide nitrogen provides an
extreme example of Lewis acidity effects, as the electronic structures of metal-methylisocyanide
complexes are much like those in which metals are ligated by carbon monoxide.** Indeed, meth-
ylation dramatically alters the electronic structures of cyanometallates, and in most cases metal-
to-ligand charge-transfer (MLCT) transitions are blue shifted to the point that the lowest energy
absorptions are ligand-centered.>%!

Many investigators have studied the effects of Lewis acid to ligand coordination on the properties
of transition metal complexes.>?* The first example of borane coordination to cyanometallates
was reported by Duward Shriver in 1962. In this study, he provided IR spectroscopic evidence for
BF; coordination to KoNi(CN)s, K4aFe(CN)s, and KsMo(CN)s.>> Although these adducts were not



stable in aprotic and protic solvents, the N-B bond in vacuum was shown to be quite strong, as
evidenced by low-pressure experiments.’> Another important finding from this work was the
blueshift in the CN stretching frequency upon boronation. Note that Gutmann, in his original pub-
lications, mentioned the instability of the Fe-III BF3 adduct, despite the success that Shriver ex-

perienced with boronation of Fe-I11.??

Soon after, in 1963, Shriver extended BF; coordination to a heteroleptic cyanometallate,
Fe(phen)2(CN),, where a color change was attributed to a blueshift in the MLCT absorption of the
complex.*® Extending these studies even further in 1966, Shriver and Posner demonstrated that
shifts in IR frequencies and charge-transfer bands of Fe(phen)2(CN)> adducts could be related to
the Lewis acidity of the borane.?” This study reported the first example of the effects of neutral
Lewis acids on the formal potentials of transition metal complexes, with BBr; exerting a more
dramatic shift than BF3, in accord with the stronger Lewis acidity of BBr3. Later, in the 1980s,
Woodcock and Shriver demonstrated Lewis acid coordination to CpFe(CO).CN and
Fe(phen)2(CN); in acidic molten salts.?’ In an AICl; melt, Fe(phen)2(CN), exhibited dramatic color

changes along with blueshifted CN stretching frequencies and MLCT transition maxima.

After a period of greatly reduced research activity on the incorporation of boranes into cyano-
metallates, Bochmann et al. reported that B(Ce¢Fs); (BCF) adducts of tetracyanonickelate(Il) and
tetracyanopalladate(II) functioned as non-coordinating anions in metallocene-catalyzed polymer-
izations.*® Beyond non-coordinating anions and Lewis acid coordination effects on spectroscopic
properties, Schelter and Dunbar et al. reported that coordination of BPhs to hexacyanochro-
mate(II1) (Cr-III) at elevated temperatures resulted in isomerization of cyanoboratochromate (M-
CN-BR3) to the thermodynamic product, boratonitrile-chromate (M-NC-BR3).* And, in a series
of papers, Ko and coworkers demonstrated that Lewis-acid coordination affects formal potentials
and the luminescence behavior of heteroleptic cyanometallates. Notably, these investigators re-
ported that BCF adducts of Re(R2phen)(CO)3;(CN) exhibit improved quantum yields and electro-
chemical properties relative to the parent complexes.*’ These reports were followed by work on
Os(bpy)2(CN); and its derivatives with BPh; and BCF.*! In addition, Ko also confirmed that boro-
nation blueshifts MLCT absorptions and increases excited-state lifetimes of heteroleptic cyano-

metallates. Notably, boronation also has similar effects on the spectroscopic and photophysical



properties of heteroleptic Ir(III) and Cu(I) diimine complexes.*>** Of interest is that BCF/BPh;
adducts of heteroleptic Re(I) diimine carbonyls have shown promise as selective sensors for cya-
nide anion.** Also, Wenger et al. have boronated heteroleptic Ru(Il) and Ir(I1I) diimine complexes
and demonstrated their high activity for energy transfer and photoredox catalysis.*** Most re-
cently, Wenger et al. have provided a comprehensive study of the electronic structural properties

of Fe(II) boronated cyanometallates as a function of the number of cyanide ligands.*’

Studies of cyanometallates have been driven by the promise of applications in magnetic materials
involving single-molecule/Prussian-Blue analogues and in electrode materials for solid-state bat-
teries.!®**30 Of direct relevance to our research is the performance of reversible cyanometallates
as electrolytes in redox flow batteries. For example, Marshak et al. have shown the viability of Fe-
II/II as a redox-active electrolyte pair for long-lived charge-discharge cycling when coupled with
2,6-dihydroxyanthraquinone.’! More recently, a study of ammonium hexacyanoferrate(II) with vi-
ologen derivatives as anolytes demonstrated that high energy density can be achieved with cyano-

metallate flow batteries.>?

In 2019, we reported that the Fe-III/II formal potential is increased over 2.1 V in the BCF adduct.>
Additionally, through voltammetry experiments, we have shown that voltage differences between
metal-based and ligand-based redox couples can be dramatically increased in heteroleptic cyanide
complexes of both iron and ruthenium, thereby improving overall cell voltages for symmetric re-
dox flow batteries.** Additionally, significant improvements in quantum yields and lifetimes of

Ru(II) complexes occur upon boronation.>®

We have extended our work on boronated cyanides to include syntheses and full characterization
of 13 homoleptic boronated cyanometallates [M(CN-BR3)¢]*#>~ (M = Cr, Mn, Fe, Ru, Os; BR; =
BPh;, B(2,4,6,-F;C¢H,)3, B(C4Fs)3) and one boratonitrile [Cr(NC-BPh;)¢]*>~. More specifically, us-
ing a combination of room-temperature UV-vis-NIR and low-temperature MCD spectroscopy, we
have demonstrated that boronation results in new LMCT transitions that arise from B-C o-bonding
orbital contributions to C-N & orbitals in homoleptic cyanometallates. In addition, we report that
the formal potentials of the boronated complexes are shifted by 2.08-2.29 V relative to the parents.
Because of these anodic shifts, the characterization of Mn-II-BCF, Mn-I-BCF, and Cr-11-BCF,



as well as electrochemically generated Cr-I-BCF was possible. Continuous-wave (CW) electron
paramagnetic resonance (EPR) spectra of Cr/Fe/Ru/Os-III-BCF and hyperfine sublevel correla-
tion (HYSCORE) spectra of (PhsAs);[Cr(CN-BPh3)s] (Cr-III-CN-BPh3) and (Ph4As)3[Cr(NC-
BPhs)s] (Cr-III-NC-BPhs) are also reported. Dramatic changes in *N (I = 1) hyperfine coupling
constants in Cr-III-CN-BPhs and Cr-III-NC-BPhs provide conclusive evidence of the primary
coordination environment of the chromium center. And, in our theory work, we have exploited a

descent in symmetry approach to correlate ab initio calculations with experimental spectra.

We suggest that the unique electronic structural and electrochemical properties of these adduct
complexes could lead to applications in electrocatalysis, as well as in the design of new flow bat-
tery architectures, molecular magnets, and qubits.>® Since boronation blueshifts ligand field and
MLCT transitions while variably shifting LMCT transitions, selective ligand modifications could

lead to longer-lived excited states in complexes of earth-abundant transition metal ions.

Synthesis and X-Ray Crystallography
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Figure 2. Reaction schemes for generation of parent and boronated cyanometallates. (a) Synthesis of (X)3;[Ru(CN)s]
and (X)3[Os(CN)s] (Ru-III and Os-III). (b) Synthesis of (X)3;[Cr(CN)e], (X)3[Mn(CN)e], and (X)3[Fe(CN)s] (Cr-III,
Mn-III, and Fe-III). (¢) Synthesis of boronated derivatives of hexacyanometallate complexes. (d) Synthesis of
(X)3[Cr(NC-BPh3)s] (Cr-III-NC-BPhs). (e) Synthesis of [K(18-crown-6)]s[Mn(CN-B(C¢Fs)3)s] (Mn-I-BCF). (f)
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The syntheses of boronated cyanometallates are given in Figure 2. Previous studies provided start-
ing points for syntheses of potassium hexacyanoruthenate(Il), K4[Ru(CN)s], and potassium hexa-
cyanoosmate(Il), K4[Os(CN)s], from ruthenium(Ill) trichloride and potassium hexachlo-
roosmate(IV), respectively.”>” The yield of Ks[Os(CN)s] was increased to nearly 80% by refluxing
under an inert atmosphere (Figure 2(a)). Tetrabutylammonium (TBA") salts of Fe(II), Ru(II), and
Os(II) were generated by forming the acid salts in hydrochloric acid from K4[M(CN)s], followed
by titration with TBAOH and extensive drying of the resulting (TBA)4[M(CN)].3®

To generate Os(III) and Ru(IlI) salts, K4[Os(CN)¢] was oxidized with one equivalent of ceric am-
monium nitrate, and K4[Ru(CN)s] was oxidized in the dark with one equivalent of ceric sulfate
(Ce(S04)2), both at 0 °C. Solutions were treated with excess tetraphenylarsonium chloride
(PhsAsCl) or tetraphenylphosphonium chloride (Ph4PCl) to precipitate the lipophilic salts, which
were washed with cold water and dried under vacuum (Figure 2(b)).>®>° An alternative synthetic
route employed a biphasic mixture of the potassium salt of Os(II) or Ru(Il) in H2O and tetrabu-
tylammonium chloride (TBACI), bis(triphenylphosphine)iminium chloride (PPNCI), Ph4sPCl, or
Ph4AsCl in dichloromethane (CH2Clo) in the dark at 0 °C with the addition of stoichiometric
Ce(S04),.%°

TBA" salts of Fe-III and Cr-III were synthesized by standard literature procedures.®'** The PPN*,
Ph4P", and PhsAs" salts of Fe-III and Cr-III were synthesized in aqueous solution by combining
a slight stoichiometric excess of PPNCI, Ph4PClI, or Ph4AsCl with K3[Fe(CN)g] or K3[Cr(CN)e],
then filtering, washing with distilled water, and drying overnight in vacuo (Figure 2(b)). Lipo-
philic salts of hexacyanomanganate(IIl) were synthesized under nitrogen by stirring an excess of
TBACI, PPNCI, Ph4PCl, or Ph4AsCl with K3[Mn(CN)g] overnight in MeCN, filtering to remove
unreacted solid, and precipitating the product with diethyl ether (Et2O) (Figure 2(b)).

Synthesis of Homoleptic Boronated Cyanometallates.
Boronation with BCF of the Fe-III, Ru-III, Os-III, Cr-III (also BPh3), and Mn-III (also

tris(2,4,6-trifluorophenyl)borane (246)) salts in dichloromethane (DCM) resulted in dramatic color
changes from yellow or orange to violet for Fe(Ill) (Fe-III-BCF), to green for Ru(IIl) (Ru-III-
BCF), to indigo for Os(Ill) (Os-III-BCF), to colorless or lemon yellow for Cr(III) (Cr-III-



BCF/Cr-11I-CN-BPh3), and to orange-red or yellow for Mn(II1) (Mn-I1I-BCF/Mn-111-246) (Fig-
ure 2(c)).

Ru-III-BCF and Os-III-BCF were reduced by diethyl ether (Et,O) or tetrahydrofuran (THF) in
solutions of the salt in DCM, followed by precipitation of the colorless product by addition of more
Et20 (Ru-II-BCF and Os-II-BCF). Alternatively, TBA" salts of Fe-II, Ru-II, and Os-II were
boronated in a 1:1 mixture of DCM:toluene, precipitated as oils with excess toluene, dried, and
purified by redissolving in MeCN and precipitating with Et,O to obtain the boronated M(II) spe-
cies (Figure 2(c)). X-ray quality crystals of Fe/Ru/Os-II-BCF complexes were grown from con-
centrated solutions in DCM with minimal Et;O at —20 °C. All M-III-BCF/BPhs complexes were
crystallized from concentrated DCM solutions at —20 °C.

Additionally, we successfully isolated and fully characterized the reduced compounds, [K(18-
crown-6)]4[Cr(CN-B(CeFs)3)s] (Cr-II-BCF), (TBA)4[Mn(CN-B(C¢Fs)3)s] (Mn-II-BCF), and
(TBA)4[Mn(CN-2,4,6-BArF9)s] (Mn-I1-246), and partially characterized the reduced species
[K(18-crown-6)]s[Mn(CN-B(C¢F5s)3)s] (Mn-I-BCF). Use of either a four-fold excess of potassium
graphite (KCs) (E* ~ —2.6 V vs. F¢"%)% with a four-fold excess of 18-crown-6 ether in THF or
excess cobaltocene in DCM followed by cooling at —25 °C afforded crystalline salts of Cr-II-BCF
(Figure 2(f)). Mn-II-BCF and Mn-I1-246 were formed by one electron reduction of Mn-III-
BCF/246 by either excess cobaltocene in DCM or excess KCs and 18-crown-6 ether in THF fol-
lowed by addition of DCM (Figure 2(f)). Crystallization was achieved by cooling THF solutions
to —25 °C. Furthermore, Mn-I-BCF was obtained by reduction of Mn-III-BCF in THF with a ten-
fold excess of KCg and a six-fold excess of 18-crown-6 ether. The solution was decanted and

cooled to —25 “C, resulting in the formation of garnet red crystals of Mn-I-BCF (Figure 2(e)).

To compare the effects of ligand field strength on the electronic structures of cyanometallates, we
synthesized the linkage isomer (TBA)3;[Cr(NC-BPhs)s] (Cr-III-NC-BPh3) (N-bound cyanides are
strong o-donors and weak m-acceptors).>*%* When Cr-III was refluxed with BPh; in MeCN, a
dramatic color change from pale yellow to orange-red occurred.®® Remarkably, the reaction trig-
gered inversion of all six cyanide ligands, affording a hexakis-boratonitrile complex (Figure 2(d)).

Infrared and UV-vis spectra along with an X-ray structure analysis supported assignment of N-
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ligation in Cr-III-NC-BPhs. Note that Figgis and coworkers employed neutron diffraction to con-

firm C-bonding in the inner coordination sphere of hexacyanochromate(III).%

Of interest are the spectroscopic and electronic structural differences between cyanoborate (M-
CN-BR3) and boratonitrile (M-NC-BR3) complexes. Based on our success in synthesizing Cr-111-
BCF in DCM (a weakly Lewis basic solvent) and calculations suggesting that the energies of
thermodynamic Cr-III-NC-BPhs and kinetic Cr-III-CN-BPh3s products are similar, we attempted
synthesis and crystallographic characterization of the C-bound isomer. Addition of a stoichio-
metric excess of BPh3 to a room-temperature solution of Cr-III in DCM resulted in an immediate
color change from pale yellow to lemon yellow. The solution was concentrated by evaporating
solvent in vacuo, and the oil was placed in a freezer at —20 “C (Figure 2(d)). Structural character-
ization of the yellow crystals revealed C-ligation, Cr-III-CN-BPhs. We found that after prolonged
exposure to X-rays, the color of the crystal changed to an orangish pink, suggesting inversion of

ligation had occurred (we used early reflections for structure refinement).

Selected bond lengths for parent and boronated cyanometallates are presented in Tables 2, 3, and
4. Structures of Mn-I-BCF and Cr-II-BCF are shown in Figure 3; and those of Fe-III-BCF, Ru-
III-BCF, Os-111I-BCF, Cr-11I-BCF, Cr-III-CN-BPh3, and Cr-III-NC-BPhs in Figure 4. Upon
boronation, a descent in symmetry from Oy, to D34 occurs, assuming trigonal symmetry for stag-
gered boranes. We previously showed that the M-C bond lengths display slight decreases based
on the Lewis acidity of the borane.’® For example, Cr-III-CN-BPh3 and Cr-III-BCF have similar
average M-C bond lengths (2.068 A and 2.065 A, respectively). The M-C bond lengths for the

complexes generally increase in the order,
M(I) < M(II)-BCF < M(II) < M(IIT)-BCF < M(III)

which is a trend based on the interplay between metal oxidation state and borane Lewis acidity.
Decreasing metal oxidation state increases the number of electrons available for n-backbonding,
thereby increasing M-C covalency. Increasing the N-dative interaction with the borane decreases
M-C o-covalency and increases m-backbonding. These data conclusively demonstrate that back-

bonding interactions in metal cyanoborates dramatically affect M-C bonding.
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In contrast, there are only very minor changes in C-N bond lengths. For example, Fe-III-BCF
shows a slight increase in average C-N bond length relative to Fe-III (1.155 A vs. 1.139 A, re-
spectively), whereas for Os-1II-BCF, there is a slight C-N shortening relative to Os-III (1.127 A
vs. 1.145 A).

Mn-I-BCF and Fe-II-BCF have the shortest average M-C bonds (1.909 A and 1.900 A, respec-
tively) in the series. For comparison, previous studies of [Mn(CO)s](BF4) revealed an average Mn-
C bond length of 1.905 A, nearly identical with those obtained for Mn(I) and Fe(II) in our work.%¢
It is well known that carbonyl and cyanide ligand fields are very strong in complexes with d° and
d® metal valence electrons, owing to enhanced n-backbonding. In contrast, ligand field strengths
are weaker in d® Cr-III-CN-BPhs and Cr-III-NC-BPhs, with longer average M-C/N bond lengths
(2.068 A and 2.004 A, respectively), in accord with greatly decreased backbonding in low d-count

complexes.®’ ¢
Table 2. Selected bond lengths for cyanometallate(Il) complexes.
Bond (&) / (TEA)4[Fe(CN)g]* / Nas[Ru(CN)¢]*/ Na[Os(CN)g] / (TB‘;)C“%;‘ECN'
Compound (TBA)4[Fe(CN- (Ph4P)s[Ru(CN- (PhsAs)4[Os(CN- (PPN)s[Mn(CN-
BCF)¢] BCF)¢] BCF)¢] 246)
o]

M-Ci (or Ci
41) 1.926(5) / 1.899(4) 2.035(3) /2.0220(11) 2.068(7) / 2.023(5) 1.975(6) / 1.955(2)

M-C: (or Ci
) 1.920(4) / 1.899(4) 2.023(3) /2.0220(11) 2.044(7) / 2.023(5) 1.975(6) / 1.955(2)

M-C;s (or C2
41) 1.922(5) / 1.904(3) 2.010(3) /2.0026(11) 2.013(6) / 2.037(5) 1.949(6) / 1.958(2)

M-Cs (or C2
i) 1.924(4) / 1.904(3) 2.035(3)/2.0027(11) 2.068(7) / 2.037(5) 1.949(6) / 1.958(2)

M-Cs (or C3 1.919(4) /

4 919(4) / 1.897(3) 2.023(3)/2.0152(12) 2.044(7) / 2.036(5) 1.935(6) / 1.955(2)
M'Cg‘)’r G 1.918(4) / 1.897(3) 2.010(3)/2.0152(12) 2.013(6) / 2.036(5) 1.935(6) / 1.955(2)
C-N: 1.174(6) / 1.146(4) 1.151(4) / 1.1546(13) 1.116(9) / 1.144(6) 1.157(7) / 1.153(3)
C-N; 1.164(6) / 1.146(4) 1.158(5) / 1.1546(13) 1.156(9) / 1.144(6) 1.157(7) / 1.153(3)
C-N; 1.168(6) / 1.152(4) 1.161(4) / 1.1551(13) 1.149(9) / 1.148(6) 1.164(7) / 1.150(3)
C-N4 1.170(6) / 1.152(4) 1.151(4) / 1.1551(13) 1.116(9) / 1.148(6) 1.164(7) / 1.150(3)

12



C-Ns

C-N¢

1.161(5) / 1.160(4)

1.156(6) / 1.160(4)

1.158(5) / 1.1530(14)

1.161(4) / 1.1530(14)

1.156(9) / 1.133(7)

1.149(9) / 1.133(7)

1.162(7) / 1.155(3)

1.162(7) / 1.155(3)

aReference >

bReference 7°

Table 3. Selected bond lengths for cyanometallate(I1l) complexes.

Bond (A)/ C (TEA)3[Fe(CN)s]*/ (PhaAs)s[Ru(CN)e]®/ (PhaP)3[Os(CN)e]*/ (PPN)3;[Mn(CN)o]*/ (PPN)3[Mn(C
ond (A) 4 om- (PPN)3[Fe(CN- (Ph4P)3[Ru(CN- (Ph4P);[Os(CN- (PPN)3[Mn(CN- N-B(246-
poun B(C¢Fs)3)q] B(CoFs)3)q] B(CsFs)3)q] B(C6Fs)3)q] F3CsH2)3)d]
M-C; (or Ci 2.0222) /
41 1.935(5)/ 1.918(8)  2.066(6)/2.025(9)  2.063(5)/2.066(11) 1.9989(19) 1.9749(13)
M-C: (or Ci 2.0222)/
#2) 1.959(5)/ 1.918(8)  2.064(6)/2.025(9)  2.063(5)/2.043(9) 1.9900(19) 1.9750(13)
M-C; (or C2 2.025(2)/
i) 1.946(8) / 1.944(9)  2.023(6)/2.048(6)  2.070(5)/2.060(11) L9768(18) 1.9794(13)
:;;C“ ©OrC: | 9658)/1.944(9)  2.025(6)/2.048(6)  2.070(5)/2.051(9)  2.025(2)/1.9832)  1.9794(13)
M-Cs (or C3 2.0132)/
i) 1.955(8)/ 1.901(7)  2.054(6)/2.017(8)  2.056(5)/2.077(9) 5.0048(18) 1.9714(11)
M-Cs (or C3 2.013Q2)/
#2) 1.959(8)/ 1.902(7)  2.064(6)/2.017(8)  2.056(5)/2.038(10) 1.9878(18) 1.9715(11)
C-Ni 1.156(7)/1.152(10)  1.161(6)/1.158(9)  1.137(6)/ 1.117(14)  1.161(2)/ 1.138(3)  1.1498(14)
C-N» 1.136(7)/1.152(10)  1.143(6)/1.158(9)  1.141(6)/ 1.140(13)  1.161(2)/1.134(2)  1.1498(14)
C-N; 11' 114310((1111))/ 1.145(6)/ 1.1349)  1.139(6)/ 1.136(14)  1.161(2)/ 1.142(2)  1.1508(14)
1.134(11) /
C-Ny L 1300 1.165(7)/ 1.134(9)  1.154(6)/ 1.125(13)  1.161(2)/ 1.135(3)  1.1508(14)
C-Ns 11' 113815((1110))/ 1.142(6) / 1.161(9)  1.145(6)/ 1.102(13)  1.156(2) /1.142(2)  1.1489(13)
1.140(10) /
C-Ns 1.185(10) 1.147(6) / 1.161(9) 1.157(6) / 1.145(14) 1.156(2) / 1.141(2) 1.1489(13)

aReference 7! PReference 8 “Reference ¢ 9Reference 7

Table 4. Selected bond lengths for Cr(IIl), Cr(II), and Mn(l) cyanometallates.

Bond (&) / Com- (PPha)s[Cr(CN)el*/ (PhiAs)s[Cr(C (PhiAsp[Cr(NC- zc-:lonrI(lCGl;J]is[lC"/r ('ggs 'K(l[i'{‘:("g;:G)ls

pound (PPN;[CH(CN-B(CeFs))] ~ N-BPhs)q] BPhs)| B o
M-Ci (or C1#1) | 2.0865(19)/2.067(3) _ 2.081(3) 1.995(7)  2.037(6)/ 2.035(3) 1.907(3)
M-Cz(or C1#2) | 2.0768(19)/2.055(4)  2.068(3) 2.009(7) 2.065(6)/ 2.039(2) 1.912(3)
M-Ci(or Ci#3) | 2.0751(18)/2.0734)  2.052(3) 2002(7)  2.057(6)/2.032(3) 1.914(3)
M-Cs (or C2#1) | 2.0854(18)/2.067(4)  2.074(3) 2.011(7) 2.037(6) / 2.035(3) 1.907(3)
M-Cs(or C2#2) | 2.0871(18)/2.055(4)  2.054(3) 2008(7)  2.065(6)/2.039(2) 1.912(3)
M-Co(or C2#3) | 2.0823(18)/2.0734)  2.080(3) 2.003(7) 2.057(6)/ 2.032(3) 1.914(3)

C-Ni 1.156(2) / 1.148(5) 1.145(3) 1.141(10)  1.155(8)/ 1.149(3) 1.166(4)

C-N2 1.149(3) / 1.143(5) 1.145(3) 1L137(10)  1.163(8)/ 1.151(3) 1.169(4)
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C-N; 1.149(2) / 1.149(5) 1.145(4) 1.144(9) 1.150(8) / 1.152(3) 1.163(4)

C-N, 1.152(2) / 1.148(5) 1.143(3) 1.152(10) 1.155(8) / 1.149(3) 1.166(4)
C-Ns 1.152(2) / 1.143(5) 1.150(4) 1.136(9) 1.163(8) / 1.151(3) 1.169(4)
C-N¢ 1.154(2) / 1.149(5) 1.144(3) 1.152(10) 1.150(8) / 1.152(3) 1.163(4)

aReference 73. PReference 7

Figure 3. (Left) Molecular structure of [K(18-crown-6)]s[Mn(CN-B(CsFs)3)s] (Mn-I-BCF) (One-half of a crown
ether from an additional asymmetric unit was added for completeness). (Right) Molecular structure of [K(18-crown-
6)]4[Cr(CN-B(C¢F5)3)s] (Cr-II-BCF). Displacement ellipsoids set at 50% probability, and solvent molecules and hy-
drogens were omitted for clarity. Structures depict the asymmetric unit for each complex.
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Figure 4. (Left) Molecular structures of (PPN);[Fe(CN-B(C¢Fs)3)s] (Fe-III-BCF), (Ph4P)3[Ru(CN-B(CsF5)3)s] (Ru-
III-BCF), and (Ph4P)3[Os(CN-B(C¢Fs)3)s] (Os-1II-BCF). (Right) Molecular structures of (PhsAs)s;[Cr(NC-BPhs)s]
(Cr-III-NC-BPhs3), (PhsAs);[Cr(CN-BPhs)s] (Cr-III-CN-BPh3), and (PPN);[Cr(CN-B(C¢Fs)3)s] (Cr-III-BCF).
Structures depict the asymmetric unit for each complex. Displacement ellipsoids set at 50% probability, and solvent
molecules, cations, and hydrogens were omitted for clarity.
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IR and NMR Spectroscopy
IR v(CN) data are given in Table 5. Across all complexes, an average increase of 120 cm™! in

cyanide stretching frequency was observed when comparing parent and BCF anions [e.g., v(CN):
Ru-II1, 2090; Ru-III-BCF: 2210 cm™!]. The differences are attributed to the greater effect of o-
donation from cyanide to borane relative to m-backdonation from metal to cyanide. We suggest
that m-backdonation plays a key role in the variation of vibrational frequencies as a function of
oxidation state (Mn-III-BCF: 2222; Mn-1I-BCF: 2151, Mn-I-BCF: 2041 cm™!). Also of interest
is that v(CN) is higher in Cr-III-BCF (2229) than in Cr-III-BPh3 (2202 cm ™).

"B NMR chemical shifts for boronated cyanometallates are given in Table 6. As more electron
density is transferred to boron through dative bonding, chemical shifts move upfield. As expected
for d® diamagnetic complexes, Fe/Ru/Os-II-BCF ''B NMR chemical shifts are similar (~ —14
ppm), whereas paramagnetic compounds show a distinct upfield trend [Fe-III-BCF (-54.2 ppm),
Os-1III-BCF (—37.6 ppm), Mn-1I-BCF (—60.4 ppm), and Mn-III-BCF (—136.1 ppm)]. Dramatic
shifts in "B NMR signals are to be expected. For example, Fe(I11) boron cluster cage compounds
exhibit upfield chemical shifts, in one case to —451.1 ppm, while a diamagnetic Co(III) analogue

shifts downfield (+6.5 ppm).”

Table 5. IR data: CN stretching frequencies (solid samples).

Complex Abbreviation | ven (em™)
(TBA)3[Fe(CN)g]* Fe-IIT 2095
(TEA)4[Fe(CN)4] Fe-1I 2012

(TBA)3[Fe(CN-B(C4Fs)3)s] Fe-III-BCF 2228
(TBA)4[Fe(CN-B(C4Fs)3)s] Fe-II-BCF 2165
(TBA);[Ru(CN)g]* Ru-I1T 2090
(TBA)4[Ru(CN)4]* Ru-II 2060
(TBA);[Ru(CN-B(C4Fs)3)e] Ru-III-BCF 2210
(TBA)[Ru(CN-B(C4Fs)3)e] Ru-II-BCF 2172
(PPhy);[0s(CN)g]° Os-IIT 2100
K4[Os(CN)g]° Os-I1 2032
(PPhy)3[Os(CN-B(CeFs)3)s] Os-III-BCF 2204
(PPhy)4[Os(CN-B(C4Fs)3)] Os-II-BCF 2152
(PPN)3[Mn(CN)4]¢ Mn-I1T 2095
(PPN),[Mn(CN)4]¢ Mn-IV 2132
(TBA);[Mn(CN-B(CgFs)3)6] Mn-III-BCF 2222
(TBA)s[Mn(CN-B(C¢Fs)3)s] Mn-II-BCF 2151
(PPN)s[Mn(CN-B(C¢Fs)3)s] Mn-I-BCF 2041
(TBA);[Mn(CN-2,4,6-BArFo)] Mn-I11-246 2226
(TBA)y[Mn(CN-2,4,6-BArFo)] Mn-I1-246 2148
(TEA);[Cr(CN)gJe Cr-I1I 2109
K4[Cr(CN)] Cr-II 2022
(TBA);[Cr(CN-B(CgFs)3)s] Cr-III-BCF 2229
(TBA)4[Cr(CN-B(C4Fs)3)s] Cr-II-BCF 2149
(Ph4As);[Cr(CN-BPh3)c] Cr-III-CN-BPh; 2202
(PhsAs);[Cr(NC-BPh;)s) Cr-11I-NC-BPh; 2211

aReference 3° PReference ¢ ‘Reference 7° 9Reference 7 *Reference *° Reference 78
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Table 6. ''B NMR shifts (in ppm) for boronated cyanometallates.

Complex Abbreviation 11B Shift (ppm)
(TBA)[Ru(CN-B(C4F5)3)e] Ru-1I-BCF -14.7
(TBA)4[Os(CN-B(CgFs)3)s] Os-11-BCF —14.4
(PPhy);[0s(CN-B(C6Fs)3)s] Os-III-BCF -37.6
(TBA)4[Fe(CN-B(CgFs)3)s]* Fe-1I-BCF -14.6
(TBA)3[Fe(CN-B(C4Fs)3)s] Fe-III-BCF —54.2
(TBA)s[Mn(CN-B(CgFs)3)s] Mn-II-BCF —-60.4
(TBA);[Mn(CN-B(CgFs)3)6] Mn-III-BCF -136.1

(TBA)s[Mn(CN-2,4,6-BArFo)s] Mn-I1-246 -19.6
(TBA);[Mn(CN-2,4,6-BArFo)] Mn-I11-246 -113.7

2Reference >

Electrochemistry
Voltammetry data for Fe-II-BCF, Ru-II-BCF, Os-1I-BCF, Mn-III-BCF, Mn-I11-246, Cr-III-

BCF, Cr-III-CN-BPh3, and Cr-III-NC-BPh3 were collected in MeCN, DCM, or THF with 0.1—
0.2 M TBAPFs as the supporting electrolyte. Potentiostatic electrochemical impedance spectros-
copy was used to obtain the cell uncompensated resistance via the linear intercept of a Nyquist
plot. >85% of the cell resistance was compensated electronically. This step is important to ensure
that peak-to-peak separations in voltammetry at fast scan rates are not artificially increased due to
uncompensated resistance, but rather by convolution of heterogeneous electron transfer rates with
ones attributable to complex diffusion. Note that heterogeneous electron transfer rate constants

depend on solvent and electrode composition.

In addition to solubility and stability requirements, electron transfer reagents for non-aqueous re-
dox flow batteries should have large heterogeneous electron transfer rate constants and peak cur-
rent ratios near unity.’”>%° The standard rate constant ko is related to the dimensionless parameter
through Equation 1,

D
po ) (n

DytvnF
\/ RT
where Do and Dr are diffusion coefficients of the oxidized and reduced electroactive species (cm?
s 1), v is the scan rate (V s!), and « is the transfer coefficient for electron transfer. As a result,
peak-to-peak separations in cyclic voltammetry inversely correlate with heterogeneous rate con-
stants for outer-sphere electron transfers. Thus, we can assess the relative change in rate constant

between parent and boronated species through scan rate-dependent cyclic voltammetry.
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Redox couples of boronated cyanometallates are electrochemically reversible, exhibiting compa-
rable or higher electron transfer rate constants than parents, which likely are attributable to lower
outer-sphere reorganization energies. Additionally, based on the very slight changes in M-C-N
bond lengths accompanying electron transfers, we suggest that inner-sphere reorganization ener-
gies are comparable for parent and boronated species. Interestingly, a previous study suggested
that self-exchange reactions of metal cyanide complexes are mediated through counterion bridges
between cyanides, as their rates decrease by several orders of magnitude upon addition of alkali
cation complexing agents.®! However, high supporting electrolyte concentrations in the Helmholtz
plane would disfavor this electron transfer mechanism. Figures S120-S126 display scan rate de-

pendences and Randles-Sevcik plots for all reversible couples of these complex anions.

Given the anodic formal potentials for some of these species, certain peak current ratios were cal-
culated using an empirical formula that deconvolutes the current at the switching potential from

the redox event, Equation 2,

lsp

e i
P — POD 10485 (

) + 0.086 (2)
lp,a,O

lpa lpao

ip,c,0

ipc . ) . . )

where T s the corrected peak current ratio, s the peak current ratio relative to zero current,
p.a p,a,o

isp

lp,a,o0

and is the ratio of the uncorrected peak anodic current to the current at the switching poten-

tial %2

Overlays of the voltammetry of all electrochemically reversible species are displayed in Figure 5,
while formal potentials, peak potentials, ranges of peak-to-peak separations, and peak current ra-
tios are set out in Table 7. Formal potentials shift by over 2.1 V for Fe/Ru/Os-I11I/II-BCF com-
plexes. Fe-III/II-BCF exhibits the largest shift (2.29 V), which was underestimated in our previ-
ous work due to incomplete removal of H,O coordinated to Fe-II1.>* Other inaccurate formal po-
tentials have been reported in the literature for cyanometallates due to the strong binding of H,O
to cyanide.®”” Ru-III/II-BCF and Os-III/II-BCF exhibit nearly identical shifts in formal poten-
tials from those of parents, 2.11 and 2.12 V, respectively. Of note is that Os-III/II and Os-I11/11-
BCF exhibit less anodic formal potentials than Ru-III and Ru-III-BCF, owing in part to greater
5d spin-orbit coupling.®?
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Figure 5. (Upper) Overlay of voltammetry of (TBA);[Fe(CN)s] (Fe-III), (PhsAs);[Ru(CN)s] (Ru-III),
(Ph4P)3[Os(CN)s] (Os-I1I), (TBA)4[Fe(CN-B(C¢Fs)3)s] (Fe-1I-BCF), (Ph4As)s[Ru(CN-B(CsFs)3)s] (Ru-II-BCF), and
(Ph4P)4[Os(CN-B(CsFs)3)s] (Os-II-BCF) in MeCN. All potentials referenced to Fc™°. (Lower) Overlay of voltamme-
try of (TBA);[Mn(CN)s] (Mn-IITI) (MeCN), (TBA)3[Mn(CN-B(CsFs)3)s] (Mn-III-BCF) (MeCN), (PPN)3;[Mn(CN-
B(2,4,6-BArF9)3)s] (Mn-111-246) (THF), and (TBA);[Cr(CN-B(CsFs)3)s] (Cr-III-BCF) (THF). All measurements
performed with 0.1-0.2 M TBAPFg as electrolyte using a 3 mm diameter glassy carbon working electrode, 0.01 M
Ag™ non-aqueous reference electrode, and platinum wire counter electrode.
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The potential shift for Cr-III/II-BCF relative to Cr-III/II is 2.08 V. In earlier work, reaction of
Cr(II) with potassium cyanide generated alkali salts of Cr-IL,’* and subsequent reduction with
K/Na metal in liquid ammonia afforded a complex assigned as low-spin Cr(0),
(K/Na)s[Cr(CN)s].”® Previous electrochemical studies of Cr-III demonstrated that in basic solu-
tion with low cyanide concentrations, ligand substitution of CN™ by H,O occurred through an ECE

mechanism, which is unsurprising given the poor backbonding ability of Cr(III).3*

Table 7. Electrochemical parameters for parent and boronated cyanometallates in MeCN, THF, or DCM solution with
0.1-0.2 M TBAPF; electrolyte using a glassy carbon working electrode, 0.01 M Ag*° non-aqueous reference elec-
trode, and platinum wire counter electrode. All formal potentials taken from 100 mV s™! scan rate data. Peak-to-peak
separations and peak current ratios taken from 25-2500 mV s! scan rate data. All formal potentials referenced to
Fc'°. Resting state of each compound used given in parentheses.

Redox Couple Abbreviation EPI;C(%)V s E"F°C(Y,O)V s ng}o\)/ ¥$ AE,(mV) ipalipe
[Cr(CN-B(C6Fs)3)]+* Cr-III-BCF —0.82 —-0.92 -0.87 92-174  0.92-1.00
[Cr(CN-B(C6Fs)3)6] "> Cr-1TI-BCF -2.75 —2.65 -2.70 92-149  0.70-0.76

[Cr(CN-BPhs)e]?** Cr-III-CN-BPh; -1.60 —1.54¢
[Cr(NC-BPhs)s]?*? Cr-III-NC-BPh; -1.60 —1.47¢
[Mn(CN-B(2,4,6-BArFy)s)s]?* Mn-I11-246 1.17 1.13¢
[Mn(CN-B(2,4,6-BArFy)s)s ]+ Mn-I11-246 -0.93 -1.04 -0.99 85-175  0.92-1.00
[Mn(CN-B(2,4,6-BArFy)s)s]*> Mn-I11-246 —2.64 -2.73 -2.68 79-118  0.69-0.92
[Mn(CN-B(C¢Fs)3)s]¥* Mn-I1I-BCF 2.07 2.00°
[Mn(CN-B(C¢Fs)3)s]** Mn-ITI-BCF 0.07 -0.01 0.03 79-80  0.99-1.00
[Mn(CN-B(C¢Fs)3)s]*> Mn-ITI-BCF -1.61 -1.72 -1.67 95-138  0.90-0.92
[Fe(CN-B(CsFs)3)s]*"* Fe-1I-BCF 0.88 0.79 0.84 74-85 0.88-1.00
[Ru(CN-B(C¢Fs)3)s]** Ru-1I-BCF 1.31 1.23 1.27 85-85 0.79-0.83
[Os(CN-B(CeFs)3)s]*+ Os-1I-BCF 1.00 0.93 0.96 72-83 0.92-1.00
[Cr(CN)s]** Cr-III —2.95¢
[Cr(CN)s]*> Cr-III —4.78¢
[Mn(CN)s]** Mn-III -2.18 -2.11¢
[Mn(CN)s]**- Mn-III —-0.24 —-0.32 -0.28 79-82  0.93-0.99
[Fe(CN)s]?* Fe-III -1.41 -1.49 -1.45 80-105  0.97-1.00
[Ru(CN)s]** Ru-IIT -0.80 —0.88 -0.84 73-93 0.93-1.00
[Os(CN)s]¥*+ Os-111 -1.12 -1.20 -1.16 75-107  0.95-1.00
[Fe(CN)s]?* f Fe-II 0.361f
[Ru(CN)s]*** Ru-II 0.926"
[Os(CN)s?* * Os-11 0.636f

*Voltammetry acquired in THF solution.

bVoltammetry acquired in DCM solution.

“Taken from the inflection potential of the redox process at 100 mV s™!, which approximates the formal potential. See
reference %,

9Taken from references 8 and ’ (experiments in 1.0 M KCN at a dropping mercury electrode). Derived by using the
separation in aqueous formal potentials between [Fe(CN)s]*~ and [Cr(CN)g]*".

¢Taken from the potential separation between Cr-III/IT and Cr-1I/T for (TBA);[Cr(CN-B(C¢F5)3)s] (Cr-III-BCF) in
THEF solution.

'In neutral, aqueous media vs. NHE. Taken from references 7°, #, and %.
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We observed high chemical stabilities of both Cr-III-BCF and Cr-II-BCF and reversible Cr-
II/II-BCF electrochemistry, likely because the sterically blocked metal center disfavors ligand
substitution and boronation leads to increased n-backdonation. Due to solubility and stability is-
sues for Cr-111I, the formal potential shift for Cr-III-BCF relative to Cr-I1I in non-aqueous media
was calculated using the average potential shift of Fe/Os/Ru-III from aqueous to acetonitrile so-
lution (AEsoventave. = —1.79 V). We emphasize that the difference between the experimental formal
potential for Cr-III/II-BCF and that calculated for Cr-III/II is fully consistent with the formal
potential shifts for other electrochemically reversible species. Based on the experimentally deter-
mined Cr-II/I formal potential, it is unlikely that a Cr(0) complex was isolated in the earlier
work.”® The shift in E*, estimated from the inflection potential determined from the first derivative
of the voltammogram for Cr-III-CN-BPhs, is consistent with the difference between Fe-I11I-BCF
and Fe-III-BPh3 observed before.® The less cathodic formal potential for Cr-III-NC-BPh3 vs.
Cr-III-CN-BPh3 accords with the greater ligand field strength of C-bonded relative to N-bonded
cyanide. Additionally, the shift in peak potential as a function of scan rate (41 mV / decade scan
rate) for Cr-III-NC-BPhs indicates a kinetically controlled or kinetically intermediate regime for
an EC;i mechanism (Figure S127).°° Given the weaker ligand field exerted by a nitrile donor, we
suggest that the irreversible chemical reaction involves loss of a [NC-BPh3]™ ligand upon reduc-

tion.

The potential shift of Mn-III/II-BCF relative to Mn-III/I1 is 2.14 V. Mn-III has been previously
characterized in several solvents, exhibiting a linear dependence of formal potential on solvent
acceptor number.?>°! The reported E% (IV/III) = —0.22 V vs. Fc™ is slightly more anodic than our
derived value (—0.28 V vs. Fc™?). This difference could be due to use of tetrabutylammonium (not
tetra-ethylammonium) as the counterion. Additionally, the greater reversibility in our case likely
stems from use of a glassy carbon rather than a platinum working electrode (cyanides are known
to bind to platinum).®>** In contrast to Mn-III, which exhibited reversible Mn-IV/III and irreversi-
ble Mn-III/II redox couples in MeCN solution, we found reversible Mn-II1/1I and Mn-II/I couples
and an irreversible Mn-1V/III couple for Mn-I11-BCF/246.

Shifts in formal potentials for boronated cyanometallate redox couples correlate roughly with Gut-

mann-Beckett solvent acceptor numbers, and by extension, borane acceptor numbers (AN). For
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Mn-III, the potential shifts anodically by 2.14 V upon coordination of BCF, while for 246, the
anodic shift is 1.1 V, or approximately 350 mV for each coordinated BCF (AN = 77.15 - 82)*%%
and 180 mV for each coordinated 246 (AN = 68.5).”%%7 Considering all five M-III-BCF species,
the potential shift increase tracks with the decrease in average M-C bond length (1.921 A (Fe-III-
BCF) < 1.99 A (Mn-III-BCF) < 2.030 A (Ru-III-BCF) < 2.055 A (Os-III-BCF) < 2.065 A (Cr-
I1I-BCF)).

One of the most exciting results is the electrochemical observation of Mn-I-BCF, Mn-1-246, and
Cr-I-BCF. Of these three, we were only able to chemically isolate Mn-I-BCF (vide supra). For
Cr-1I/I-BCF, a peak current ratio much less than one at slower scan rates was observed, likely
due to decomposition near the limit of the THF potential window. To our knowledge, this is the

first demonstration of these oxidation states in cyanometallate chemistry.

UV-visible-NIR and MCD Spectroscopy
Upon boronation, a descent in symmetry from On to D3q occurs, assuming trigonal symmetry for

staggered boranes. However, we do not expect degenerate state splittings T1y — A2y + Eu and Tay
— A + Ey to perturb LMCT bands as much as lowered orbital energies attributable to borane
coordination. Although we anticipated that band profiles similar to those of parent complexes
would be systematically shifted in energy due to boronation, we found, using a combination of
UV-visible-NIR spectroscopy, spectroelectrochemistry, MCD spectroscopy, and theory, that this
is likely not the case. All UV-visible-NIR and MCD spectra were fit employing Gaussian decon-
volution techniques with the same number of bands in both cases. Since UV-visible-NIR spectra
were acquired at room temperature (Figures S50-S68) and MCD spectra were acquired at 5 K
(Figures S72-S87), FWHM and intensities were allowed to float and band maxima were restricted
to within 1000 cm™'. Due to strong m— 7* absorption by phenylboranes, we only analyzed features

below 37,000 cm ™.
MCD intensities can be estimated from Equation 3,

—of (E Co
I « lA( afbf )> + (B0+ ﬁ>f(E)l 3)

which includes Faraday 4-, B-, and C-terms. The mathematical underpinnings by which paramag-

netic species exhibit these different terms are well-documented in the literature.!>*%1% C-term

22



intensity correlates inversely with temperature, while 4- and B-terms are generally temperature
independent. The increase in C-term intensity at cryogenic temperatures arises from differential
population of spin sublevels in a paramagnetic ground state split by Zeeman interaction with the
magnetic field. The similarity in signals observed for Fe/Ru/Os-III-BCF led us to conclude that,
as with their parents, these spectra are dominated by C-term LMCT transitions.!?"!” We note that
Upton et al. previously demonstrated that >98% of MCD intensity arises from C-terms below 6
K.!'® This conclusion is further supported by examination of room-temperature MCD spectra for
all boronated species (Figures S88-S93), where there are weak signals that are not observed in the
low-temperature spectra. Aside from Mn-III-BCF, Mn-I11-246, and Cr-II-BCF (non-Kramers
ions), all C-term intensities exhibited linear dependences on inverse temperature from 5 to 20 K.
Peak maxima, MCD signs, and transition assignments are given in Table 8 and Table 9. MCD
behavior is more complex for higher ground-state spin multiplicities, so we restrict detailed anal-

yses to (t2¢)’ complexes and provide only tentative assignments for (t2,)* and (t2¢)* systems.

(t2¢)° Complexes
Neglecting spin-orbit coupling interactions, the (t2,)° configuration gives rise to a >Tg ground state

(Ox point group). Excitations to 2Aay, *Eu, 2T1u, and >Ta, states are electric dipole allowed. A basis
set of two o and two w orbitals on each cyanide ligand produces 12 ¢ molecular orbitals (2xaig,
2xeq, 2xt1y) and 12 © molecular orbitals (tig, t2g, tiu, tou) in the parent complexes (Figure 1). Con-
sidering only one-electron transitions into the dr t2g vacancy, transitions from the 6 o> orbitals will
give A1, °Eg, and *Ty excited states. Three analogous states result from one-electron excitation
from the 6 o} orbitals. Transitions from the 12 CN = orbitals into the dr t2g vacancy will produce
’T1g, *T2g, *T1u, and *Ta, states. Boronation of the cyanide ligand introduces a second pair of ligand
7 orbitals arising from interaction of the C=N n-bonding orbitals with the B-C 5-bonding orbitals.
This additional set of © molecular orbitals produces four additional LMCT excited states (*Tig,

2Tog, *Tiu, and °T2y) (Figure 6). Spin-orbit coupling interactions will split the 6-fold degeneracy

!

of 2T states producing one doubly degenerate and one fourfold-degenerate state (*°Tigu —> g/

Ug s 2Togu — Egpi> Ug )

In consideration of Group VIII S =2 complexes, we adopted the assignments proposed by Piepho

et al. for hexahalo Ir(IV) anions.!?""!% These complexes exhibit strong LMCT features analogous
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to those in the spectra of Group VIII M(III) complexes. The conventions and ordering arise from
the assumption of intermediate spin-orbit splitting of the triply degenerate orbital states in the Op"

double group. We exclude trigonal splitting of the four-fold degenerate U, /g due to the high sym-

metries of the primary coordination spheres for these complexes. Excluding spin-orbit coupling,
the selection rules based on reduced matrix elements for orbital transitions are given by eqs 4-5

where Dy is the electric dipole transition strength.

Co
D_O(t2g - tyy) =1 (4)

C
D_Z(tZQ > tyy) = -1 )

We anticipate MCD features attributable to #1u — f2g and f2u — f2¢ excitations with approximately

equal and opposite differential intensity.”

A ’,“ 3a 19 \ R

M—C=N—~B2mR
6t1u :
——————
;o 3ty +3t1g + 4t2g
— n'{
Styy
> 3e
> 9
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Figure 6. Energy level diagram for cyanometallates including borane-cyanide orbitals.

We first discuss the set Fe-III-BCF, Ru-III-BCF, and Os-III-BCF, where the ground state in On*
is Eg (*T2g). The orbital numbering and assignments are taken from Figure 6. Gaussian deconvo-
lutions of 294 K UV-vis-NIR and 5 K MCD spectra for Os-III-BCF are shown in Figure 7. The
lowest energy features in UV-vis-NIR absorption spectra are broad (FWHM > 3000 cm™'). In

room-temperature and low-temperature MCD spectra, bands attributable to overlapping 4¢1, —
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3t [12,800 (Ru), 15,900 (Os), and 17,450 cm ™! (Fe) cm '] and 2ty — 312, [15,930 (Ru), 18,900
(Os), and 19,280 (Fe) cm '] LMCT transitions are observed. The charge transfer states, which are
unprecedented in homoleptic cyanometallates, likely involve donor levels comprised of linear
combinations of borane c-bonding and cyanide n-bonding orbitals (Figure 6). In all three com-
plexes, the differential absorptions for these transitions are unusually small compared to those for
higher-energy LMCT transitions, likely due to larger spatial separation of borane-dominated or-
bitals. Negative MCD intensities for cryogenic samples of Fe, Ru, and Os were not observed, likely
due to the greater positive differential intensities for 1y orbital transitions in the region of the neg-
ative t, orbital transition. However, the room-temperature MCD spectra of both Os and Fe display
negative MCD intensities in that region, supporting our assignmnets (Figures S88 and S89). In
addition to the allowed transitions, we also observe small, positive bands at 9,900 and 12,620 cm !
in the MCD spectra of Ru-III-BCF and Os-III-BCF. These transitions are unlikely to arise from
spin-orbit splitting of the orbital triplets, since the relative energy differences to the 41y — 3#2
transitions are nearly identical for both compounds. This consideration led us to assign these bands
to Laporte-forbidden charge transfer transitions (2t2g or 2ti; — 3f2¢), which could gain intensity
from Herzberg-Teller coupling to the 4¢1u — 3¢ transition. Vibrations of either #1y or 20 symmetry
can couple a Uy /Eg (tyg), Ug/Eg (tz4), or Ej (aq4) state with the allowed U,, component of Ty

to give a positive differential intensity.!°!

We assign the next set of intense features as the 3¢1u — 3t orbital transition, dominated by Ej —

U/, (21,140 (Ru), 24,210 (Os), and 24,300 (Fe) cm™ "), which is predicted to have much greater C-
term intensity relative to Ej — E}.'" We also resolved less intense, forbidden charge transfer
bands, which we assign to Ej = Ej (2a,4) [21,950 (Ru), 24,940 (Os), and 23,680 (Fe) cm '] and
to Egj — E;/Ug (1t14) [22,420/23,090 (Ru), 25,900 (Os), and 25,190 (Fe) cm '], all of which gain
intensity through the allowed Ej — Uy, (3t;,,) transition. The last transition to assign in the second
charge transfer manifold only appears for Os-III-BCF and is due to strong spin-orbit coupling,
which splits the 3¢1y — 32 components by over 2000 cm .1 Accordingly, we assign the band at

26,950 cm™! to Ej — Ej;, (3t;y,). Being formally forbidden, the transition likely gains intensity

through Herzberg-Teller coupling to Ej — Ey/ (1t3y,).
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The next manifold of charge transfer states is dominated by 1tou — 31, orbital transitions, with the

most intense negative feature assigned to Ej — Ey; (1t3,) [25,060 (Ru), 28,250 (Os), and 28,740

(Fe) cm']. These features are redshifted relative to previously reported values for 1ty — 3tz
transitions, with Fe-III-BCF exhibiting the greatest redshift, consistent with the nonbonding na-
ture of the #u cyanide orbitals [and they approximately track with the formal potential of the
M(III/IT) redox couple, although the energy shift is much smaller than the formal potential shift].
An additional component of the 1tou — 3#2, transition, Eg' — Uy, (1t5,,), is likely present (30,420
(Os), and 29,230 (Fe) cm '), with shifts in this band consistent with the extent of spin-orbit cou-
pling for each species. We concede that the Os-III-BCF band could arise from the forbidden E; —
Uy (2e4) LMCT transition, and we suggest that there is a third forbidden LMCT transition, as-
signed to Ej — Uy (2eg4) [29,940 (Ru) and 32,000 (Fe) cm']. In addition, the third 2t;, — 3tz
transition, also redshifted from the parent complexes, is assigned to Ej — Uy, (2ty,) [30,680 (Ru),
33,800 (Os), and 34,800 (Fe) cm™'].

Unlike the boronated complexes, the parent (t2¢)° complexes do not exhibit any LMCT bands be-
low 20,000 cm™!. Using our boronated spectra, transition assignments of parent (tg)° M-III spectra
have been expanded to account for spin-orbit splitting of LMCT states.!” For ease of comparison
with the boronated complexes, the orbital numberings are taken from Figure 6. Based on the shifts

in boronated complexes, we assign the first band to Ej — U, (3tyy,) (20,700 (Ru), 23,900 (Os),
and 23,600 (Fe) cm ! and a weaker band to a forbidden transition: Ej — E; (2a44) (21,400 (Ru)
and 24,800 (Os) cm™!). All three complexes exhibited features attributable to Ej - Ey (1ty,)
(29,900 (Ru), 32,100 (Os), and 33,700 (Fe) cm™") and E} — Uy, (2t1,,) (32,100 (Ru), 34,400 (Os),
and 37,500 (Fe) cm ') transitions. Based on previous work,> we assign Fe-III bands at 31,600 and
35,800 cm™' to Ef — Ej (3t,g, *Tag = *Tig, *Azg LF transitions) and E; — Uy (2eg); and Os-111
bands at 25,800 and 30,000 cm ! to Ej — Ej, (3tyy) and Ef — Eg (2e,) transitions. An additional
band is likely a forbidden LMCT transition, Ej — Eg/Ug (1t;4) (27,600 (Ru) and 27,000 (Os)
cm !); alas, the features at 24,200 cm™! (Os-III) and 34,100 and 35,200 cm ' (Ru-III) remain

unassigned.
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The Mn-II-BCF MCD profile is somewhat different from those of other (t2,)° complexes, likely
due to blueshifted LMCT and redshifted MLCT transitions. We assign the two lowest energy bands
to Ej — Uy, (4t1,,) LMCT and *Tag — *Tig, *Agg LF transitions. The next two transitions could be
interchanged between both MLCT and LMCT, though we tentatively assign the band at 32,650
cm ! to 3t — 5tiu and the band at 35,100 cm ™! to a 3#1y — 3t transition. MLCT transition ener-
gies generally track with the formal potentials for different oxidation states. The lowest-energy
MLCT of Cr-II-BCF is redshifted by 1.09 eV (8,790 cm™!) from that of Mn-II-BCF, while the

formal potentials for the two species are separated by 0.9 V, in accord with our assignments.

(t2¢)* Complexes

The (t,)* electronic configuration is complicated by its non-Kramers (*T1,) ground term. First-
order spin-orbit coupling splits out a nondegenerate ground state (A3 ,) with a Tj, state approxi-
mately 100 cm ™" higher in energy (ground state components Eg and T, lie above A3, and Ty ,).'%

109 LMCT bands in hexahalo Os(IV) and Ru(IV) complexes exhibit dominant 4-terms along with

lesser B-term intensity. The A, / T} 4 state separation leads to a much smaller energy denominator
for Bo moments. However, at low temperatures, we anticipate 4-term intensity from A} ; transitions

to dominate. When k7T > AE, we expect the spectrum to be dominated by a combination of 4-term
features due to population of the low-lying Ty, state. Additionally, some C-term intensity will
arise, though the contribution will be small since all Zeeman sublevels will be populated as kT
increases. The spectra of Mn-III-BCF, Mn-I11-246, Mn-III, and Cr-II-BCF exhibited nonlinear
temperature behavior and did not lose much intensity up to 50 K, consistent with expectation. We
also note the loss in differential intensity at room temperature, which likely stems from thermal

broadening of the LMCT absorption profiles and uniform population of the three Ty, sublevels.

Given the poor resolution of the low-energy region for Mn-III and the majority of the Cr-II-BCF
spectrum, we did not attempt to assign any of the weak bands, which likely correspond to LF
transitions for these two species. Like the ()’ systems, the lowest-energy charge transfer bands
in Mn-III-BCF and Mn-III-246 can be assigned to overlapping 4¢1, — 312 (19,740 cm™! (Mn-
III-BCF) and 22,600 cm™! (Mn-111-246)) and 21, — 3124 (24,870 cm ™! (Mn-III-BCF) and 26,540
cm ! (Mn-I11-246)) transitions.
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While resolution of components was improved in the next set of orbital triplets, the small spin-
orbit coupling constant for Mn(IIl) and great overlap of bands in these regions did not allow abso-
lute assignments. However, we assign the most intense bands to A}, — Tj,, components (which
are fully allowed in MCD) of #ju — g and fou — £z orbital transitions, along with less intense
components. For 3#u — 3f, these occur at 30,140/30,220/30,370 (Mn-111-246),
29,980/31,270/31,760 (Mn-I1I-BCF), and 28,880/29,070/29,500/30,220 (Mn-III) cm™'. Like the
(t2¢)° spectra, we also resolved a band attributable to a forbidden LMCT transition [1£1g — 3#2g, at
33,030 (Mn-I11-246), 33,140 (Mn-III-BCF), and 33,310/34,110 (Mn-III) cm']. An additional
band in the spectrum of Mn-III-BCF at 28,820 cm ™' remains unassigned. However, we were able
to assign higher energy bands to 1t — 3t transitions [35,490/35,820 (Mn-II11-246),
34,540/35,130 (Mn-III-BCF), and 35,500 (Mn-III) cm!].

Turning to Cr-II-BCF MCD spectra, features at 23,550/24,190 cm ™! likely are attributable to A} g

— T{,, MLCT transitions, based on the lower formal potential of Cr-II-BCF relative to Mn-II1I-
BCF. We also assign the band at 36,700 cm ™! to the lowest energy 41y — 3t2; LMCT transition.

(t2¢)’ Complexes
Complexes with (t2¢)* ground-state configurations are Cr-III, Cr-III-BCF, Cr-III-CN-BPhs, and

Cr-III-NC-BPhs. The MCD spectra for these species also exhibit C-terms that depend on the
degree of zero-field splitting and the geometrical splitting of the U, ground state. Owing to small
zero-field splitting, with an applied magnetic field of 7 T the J = —3/2 sublevel is lowest in energy
by about 6 cm™!, leading to preferential absorption of left circularly polarized light. Low tempera-

ture MCD spectra of Cr-III-NC-BPhs displayed multiple low-energy, weak (Aem< 0.2 M ' cm™!

T™") bands centered at 20,650 cm™' [*Azg — *Tae (U = Eg, Ej, % Ué,g Ug).”

The spectrum of a boronated Cr(III) complex is quite different from that of Cr-I11, likely due to
overlapping MLCT and LMCT transitions in the parent (MLCT transitions are blueshifted in boro-
nated derivatives). Our assignments are consistent with the MLCT energies of Mn-II-BCF and
Mn-III-BCF. Additionally, the most intense, positive bands for Cr-III-BCF and Cr-III-CN-

BPhs3 can be assigned to the lowest energy 4¢1u — 3¢ orbital transitions.
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A plot of LMCT band energies vs the formal potentials of all five M-III-BCF complexes is linear
with a slope near unity (Figure 8), indicating that the transition in question is pure LMCT, with

little mixing from other orbitals.
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Figure 7. (a) Gaussian deconvolution of room-temperature, UV-visible-NIR spectra of (PPh4)3;[Os(CN-B(CsFs)3)s] (Os-ITI-BCF)
in dichloromethane solution and (b) Gaussian deconvolution of the 2 T MCD spectrum of Os-III-BCF in a poly(methyl methac-
rylate) film at 5 K. New LMCTs due to boronation of cyanide are denoted in the UV-vis-NIR spectrum. Due to their low Ae/BT
values, these low-energy MCD features were not simulated.
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Table 8. Absorption band energies, extinction coefficients, and transition assignments for open shell boronated cyanometal-
lates and parent complexes. Spectra of isolated complexes were fit by fixing band maxima with values from resolved peaks
observed in MCD (5 K) and UV-vis-NIR (294 K) spectra. The m — ©* borane bands (from ~37,000-40,000 cm™) are not
included in the assignments. Orbital assignments from Figure 6.

Complex Anion Abbreviation Energy (em™) (MCD Sign) Transition (Donor Orbital)
[Mn(CN-B(2,4,6-CsF3H )3)s]>~ | Mn-111-246 22,600 (-) 4t1y = 3y
26,540 (+) 2ty — 3ty
30,140 (-), 30,220 (+), 30,370 (+) 3t1y = 3tag
33,030 (+) 1t14 = 3ty
35,490 (+), 35,820 () 1t,, — 3ty
[Mn(CN-B(C¢Fs)3)6]*~ Mn-I1I-BCF 19,740 (-) 4tyy, > 3ty
24,870 (+) 2ty = 3ty
28,820 (+) Forbidden LMCT/LF Transitions
29,980 (-), 31,270 (+), 31,760 (+) 3t1y = 3ty
33,140 (+) 1ty — 3ty
34,540 (+), 35,130 () 1ty = 3ty
[Mn(CN-B(C¢Fs)3)6]* Mn-1I-BCF 29,100 (+), 30,600 (+) Eg = Uy, (4t1), Ef — Eg (3tyg)
32,650 (+) Ey - U}, (3ty,) (MLCT)
35,100 (+) E; - Uy, (3ty,,) (LMCT)
[Mn(CN-B(Ce6Fs)3)6]> Mn-I-BCF 27,390 'Alg = 'Tiu (2t54)
[Cr(CN-B(CsFs)3)s]* Cr-II-BCF 23,550 (+), 24,190 (+) Alg - Tiy (3tzg) (MLCT)
36,700 (—) t1y 2 tog (3t1y)
[Fe(CN-B(CFs)s)s] Fe-III-BCF 17,450 () Ey — Uy, (4t1)
19,280 (-) Eg - E) (2ty,)
23,680 (+) Ej = E§ (2a14)
24,300 (+) Egj - Uj, (3t1y)
25,190 (+) Ej - Eg/Ug (1ty4)
28,740 () EJ - Ey (1ty,)
29,230 (+) Eg = Uy (1t3y)
32,000 (-) Egj = Uy (2e4)
34,800 (+) Ej - Uy, (2tyy,)
[Ru(CN-B(C¢Fs)3)6]*~ Ru-III-BCF 9,900 (+) Ej = Eg/Ug (2t14)
12,800 (+) Ej - Uy (4t1y)
15,930 (-) Ej - Ey (2ty,)
21,140 (+) Egj - Uy (3tyy)
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21,950 (+) Ej = E§ (2a14)
22,420 (+) Ey > Uj (1tyy)
23,090 (+) E) > Ej (1t1y)
25,060 (-) Ey > E| (1tz,)
29,940 (-) E) - U} (2e)
30,680 (+) Ey > Uy (2ty,)
[Os(CN-B(CsFs)3)6]* Os-ITII-BCF 5,780 (-) Eg - Ug (3tag)
5,860 (+) Egj - Ug(3tyg)
12,620 (+) E) - E} /U, (2t,,)
15,900 (+) Ey > U, (4ty,)
18,900 (-) Ej > Ey (2ty,)
24210 (+) Ej > Uy (3ty)
24,940 (+) Ej - Ej (2a14)
25,900 (+) E) - E} /U, (1ty,)
26,950 (-) Ej > E;, (3tyy,)
28,250 () Ej - Ey (1ty,)
30,420 (-) Ey > Uy, (1ty,) or Ej > U} (2e,)
33,800 (+) Ey - Uy (2ty,)

20btained from spectroelectrochemistry. PSpectra collected in DCM solution. *Spectra collected in THF solution.

Table 9. Absorption band energies, extinction coefficients, and transition assignments for open shell boronated cyanometal-
lates and parent complexes. Spectra of isolated complexes were fit by fixing band maxima with values from resolved peaks
observed in MCD (5 K) and UV-vis-NIR (294 K) spectra. Orbital assignments from Figure 6.

Complex Anion Energy (em™') (MCD Sign) Transition (Donor Orbital)
[Mn(CN)6]*~ (Mn-III) 28,880 (—), 29,070 (+), 29,500 (+), 30,220 (-) 3ty > 3ty
33,310 (+), 34,110 (+) 1ty — 3ty
35,500 (-) 1ty = 3ty
[Fe(CN)s]* (Fe-III) 23,600 (+) Eg - Uy, E;, (3t1y)
31,600 (-) E) - E} (3tag)
33,700 (-) Ej - Uy, Ey (1tyy,)
35,800 (-) E) - U} (2e,)
37,500 (+) Eé’ - U, (2tyy)
[Ru(CN)g]** (Ru-III) 20,700 (+) Ef - Uy (3t1y)
21,400 (+) Ej - E5 (2a44)
27,600 (-) Ef — Eg5/Ug (1t14)
29,900 (-) Eg = Ey (1ty,)
32,100 (+) E) - Uj, (2t1,)
34,100 (+) ?
35,200 (+) ?
[Os(CN)g]>* (Os-I11) 23,900 (+) Eg - Uy (3tyy)
24,200 (+) ?
24,800 (+) Ef > E; (2a.4)
25,800 (+) E) - El, (3t1,)
27,000 (-) Ef — Eg5/Ug (1t14)
30,000 (-) Ef — Ej (2eq)
32,100 (-) Eg = Ey (1ty,)
34,400 (+) Ey - Uy (2t1)

*MCD data taken from reference 17, with updated assignments.

Spectroelectrochemistry of Mn-III-BCF and Cr-1II-BCF
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Owing to the difficulty in isolating pure samples of Mn-I-BCF and Cr-II-BCF, we turned to
spectroelectrochemistry as a reliable means for testing for electrochemical reversibility and deter-
mining other properties of the reduced species. Absorption spectra for Mn-III-BCF + ¢~ — Mn-
II-BCF, Mn-II-BCF + ¢ — Mn-I-BCF, Cr-III-BCF + ¢ — Cr-II-BCF reactions at different
applied potentials are shown in Figure 9. All reductions were electrochemically reversible, with
original spectra regenerated using a reversal potential (Figure S129). Gratifyingly, the spectrum
generated from one-electron reduction matches that of chemically reduced Mn-II-BCF (Figure
S60). Of interest is the finding from X-ray crystallographic analysis that the ground state of Mn-
I-BCF is likely low-spin, as confirmed by the growth of an intense absorption band at 27,390 cm™!
that is similar to features in Mn(I) arylisocyanide spectra reported by Wenger et al.!!%!!! The band
in the Mn-I-BCF spectrum is likely due to an MLCT ('Aig = !Tiy) transition. Reduction of Cr-
III-BCF to Cr-II-BCF produced a spectrum with an intense band at 28,200 cm™!. The redshift
and energy relative to other MLCT transitions in boronated cyanometallates led us to assign this

feature to 3Ty = 3Tou MLCT.
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Figure 9. (Top) Spectroelectrochemistry of 0.85 mM (TBA)3;[Cr(CN-BCF)s] (Cr-III-BCF) in THF solution. (Mid-
dle) and (Bottom) Spectroelectrochemistry of 0.28 mM (TBA);[Mn(CN-BCF)s] (Mn-III-BCF) in MeCN solution.
Measurements performed with 0.5 M TBAPF using a gold working electrode, 0.01 M Ag™° non-aqueous reference
electrode, and platinum wire counter electrode. Electrolysis at each potential was performed for two minutes; all spec-
tra reported were obtained after one minute of electrolysis.
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Intraconfigurational (IC) Transitions in Os(Ill) Complexes
Unique features of Os-III electronic structures are IC transitions whose energies fall in the NIR

spectral region. For octahedral Os-III and Os-III-BCF, the T, ground state splits into Ej and Uy
(the latter further split into Ej and Ej’ in D3q) states, which give rise to Ej — Ej and Ej — Eg IC
transitions. NIR spectra were acquired in deuterated dichloromethane to minimize solvent vibra-
tional overtone absorptions (in a control experiment, we found no measurable NIR absorption of
60 mM tetraphenylphosphonium chloride in deuterated DCM solution). Features attributable to
E;j — Eg /Eg transitions of Os-III-BCF are in Figure S63. The NIR MCD spectra of Os-1II-BCF
exhibit positive and negative C-terms, as documented previously for Os-III and other Os(I1I) com-

plexes.!"?

IC transitions of metal complexes can couple to asymmetric vibrational modes to produce false
origins by Hertzberg-Teller vibronic coupling. The unresolved fine structure appearing on the high
energy side of the Os-III-BCF NIR band likely corresponds to vibronic origins in these bulky
anions.!'> We observed NIR absorption centered at 8,060 cm™!, which is 2,210 cm™! higher than
the IC band center. This energy difference is consistent with vibronic coupling to cyanoborate

stretching (2,204 cm ™! in Os-III-BCF). We also observed Ej — E4 /E, features and correspond-

ing overtones in low-temperature MCD spectra for Os-III-BCF,. Additionally, we measured the

NIR absorption spectrum of Os-III in DCM solution. The separation of Os-IIl Ej — EJ'/E;
bands (224 cm™!) is greater than for Os-III-BCF (100 cm™!), see Figure S63.

Electronic Structure Calculations
We adopted a descent in symmetry approach to reduce the number of roots that need to be consid-

ered in the CASSCF active space required to calculate LMCT transitions for Fe-III-BCF, Ru-III-
BCF, Os-111-BCF, and Mn-II-BCF. These complexes all have (t2)° electronic structures, which
limit the number of configurations. Exploitation of symmetry has been employed previously in
work on homoleptic cyanometallates.!*!'4115 Note that earlier we demonstrated that BCF can be
replaced with trihydridoborane (BH3) (a Lewis acid with similar Lewis acidity) to obtain MLCT

energies.>

34



All calculations were performed with the Orca 4.2.1 software package.'' All M-CN-BHj3 struc-
tures were optimized using the PBEO functional,'!”"!'® with the def2-QZVPP basis set on the cen-
tral metal and the def2-TZVP basis set on all other atoms.!! The resolution of identity approxi-
mation for both Coulomb and HF integrals (RI-JK) was used for all calculations in conjunction
with the def2/JK auxiliary basis set.'?° All optimizations employed the conductor-like polarizable

continuum model (CPCM) with dichloromethane (e = 8.93) as the solvent.

After optimization, the structures were reoriented in ChemCratft to retain Con symmetry (subgroup
of Ds3q), which provides a means to separate LF and CT states based on irreducible representa-
tions.!?! Each molecule was oriented such that the z-axis was coincident with the principal axis of
rotation (C;). Starting orbitals were generated using the PBEO functional, the def2-QZVPP basis
for the central metal atom, and the def2-SVP basis set for all other atoms. The RI-JK approxima-
tion, the def2/JK auxiliary basis set, and the CPCM model with DCM were again used. Based on
symmetry considerations, an orbital basis of 23 electrons in 17 orbitals was used to obtain roots
for tiu and ty states, with two e, cyanide ¢ bonding orbitals, seven CN-BH3; orbitals of ay symmetry,
three to,  orbitals, two e, cyanide ¢* antibonding orbitals, and three t>, ©* backbonding orbitals.
As aresult of overlap of o-bonding orbitals of borane with orbitals of CN, new bonding/antibond-
ing combinations were generated. Fe-III-BH3 orbitals are shown in Figure 10. The roots for each
complex with full active space were selected based on the reduced symmetry and the valence elec-
tron configuration: 2 x Ag and 1 x By (orbital triplet ground state split in Con symmetry) and 7 x Au
for the (a.)'(t2¢)® excited-state configurations. Comparisons of calculated and experimental transi-
tion energies are set out in Table 10. Trends in relative charge transfer energies are consistent with
our experimental assignments and support our conclusions about new LMCT transitions. We cor-
relate our experimental assignments with calculated transitions in Table 10. The isosurfaces in
Figure 10 depict the CN-B bonding interactions that contribute to splitting of LMCT states into

new energy levels.
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Table 10. Calculated and experimental LMCT transition energies for d° boronated cyanometallates

Complex

LMCT Energy

(CASSCF+NEVPT2) (em™)

Oscillator
Strength

MCD Energy (cm™)

[Mn(CN-BH3)s]*

[Fe(CN-BH3)6]*

[Ru(CN-BH3)6]*

[Os(CN-BH3)q]*-

35,503 (7a,— tog)
41,093 (63, — toy)
41,359 (5a,— toy)
47,735 (4a, — ty)
58,928 (3a,— tog)
59,197 (2a,— tog)
60,581 (1a,— tog)
24,684 (Ta,— toy)
27,440 (63, — t,)
27,614 (52, to,)
37,094 (4a, — trg)
45,991 (3a, — ty)
46,505 (28, — t,)
50,603 (1a,— tog)
18,052 (7a, — ty)
19,904 (62, — to,)
19,927 (58, — t,)
28,331 (4a, — toy)
39,076 (3a,— trg)
39,263 (2a,— trg)
41,234 (1a,— toy)
20,122 (Ta,— toy)
21,994 (62, — t,)
22,344 (52, — to,)
30,611 (4a, — tog)
40,594 (3, — ty)
40,713 (28, — to,)
42,575 (1a, — t,)

0.0452
0.0349
0.0360
0.000688
0.00252
0.00229
0.000848
0.0221
0.0197
0.0189
0.0000225
0.00210
0.00295
0.0136
0.0227
0.0234
0.0000916
0.0000002
0.00635
0.0000171
0.00397
0.0443
0.0427
0.0407
0.000145
0.00565
0.00573
0.00391

29,100/30,600

35,100

17,450
19,280

24,300

28,740/29,230

34,800
12,800
15,930
21,140
25,060
30,680
15,900
18,900
24,210
28,250

33,800
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ge,

Figure 10. CASSCF+NEVPT2 orbitals for [Fe(CN-BH;)s]*~ (Fe-III-BH3). Iso-surface set to 0.03.
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Luminescence Data
In 1969, photoluminescence at 22,650 cm™! was observed upon excitation of a single crystal of

K4[Ru(CN)¢] (77 K) by a mercury arc lamp.'?? The luminescence lifetime was about 32 ms and
was assigned to a spin-forbidden LF (°T1, - 'Ay,) transition. For the boronated complex, Ru-II-
BCF, emission was not observed upon excitation red of 27,000 cm ™, in accord with expectation
(the 3T\, state is blue shifted relative to that of the parent anion). Note, however, that 37,600 cm !
excitation produced a broad luminescence profile centered at 24,930 cm™! (14.8 K), corresponding
to a 2,300 cm ™! blue shift relative to that of the parent (Figure 11). The magnitude of this shift
accords with that for the 'A1y — ' T}, transition in the Fe-II-BCF absorption spectrum (2,400 cm !
based on Gaussian fitting; the 'A1z = 'T1, maximum is 29,060 cm™!).>

K4[Os(CN)s] luminesces at 20,900 cm™! (77 K) upon excitation from a mercury arc lamp.'?? Anal-
ogous to Ru-II-BCF, Os-1I-BCF °T;; — A}, emission (24,860 cm ™! at 13 K) is blue shifted rel-
ative to the parent (Figure 11).

Surprisingly, Ru-III is luminescent, a rare example of radiative decay from an LMCT excited
state.'>> However, LMCT emission is absent in both Fe-III and Os-II1.!23!2* We were hopeful that
redshifts in the lowest LMCT bands of Ru-III-BCF and Os-III-BCF would be accompanied by
NIR luminescence. However, we were unable to observe emission from either complex, even at
low temperature (13.0 K). We acknowledge the possibility that self-quenching could occur for the

powdered samples that were tested.

The *E; = *A,, phosphorescence of Cr-III has been investigated extensively, as have excited-state
substitution reactions.®”!2-127 For comparison, we measured low-temperature luminescence spec-
tra for Cr-III-BCF, Cr-III-CN-BPh3, and Cr-III-NC-BPhs. Biexponential fits were used to de-
termine average decay times at 77 K after 28,200 cm ™! excitation (Table 11). An increase in aver-
age decay time was observed upon boronation, likely owing to a decrease in nonradiative decay

pathways attributable to interactions with solvent molecules.
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Figure 11. Powder emission spectra of (upper) (TBA)4[Ru(CN-B(CsFs)3)s] (Ru-II-BCF) (14.8 K) and (lower)
(TBA)4[Os(CN-B(C¢Fs)3)s] (Os-1I-BCF) (13.0 K).

Emission / Counts

Table 11. Emission maxima (Amax ) and average decay lifetimes (Tavg) for Cr(Ill) complexes.

Species Solvent Tavg (Temperature)  Amax (Temperature)

(TBA)3[Cr(CN-B(C6Fs)3)6] (Cr-III-BCF) | 2-MeTHF 46.7 ms (77 K) 12,040 cm™ (23.7 K)
(TBA);[Cr(CN-BPhs)s] (Cr-III-CN-BPhs) | 2-MeTHF 10.5 ms (77 K) 11,940 cm™' (17.9 K)
(TBA);[Cr(NC-BPhs)s] (Cr-III-NC-BPhs) | 2-MeTHF 9.9 ms (77 K) 13,700 cm™' (24.9 K)
(TBA)3;[Cr(CN)s] (Cr-III)* H20O/Ethylene Glycol/MeOH  3.95 ms (77 K) 12,450 cm™ (77.0 K)

aReference 128

EPR Spectroscopy
We collected EPR spectroscopic data to confirm the Cr(III) coordination structures of Cr-III-CN-

BPh3 and Cr-III-NC-BPhs. We utilized pulse EPR techniques, namely Q-band (34 GHz) and X-
band (9.7 GHz) hyperfine sublevel correlation (HYSCORE) spectroscopy, as they provide infor-
mation about ligand hyperfine couplings that are often too small to be resolved in an inhomoge-

nously broadened CW-EPR spectrum.

The Q-band electron spin echo (ESE) detected field-swept EPR (ESE-EPR) spectra and Q-band
HYSCORE spectra of Cr-III-CN-BPh3 and Cr-III-NC-BPh3s are shown in Figure 12. All com-
plexes exhibited extremely narrow isotropic spectra with giso = 1.9925, 1.9924, and 1.9825 for Cr-
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ITI-BCF, Cr-1II-CN-BPh3 and Cr-III-NC-BPhs, respectively. An upper bound of Ag < 0.0006
can be estimated by variation of the g-anisotropy in the ESE-EPR simulations. All three complexes
exhibited extremely small zero-field splittings (ZFS), with simulations of the Q-band ESE-EPR
spectra indicating axial ZFS values of D =70, 65, and 25 MHz for Cr-III-BCF, Cr-II1I-CN-BPh3
and Cr-III-NC-BPhs, and relatively low ZFS rhombicities of E/D = 0.07, 0.08, and 0.12. The
HYSCORE spectra for these complexes confirmed the assigned coordination in each BCF com-
plex, as couplings to N are far greater (A(**N) =[7.2, 7.2, 6.2] MHz) in the N-bound isomer than
in the C-bound complex (A(**N) =[-1.2,—1.2, 2.0] MHz). In both complexes, very weak hyperfine
coupling to ''B was detected (4(''B) = 0.5-0.7 MHz), consistent with the larger distance of boron
than C or N to the metal center. The Q-band HYSCORE spectrum of Cr-III-BCF is nearly iden-
tical with that of Cr-III-CN-BPhs, with simulations using identical '*N and !'B coupling param-
eters to that of Cr-III-BCF providing an equivalent fit to the Cr-III-CN-BPh3 spectrum (Figure
S135).

We also recorded X-band CW-EPR spectra for d®> boronated cyanometallates in frozen THF or
DCM solutions (Figure 13). For Fe-III, g = [2.35, 2.10, 0.91].!%° The g-tensor for Fe-III-BCF
exhibited enhanced rhombicity relative to the parent, with g = [2.47, 1.92, 1.35], likely owing to
greater inner sphere distortions in the sterically crowded anion. In contrast, g = [1.863, 1.790,
1.690] for Os-III-BCF which is much closer to an isotropic pattern than parent g values [1.79,
1.79, 1.21].% The decreased anisotropy is consistent with the smaller tetragonal distortion calcu-
lated from NIR spectra. In general, many first-order electronic effects will contribute to changes
in the observed g tensor. We believe the nephelauxetic effect is at play in tempering deviations
below the free-electron value for boronated complexes. We also believe that simultaneous addition
of new LMCTs and shifting of ligand field transitions upon boronation have a significant effect,
moving values both closer and further away from g =2.0023. Finally, Mn-III-BCF, Mn-II-BCF,
Mn-I11-246, and Mn-I1-246 all exhibited very small or no signal in both perpendicular and parallel
mode CW-EPR at 5 K.
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Figure 12. (Left) Pseudomodulated Q-band electron spin-echo (ESE) detected EPR (ESE-EPR) spectrum (black) of frozen solu-
tions of 2.5 mM Cr(III) complexes in frozen glasses of 1:1 propionitrile/2-MeTHF with simulations overlaid in red. Simulation
parameters: all complexes are S = 3/2; (TBA)3[Cr(CN-B(CsFs)3)s] (Cr-III-BCF): giso = 1.9925, D = 70 MHz, E/D = .07,
(PhsAs)3[Cr(CN-BPhs)s] (Cr-III-CN-BPh3): giso = 1.9924, D = 65 MHz, E/D = .08; (PhsAs)3[Cr(NC-BPhs)s] (Cr-III-NC-BPhs3):
giso = 1.9825, D =25 MHz, E/D = .12. (Middle) Q-band HYSCORE spectrum of Cr-III-CN-BPhs with simulations of N cou-
plings overlaid in red and '”!'B overlaid in blue underneath. Cr-III-CN-BPhs simulation parameters: A(**N) = [-1.2, —1.2, 2.0]
MHz, e2g0/h(*“Ny) = 1.8 MHz, n(**Ny) = 0; A("'B) = [0.5, 0.5, 0.7] MHz, ¢2g0/h(''B) < 0.3 MHz, n("'B) = 0. (Right) Q-band
HYSCORE spectrum of Cr-ITI-NC-BPh; with simulations of '*N couplings overlaid in red and '*!'B overlaid in blue underneath.
Cr-III-NC-BPhs simulation parameters: A('"*N) = [7.2, 7.2, 6.2] MHz, ¢’qQ/h('*N) = 2.4 MHz, n('*N) = 0; 4(''B) =[0.4, 0.4, 0.5]
MHz, ¢’qO/h(''B) < 0.3 MHz, n(''B) = 0.
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Figure 13. X-band CW-EPR spectra (black) of frozen solutions of (TBA)3[Fe(CN-B(C¢Fs)3)s] (Fe-III-BCF),
(Ph4P);3[Os(CN-B(C¢F5)3)6] (Os-III-BCF), and (PhsAs);[Ru(CN-B(CeFs)3)s] (Ru-III-BCF) complexes in frozen so-
lutions of 2Me-THF (Fe) and DCM (Ru and Os) with simulations overlaid in red. Acquisition parameters: temperature
=5K; MW freq. =9.638 GHz (Fe), 9.636 GHz (Ru), 9.636 GHz (Os); MW power =2 mW (Fe and Os), 8 mW (Ru);
modulation amplitude = 0.8 mT; conversion time = 81.92 ms. Simulation parameters: Fe: g = [2.47, 1.92, 1.35];
isotropic linewidth = 15 mT; H-strain = [1600, 1500, 1500] MHz; g-strain = [0.2, 0.45, 0.4] MHz; Os: g = [1.863,
1.790, 1.690]; isotropic linewidth = 20 mT; g-strain = [0.2, 0.12, 0.15] MHz. Ru: g =[1.985, 1.896, 1.616]; isotropic
linewidth = 60 mT; g-strain = [0.19, 0.35, 0.3] MHz.

Concluding Remarks

We have presented a comprehensive investigation of the fundamental ground- and excited-state
electronic structures of boronated cyanometallates. Notably, boronation makes low oxidation
states such as Mn(I) and Cr(II) accessible in cyanide complexes. Of special interest is that new
ligand-to-metal charge transfer transitions in paramagnetic cyanometallates arise from CN © and
B-C o bonding interactions. These transitions dramatically change the absorption properties of the
complexes, as evidenced by their UV-vis-NIR and MCD profiles. Simultaneous UV-vis-NIR and
MCD deconvolution allowed us to assign most charge transfer transitions with confidence. Our

analysis, coupled with results from theoretical calculations, provides new insights into the effects
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of boronation on covalency. Non-aqueous voltammetry of all complexes revealed large anodic
shifts in formal potentials upon boronation, expanding on previous findings.>? Our electrochemical
observations provide a practical framework for researchers to predict ground- and excited-state
electronic properties of homoleptic and heteroleptic cyanometallates as a function of Lewis acid-
ity. Importantly, the complexes reported here are excellent candidates for advanced spectroscopic

investigations that could shed new light on charge distributions in cyanometallates.
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