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ABSTRACT: A metal-to-ligand charge transfer with mixed intraligand character is observed for the rhenium hexakisarylisocyanide
complex [Re(CNAr)4]PF; (CNAr = 2,6-dimethylphenylisocyanide, 4,,,, = 300 nm). Upon oxidation to [Re(CNAr)¢](PF),, the
dominant low energy optical transition is a ligand-to-metal charge transfer (LMCT) mixed with intraligand transitions (4,,,, = 650
nm). TD-DFT was used to identify the participating ligand-based orbitals in the LMCT transition, revealing that the majority of the
donor orbital is based on the aryl ring (85%) as opposed to the CN bond (14%). For both [Re(CNAr)4]* and [Re(CNAr)4]*,
structural characterization by X-ray diffraction reveals deviations from Oy geometry at the central Re ion, with larger reduction in
symmetry observed for Re(II). For [Re(CNAr)4]*, these structural changes lead to a broadening of the strong (C=N) stretch
(2065 cm™"), as the degeneracy of the T, IR-active mode is broken. Furthermore, a shoulder is observed for this #(C=N) stretch,
resulting from deviation of the C—N—Ar bond from linearity. By contrast, [Re(CNAr)¢]** has two weak bands in the v(C=N)
region (2065 and 2121 cm™'). DFT calculations indicate that reduction of symmetry at the central rhenium ion manifests in the
decrease in intensity and the observed split of the v(C=N) band. Stability of both complexes are limited by light-induced
decomposition where Re(I) dissociates a isocyanide ligand upon irradiation and Re(II) absorbance decays under ambient light.
These data provide new insights to the electronic structure of [Re(CNAr),]*", enhancing our understanding of LMCT excited states
and the versatility of isocyanide ligands.

H INTRODUCTION (LMCT) transition is observed and assigned as 6(CNPh) —
dz(M).®

Isocyanide ligands serve as stronger o-donors and weaker 7-
It has traditionally been understood that electron-rich

acceptors when compared to analogous CO." The sterics and

electronics of these ligands can be readily tuned through molecules bearing 7-acceptor ligands can access MLCT
varying substituents, which is inaccessible to CO, and transitions, whereas electron-poor molecules with o- and 7-
ultimately affects the degree of o-donor and s-acceptor donor or other oxidizable ligands enable LMCT processes.
character.” This mixed behavior renders isocyanides far Although there is a rich literature and countless examples of
superior in stabilizing coordinately unsaturated complexes molecules with MLCT excited states,”'® coordination

1 3-7
and unusual oxidation states.

Isocyanide ligands engage in charge transfer behavior when
coordinated to transition metals. For example, in a series of m—
hexakisphenylisocyanide (CNPh) complexes [M(CNPh)4]™ Received: September 8, 2022 Iqqrggmc(hemntry
[where M = Cr(0), Mo(0), W(0) (n=0),and Mn(I) (n=1)], Published: January 18, 2023 .
the dominant transitions are metal-to-ligand charge transfer
(MLCT) excited states assigned as dz(M) — z*(CNPh).

Curiously, when [Mn(CNPh)¢]* is oxidized to [Mn-
(CNPh)¢]**, a low-energy ligand-to-metal charge transfer

complexes with well-characterized LMCT excited states are
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Scheme 1. Synthesis of [Re(CNAr)4]PF;
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relatively rare.'' ™7 BPurthermore, there is a poor understanding
of the orbital structure of ligands that can participate in LMCT
transitions.'”'® Thus, the switch between an MLCT excited
state to an LMCT excited state upon oxidation of [Mn-
(CNPh)4]* suggests rich orbital structures of isocyanide
ligands.®

Hexacyano complexes [M(CN)4]"*)~ and their oxidized
forms [M(CN)]"~ [where M = Fe (n = 3) and Mn (n = 4)]
exhibit charge transfer inversion from MLCT to LMCT upon
oxidation, similar to the manganese hexakisphenylisocyanide
complex introduced above.'” The switch in charge transfer is
rationalized by a half-filled t,, orbital, promoting lower energy
LMCT transitions when compared to the reduced complexes.
Similarly, charge transfer inversion from MLCT to LMCT has
also been observed upon oxidation of d® Fe(II) N-heterocyclic
carbene (NHC) complexes to d° Fe(Ill) species.”** Like
isocyanides, the o-donor and 7-donor/acceptor properties of
NHC ligands can facilitate charge transfer conversion based on
the metal oxidation state, and as a result, stabilize high valent
oxidation states.”'

In order to enhance understanding of ligand orbital structure
of isocyanides that enables LMCT transitions and provides
enhanced characterization of LMCT excited states, we
explored rhenium complexes with arylisocyanide ligands. The
Re(I) complex [Re(CNAr)4]* (CNAr = 2,6-dimethylphenyli-
socyanide) exhibits an emissive triplet MLCT excited state,
with additional mixed character associated with intraligand
(IL) charge transfer, at low temperatures.”” In this work, we
discover that like their manganese congeners, the rhenium
hexakisarylisocyanide complexes exhibit a switch between
MLCT and LMCT transitions when oxidized from Re(I) to
Re(II). Investigations of the Re(II) hexakis(arylisocyanide)
complex using a combination of spectroscopy and theory
provide rich insights into the orbital structure of the isocyanide
ligand that facilitates the LMCT transition.

B EXPERIMENTAL SECTION

Computational Details. All optimized coordinates and computa-
tional methods are included in the Supporting Information.

General Considerations. All syntheses were performed under N,
using standard Schlenk line techniques or in a N,-filled glovebox
unless otherwise stated. All solvents were dried and degassed with
argon using a Pure Process Technology solvent system: dichloro-
methane (Sigma-Aldrich, anhydrous 99.8%), diethyl ether (Fisher
Scientific, HPLC grade, 99%), and acetonitrile (VWR, ACS reagents).
1,2-Difluorobenzene (Oakwood Chemical, 99%) was dried over CaH,
for 24 h, vacuum-transferred, and stored in the N,-filled glovebox.
Re(CO);Cl (Sigma-Aldrich, 98%), 2,6-dimethylphenylisocyanide
(CNAr; Sigma-Aldrich, 98%), and thianthrene (Th; Sigma-Aldrich,
97%) were used without further purification. Thianthrene radical
cation, [Th*"]PF,, was prepared following literature procedures,
employing NOPF; instead of NOBF,.**
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"H NMR were collected on a Bruker 400 MHz spectrometer at 295
K. UV/visible absorbance spectra were collected with an Agilent Cary
60 UV/vis spectrophotometer. High-resolution mass spectrometry
was collected with a Thermo Scientific Q Exactive HF-X instrument.

Electrochemical Methods. Cyclic voltammograms were col-
lected in a N,-filled glovebox with a WaveDriver potentiostat (Pine
Research). All voltammograms were recorded in a 0.25 M
[Bu,N][PFs;] CH;CN electrolyte solution using a three-electrode
cell consisting of a 3 mm diameter glassy carbon working electrode, a
glassy carbon counter electrode, and a Ag wire pseudo-reference
electrode. All scans are referenced to the ferrocenium/ferrocene
(Fc*’®) couple.

FTIR Spectroscopy. Solid-state and solution infrared spectra were
collected on a Thermo Scientific Nicolet iSS FTIR equipped with a
iD1 Transmission accessory for solution experiments using a liquid
cell with CaF, windows.

Spectroelectrochemical Measurements. Infrared spectroelec-
trochemical experiments were performed with a gastight, optically
transparent thin-layer solution IR cell fabricated by Prof. Hartl at the
University of Reading, Reading, UK.** IR spectra were collected on a
Thermo Scientific Nicolet iSS FTIR equipped with an iD1
Transmission accessory. The cell contained a masked Au minigrid
working electrode (32 wires/cm), a Pt gauze auxiliary electrode, and a
Ag wire pseudo-reference electrode enclosed between CaF, windows.
For all infrared spectroelectrochemical experiments, the solutions
were prepared in a N,-filled glovebox, and the sealed cell was brought
outside the glovebox to collect data. To identify the appropriate
potential window with the pseudo-reference electrode, a thin-layer
cyclic voltammogram was recorded at S mV/s prior to the controlled
potential electrolysis experiments. The subsequent controlled
potential electrolysis experiment was performed with fresh analyte
solution.

X-ray Crystallography. Single-crystal X-ray diffraction data was
collected on a Bruker D8 VENTURE diffractometer at 150 K.
Diffraction profiles were integrated using the SAINT (Bruker
Analytical X-ray Systems, Madison, WI) software program.
Absorption corrections were eépphed using SADABS.”® The structures
were solved using SHELXT?® and refined (full-matrix least squares)
using the Oxford University Crystals for Windows system.””

Synthesis of [Re(CNAr)gICl. [Re(CNAr)(]Cl was prepared by
modifying literature procedures.”* Specifically, Re(CO);Cl (0.513 g,
142 mmol), 2,6-dimethylphenylisocyanide (CNAr; 1.68 g 12.8
mmol, 9 equiv), and 40 mL of toluene were added to a Schlenk flask.
The colorless mixture was refluxed at 110 °C for S days under active
N,. After heating, the solution turned yellow and a pale yellow solid
precipitated. The solid product was collected via filtration, dissolved
in ethanol, and recrystallized via slow evaporation. Yield: 0.686 g,
64%. ATR-IR £(CN) = 2066 cm™". "H NMR (400 MHz, CDCL): &
7.17 (dd, Hyyrpy 1H), 7.09 (d, Hperoy 1H), 2.42 (s, —CH,, 6H) ESI-MS
m/z = 973. 396 calcd for [Re(CNAr)4]* m/z = 973.4.

Synthesis of [Re(CNAr)¢]PFs. The CI™ counterion of [Re-
(CNAr)4]Cl was exchanged for PF¢~ via salt metathesis with NaPF.
[Re(CNAr)¢]Cl (0.192 g, 0.190 mmol) and NaPF, (0.033 g, 0.196
mmol) were dissolved in 10 mL of CH;CN and stirred at room
temperature for 2 h. After stirring, the solution was filtered and the
filtrate was dried under vacuum to collect the product, [Re(CNAr),]-
PFq. X-ray diffraction quality crystals were grown via vapor diffusion
of Et,0 into a solution of [Re(CNAr)4]PFq in 1,2-difluorobenzene at
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—35 °C. Yield: 0.198 g, 93%. FTIR (CH,CN, CaF, windows, 25 °C)
v(CN) = 2065 cm™; ATR-IR v(CN) = 2065 cm™'. '"H NMR (400
MHz, CD,CL,): 6 7.18 (dd, Hypy 1H), 7.14 d (Hyper 2H), 2.46 (s,
—CH,, 6H). ESI-MS m/z = 973.396; calcd for [Re(CNAr)q]* m/z =
973.4; Ay, = 300 nm, £ = 87 X 10* M~ cm™L

Synthesis of [Re(CNAr)el(PFs),. [Re(CNAr) ]PF, (0.132 g,
0.118 mmol) and [Th**]PF, (0.042 g, 0.117 mmol) were dissolved in
6 mL of CH;CN and stirred for 30 min. The pale yellow solution
turns dark blue immediately upon addition of the oxidant. To isolate a
solid product, the dark blue solution was dried under vacuum and
washed with diethyl ether to remove the thianthrene byproduct. X-ray
diffraction quality crystals were grown via vapor diffusion of Et,O into
a solution of [Re(CNAr)4](PF), in CH,Cl, at —35 °C. Yield: 0.109
g, 74%. FTIR (CH,CN, CaF, windows) v(CN) = 2075 cm™". ESI-MS
m/z = 486.696, caled for [Re(CNAr)4]*" m/z = 486.7.; Apy = 650
nm, £ = 1286 M~! cm™L

B RESULTS AND DISCUSSION

[Re(CNAr)¢]PFs was synthesized through the reaction of
Re(CO);Cl with excess 2,6-dimethylphenylisocyanide (CNAr)
in toluene, followed by salt metathesis with NaPF4 in CH,;CN
(Scheme 1). Previous reports for this complex used a multistep
synthetic approach; first generating Re(CNAr);Cl by refluxing
Re(CO);Cl with excess CNAr, then halide abstraction using
AgOTf, and reacting 1 equiv of CNAr ligand and [NH,][PF]
to form [Re(CNAr)¢]PF, Recently, a hexakisarylisocyanide
Mn(I) complex, [Mn(CNdippPh®™<?),]PF,; (CNdippPho™
= 4-(3,5-dimethoxyphenyl)-2,6-diisopropyl-phenylisocyanide),
was synthesized through a similar approach—reacting phenyl-
isocyanide with Mn(CO);Br followed by salt metathesis in an
aqueous hexafluorophosphate solution.”® The 'H NMR
spectrum of [Re(CNAr)4]PF, shows 6 equivalent isocyanide
ligands—a single resonance (§ ppm 2.46) is observed for the
methyl substituents on the aryl ring and a doublet and doublet-
of-doublets are observed for the meta (H,,, & ppm 7.14) and
para (H,,,, 6 ppm 7.18) protons of the ring. High-resolution
mass spectrometry confirms the hexakis coordination by the
isocyanide ligands [m/z = 973.396 (caled m/z = 973.4 for
[Re(CNAr)¢]*); Figure S2].

X-ray diffraction quality crystals were grown via vapor
diffusion of diethyl ether into a solution of the Re(I) complex
in 1,2-difluorobenzene at —35 °C (Figure 1). Single-crystal X-
ray diffraction data of the Re(I) homoleptic isocyanide
complex features Re—C bond distances ranging from
2.026(7) to 2.052(7) A. In comparison to [Mn-
(CNdippPhM<?)]PF, the Re—C bond distances are slightly
longer, consistent with a first row versus third row transition
metal.”® The C—Re—C bond angles ranging from 178.3(3) to
179.5(3)° and 88.5(2) to 91.5(3)° suggest that the complex
has slightly distorted octahedral symmetry (see below).
Similarly, this Mn(I) complex adopts a slightly distorted
octahedral geometry.” Selected bond angles and distances are
included in Table 1 (full crystallographic details are included in
the Supporting Information). Though the hexakis Re(I)
complex reported here has not been previously crystallized,
the bond lengths of the equatorial CNAr ligands in
Re(CNAr);Cl are similar to those quantified for the hexakis
complex. By contrast, Re(CNAr);Cl adopts a slightly more
distorted octahedral geometry than the hexakis species, with
C—Re—C bond angles ranging from 173.7(2) to 176.1(2)°.

The solid-state FTIR spectra of [Re(CNAr)¢]* displays an
intense isocyanide stretch v(C=N) at 2065 cm™" (Figure 2),
which correlates with the triply degenerate IR-active stretches
(T,, mode) for a complex of Oy, symmetry. The IR stretch of

6578

Figure 1. Ellipsoid plot at 50% probability for the molecular structure
of [Re(CNAr)4]*. Solvent molecules, PF, counterion, and hydrogen
atoms are omitted for clarity.

the free CNAr ligand is 2121 cm™!, which upon coordination
to Re shifts to lower frequency, indicating back-bonding from
the metal (Figure S3). The Mn(I) complex [Mn-
(CNdippPh®M<) 1PF, exhibits a similar shift upon coordina-
tion from 2116 cm™' for free ligand to 2070 cm™'.*® The
manganese congener [Mn(CNPh),]* has a single isocyanide
stretch at (C=N) = 2080 cm™.° For further comparison,
studies of Re(CNR);Cl report a single IR-active isocyanide
stretch at lower energy v(C=N) at 2044 cm™.*? In addition
to the strong stretch observed at 2065 cm™" for [Re(CNAr),]",
a weak lower energy shoulder is observed at 2004 cm™!, which
has been reported for several [Mn(CNR)4]* complexes.”***’
Deviation from linearity of the C—N—R bond that results from
7-backing and changes in hybridization at the N atom lowers
the symmetry, leading to this shoulder.”®*” The C—N—Ar
bond angles of [Re(CNAr)q]* are not perfectly linear
[163.9(6) to 172.8(7)°] and therefore correlate with this
interpretation.

As noted above, a single IR-active C=N band is predicted
for an ideal octahedral complex, assigned to the triply
degenerate T, mode. Experimentally a single band is observed
for [Re(CNAr)4]*, but it is broad. [Re(CNAr)4]* deviates
from octahedral symmetry, as experimentally observed in the
X-ray crystallography data. This results in splitting of the T,
mode splitting into three non-degenerate C=N stretching
modes. Indeed, DFT vibrational analysis of [Re(CNAr)q]*
reveals three IR-active C=N stretching modes at 2144, 2140,
and 2134 cm™' with absorptivity between 13343 and 13561
M™' cm™, and three IR-inactive low intensity stretches at
2160, 2165, and 2261 cm™ . The calculated IR-active v(C=N)
stretch of the free ligand is 2190 cm™’, which is of higher
energy compared to the experimental stretching frequency
[t(C=N) = 2121 cm™']. DFT is well known to systematically
overestimate the IR frequencies, so the calculated frequencies
are within the range of typical error for these types of
calculations.” For the [Re(CNAr)s]* complex, the three IR-
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Table 1. Select Bond Distances (A) and Bond Angles of [Re(CNAr)¢]* and [Re(CNAr)q]**

bond length (A)

<C—Re—C (deg)

[Re(CNAr)]* [Re(CNAr)]** [Re(CNAr)4]* [Re(CNAr)]**
Rel—C1 2.029(7) 2.048(9) C1-Rel—C10 178.3(3) 177.3(3)
Rel—C10 2.042(7) 2.069(9) Cl1-Rel-C19 90.4(3) 92.0(3)
Rel-C19 2.026(7) 2.068(8) C10—Rel—C19 88.5(2) 86.2(3)
Rel—C28 2.031(7) 2.071(8) Cl-Rel—C28 90.2(2) 89.2(3)
Rel—C37 2.029(8) 2.059(9) C10—Rel—C28 91.0(2) 92.4(3)
Rel—C46 2.052(7) 2.072(9) C19—Rel—C28 178.7(3) 175.9(3)
NI1-C1 1.168(8) 1.156(11) Cl—Rel-C37 91.5(3) 89.4(3)
N1-C2 1.400(8) 1.401(12) C10—Rel—C37 89.7(2) 92.6(3)
N2—C10 1.168(8) 1.165(11) C19—Rel—C37 89.3(3) 90.8(3)
N2-Cl11 1.395(8) 1.389(11) C28—Rel—C37 89.6(3) 93.3(3)
N3—C19 1.172(8) 1.139(11) Cl1—Rel—C46 88.3(2) 87.8(3)
N3-C20 1.406(8) 1.404(11) C10—Rel—C46 90.5(2) 90.2(3)
N4—C28 1.169(8) 1.146(11) C19-Rel—C46 88.3(2) 88.2(3)
N4—C29 1.394(8) 1.393(11) C28—Rel—C46 90.8(2) 87.9(3)
NSs—C37 1.169(8) 1.150(11) C37—Rel—C46 179.5(3) 176.9(3)
N5—C38 1.405(8) 1.404(11) CI-N1-C2 172.8(7) 168.6(9)
N6—C46 1.159(8) 1.145(11) C10—-N2—-Cl11 172.7(7) 171.3(8)
N6—C47 1.393(8) 1.411(11) C19-N3—C20 175.8(6) 174.9(9)
C28—N4—C29 163.9(6) 167.3(8)
C37-N5-C38 168.7(7) 176.0(9)
C46—N6—C47 168.3(7) 172.4(9)
0.12 structures and TD-DFT was employed to assign the optical
| — Re(l) transitions of [Re(CNAr)4]* (see computational details in the
010 Supporting Information). The results show that the lowest
0.08 | energy transition at 352 nm (f = 0.0453) originates from a
o combination of two molecular orbitals of mixed character,
§ 0.06 —| HOMO - 2 (MO 215; 50% Re, 50% CNAr) and HOMO
£ (MO 217; 47% Re, 53% CNAr), which both populate a ligand-
g 0044 based orbital LUMO (MO 218; 4% Re, 96% CNAr) (Figure
0.02 | 3). This transition corresponds to a mixture of IL and MLCT
processes. The transition with the highest oscillator strength (f
0.00 — =0.9299) at 312 nm also corresponds to a mixture of MLCT
002 and IL (see Table S6 for the MO compositions). Similarly, the
-0. : OMe2
23'()0 22100 21l00 20|00 19100 Mn(I) complex [Mn(CNdippPh®"**)(]PF has two absorp-

Wavenumber (cm™)

Figure 2. C=N stretching region of the solid-state IR spectra of
[Re(CNAr)¢]PF4 [1(C=N) = 2065 cm™].

active —CN stretches are experimentally observed as a broad
band in the simulated spectrum (Figures S19 and S20), which
correlates with experimental observations (Figure 2). A broad
C=N stretch has also been reported for Mn(I) isocyanide
complexes.w’zg’31 Similar to our findings here, this broadness
has been ascribed to the deviations from octahedral geometry
for hexakisisocyanide complexes and slight differences in
metal—arylisocyanide bond lengths and angles, which result in
breaking of degeneracy of the IR-active stretching modes to
yield three energetically similar bands that are experimentally
observed as a single broad peak.**

Solutions of [Re(CNAr)¢]PF are pale yellow in color. The
absorbance spectra of [Re(CNAr)4]PF; is dominated by UV
transitions (4., = 300 nm, & = 8.7 X 10* M~! em™"),*” which
have been previously assigned as MLCT transitions that
populate the ligand 7* orbitals mixed with IL charge transfer.
Higher energy transitions have been assigned as ligand 7 to 7*
transitions.”” In this work, DFT was used to optimize the
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tion bands in the UV region at 278 and 370 nm, which
correspond to IL 7 to #* CNR transitions and MLCT/IL,
respectively.”'

Thorough investigations of [Mn(CNdippPho™*),]PF
demonstrated that ligand photodissociation occurs when
solutions of CH;CN and CH,Cl, were irradiated at 405 nm
yielding complexes where one or two aryl isocyanides
dissociated.”® Similarly, [Re(CNAr)4]" exhibits ligand photo-
dissociation when irradiated with 365 nm light in CH;CN. A
decrease in absorbance of the UV features is observed, coupled
to a red shift and growth of a new absorbance at 350 nm
(Figure S6). Samples of irradiated [Re(CNAr)¢]* analyzed via
HR-MS revealed the formation of a new species identified as
[Re(CNAr)(NCCH,)]* (m/z = 883.35; Figure S7) where
one aryl isocyanide ligand has dissociated and acetonitrile has
bound.

Cyclic voltammograms of [Re(CNAr)q]PFy recorded in
CH,CN display a chemically and electrochemically reversible
one-electron wave at 0.68 V versus Fc*/°, assigned to the
Re(II/I) couple across all scan rate studies (100—2000 mV/s)
(Figure 4). A chemically irreversible oxidation is observed with
E,, = 1.5 V versus Fc*/°, assigned to the Re(III/II) couple.
The irreversibility of this feature at all scan rates studied (100—
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Figure 3. (Top) Experimental UV/vis spectrum of [Re(CNAr)s]PFg in CH;CN (red) and computed vertical transitions in CH;CN using PCM
solvation. (Bottom) The vertical lines represent the vertical transitions predicted via TD-DFT. The donor (MO 215 and 217) and acceptor (MO
218) orbitals participating in the dominant transition at 352 nm, which corresponds to a '"MLCT/IL transition.

2000 mV/s) suggests that the 16-electron Re(IIl) species is
unstable (Figure SS).

Based on the Re(II/I) reduction potential measured via
cyclic voltammetry, the thianthrene radical cation ([Th**], E,,
= 0.86 V vs Fc* in CH;CN) was selected for the chemical
oxidation of Re(I) to Re(II).*” [Re(CNAr)4]PF, was reacted
with [Th**]PF, in CH;CN to generate [Re(CNAr)¢](PFq),
(Scheme 2). The thianthrene byproduct was removed with a
diethyl ether wash.

Mass spectrometry confirms formation of the Re(Il)
product—half of the parent mass (m/z = 973.396) was
observed as expected for a dicationic species (m/z = 486.696;
Figure S4). Dark blue X-ray diffraction quality crystals were
grown via vapor diffusion of diethyl ether into a solution of the
Re(II) complex in CH,Cl, at —3S °C. Structural character-

ization reveals subtle but important differences upon oxidation
from Re(I) to Re(1I) (Figure S). Elongation is observed for the
Re—C bond distances upon oxidation. [Re(CNAr)4]*" features
Re—C bond distances ranging from 2.048(9) to 2.072(9) A.
The C—N bond distances (C bound to Re) slightly decrease
upon oxidation to Re(II) and the N—Ar bond distances remain
relatively unchanged. Re—C bond elongation and C—N bond
contraction in Re(II) are expected upon oxidation, as less 7-
back-bonding into the C=N triple bond of the isocyanide
ligands will occur in the higher oxidation state. Selected bond
angles and distances are included in Table 1 (full crystallo-
graphic details in the Supporting Information).

Upon oxidation, the symmetry of the molecule around the
Re center distorts further from octahedral. The C—Re—C core
bond angles range from 175.9(3) to 177.3(3) and 86.2(3) to
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Figure 4. Cyclic voltammograms of 2.8 mM [Re(CNAr)4]PF4 in
CH,CN with 025 M [Bu,N][PF4] as the supporting electrolyte
under N,. The current for each voltammogram is normalized by
dividing the current by the square root of the scan rate (i/v'/?). Arrow
indicates direction scanned.

93.3(3)° in the Re(Il) species. Another dramatic difference
between the Re(I) and Re(II) structures is the C—N—Ar bond
angles of the isocyanide ligands, which distort from angles
ranging between 163.9(6) and 175.8(7)° in Re(I) to 167.3(8)
to 176.0(9)° upon oxidation to Re(II) (Figure 6). The bond
angles observed for C—N—Ar in the Re(II) complex are more
linear in comparison to the Re(I) species, consistent with more
back-bonding in the latter.

Oxidation of Re(I) to Re(Il) results in a color change from
pale yellow to dark blue. [Re(CNAr)s]** has a broad
absorbance in the visible region with A, = 650 nm (¢ =
1286 M™' ecm™; Figure 7). For comparison, [Mn(CNPh),]*
has been isolated as red crystals with 4, = 490 nm at room
temperature, and a second feature with A, = 548 nm
observed at 77 K.° The stability of the Re(II) complex is
limited by decomposition under ambient light and in solution,
where the absorbance feature in the visible region is observed
to decay over time (Figure S8).

DFT and TD-DFT were used to interrogate the electronic
structure of the Re(II) complex. Geometry optimization of
Re(II) was performed at the(U)B3LYP+D2/6-311G*, SDD
level of theory and the Re—C and C—N bond lengths correlate
with the experimental crystallographic data (see the Supporting
Information). The calculated average Re—C and C—N bond
distances show a slight deviation from experiment by 0.015
(0.01) and 0.001 (0.017) A, respectively. TD-DFT at the same
level of theory for the optimization was employed to simulate

Figure S. Ellipsoid plot at 50% probability for the molecular structure
of [Re(CNAr)4]**. Solvent molecules, PF, counterions, and hydrogen
atoms are omitted for clarity.

Figure 6. Overlay of Re(I) (orange) and Re(II) (blue) wireframe
molecular crystal structures illustrating minimal distortions to core
Re—C—N bonds. Distortions are observed in the aryl substituents of
the arylisocyanide ligands (rmsd, 0.6254; max D, 1.6901 A).

Scheme 2. Synthesis of [Re(CNAr)¢](PFs), Using the Thianthrene Radical Cation Oxidant

| PFe
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Figure 7. (Top) UV/vis absorbance spectra of 0.87 mM [Re-
(CNAr)4](PFq), (blue) in CH;CN (4,,,, = 650 nm, £ = 1286 M
cm™"), overlaid with computed vertical transitions in CH;CN using
PCM solvation (black). The vertical lines represent the vertical
transitions predicted via TD-DFT. (Bottom) The donor (MO 206/3)
and acceptor (MO 217f) orbitals participating in the dominant
LMCT, and transition with highest oscillator strength, at 734 nm
(oscillator strength = 0.2127).

the electronic absorption spectrum of [Re(CNAr)¢]**, which
was predicted implicitly in CH3;CN using the polarizable
continuum model (PCM). The LMCT transition with the
highest oscillator strength (734 nm) corresponds to a

doublet—doublet transition from a ligand-based (CNAr)
molecular orbital (HOMO — 10; MO 206f) to a Re-based
orbital (f LUMO; MO 217f) (Figure 7). The TD-DFT
predicted spectra agrees with the broad absorption observed
experimentally for Re(Il), but is red-shifted compared to
experimental spectra (0.20 eV). Based on visual inspection
(Figure 7) and population analysis,>>** the LMCT transition
with the highest oscillator strength (f = 0.2127) which occurs
at 734 nm, involves transfer of electron density from the CNAr
m-orbitals (three CNAr ligands with 99% CNAr character) to
the Re d-orbital (tzg) with 48% Re character [7(CNAr) —
dz(M)]. Of the 99% character of the aryl isocyanide donor
ligand, a significant contribution comes from the 7-orbitals of
the aryl ring—85% aryl ring versus 14% CN (see Table SS,
Supporting Information). These data show that the lowest
energy transition is not pure LMCT character but a mixture of
LMCT and IL character similar to mixed MLCT/IL character
observed for the Re(I) complex. The charge transfer reversal
from MLCT to LMCT in Re(I) and Re(II) can be further
rationalized with the orbital pictures of the respective charge
transfers and the MO energy diagram (see Figures S13, S16,
and S17). In Re(I), the charge transfer involves contributions
from the HOMO and HOMO — 2 as donor orbitals (mixed
ligand and d-orbital character) with the LUMO as the acceptor
orbital (ligand-based). However, upon oxidation to form the d*
Re(I1) species, the half-filled d-orbital (-LUMO) acts as the
acceptor orbital which is then populated upon excitation from
the low-lying ligand-based orbital.

The solid-state FTIR spectrum of the isolated [Re-
(CNAr)4](PF¢), has two v(C=N) stretches. A broad feature
overlaps with the (C=N) stretch observed for the Re(I)
species at 2065 cm™' and a new, slightly sharper feature is
observed at 2121 cm™' (Figure 8). Concerned that the feature
at 2121 cm™ indicated the presence of free ligand, formed
through decomposition upon oxidation, rather than being
representative of the Re(II) species, we sought additional
support for assignment of the FTIR features of [Re-
(CNAr)¢]**. We employed IR spectroelectrochemistry to
quantitatively monitor both the changes of #(C=N) bands
and the stability of the complex through multiple cycle of
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Figure 8. (Left) C=N stretching region of the solid-state IR spectrum of [Re(CNAr),](PF),. Two IR stretches are observed, a higher energy
stretch at 2121 cm™ and a broad feature at 2065 cm™" overlapping with the Re(I) C=N stretching frequency. (Right) IR spectroelectrochemistry
cycling experiments of [Re(CNAr),]* in CH;CN. The cycles were performed by sequentially applying a potential capable of oxidizing Re(I) to
Re(Il) (1.6 V vs Ag*®, red traces) and a potential at which Re(II) would be reduced back to Re(I) (0 V vs Ag*’", blue traces). For each step, the
potential was held for 60 s, and the absorbance spectra were recorded at the 8 s mark. The black trace is the Re(I) complex before the start of the

experiment.

6582

https://doi.org/10.1021/acs.inorgchem.2c03193
Inorg. Chem. 2023, 62, 6576—6585


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03193/suppl_file/ic2c03193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03193/suppl_file/ic2c03193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03193/suppl_file/ic2c03193_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03193?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

sequential oxidation and reduction. In this experiment, the
potential was stepped to potential positive of the Re(II/I)
couple, held for 60 s, then stepped back to potential negative of
the Re(11/1) couple (1.6 and 0 V vs Ag™’®; due to experimental
limitations of the spectroelectrochemical cell, the potential
used was referenced vs the Ag”/® pseudo-reference electrode
only; see the Experimental Section details above). The cycle
was repeated five times, and an infrared absorbance spectrum
was recorded at the 8 s point of each potential step. Upon
stepping to a potential positive of the Re(II/I) couple, the
growth of the feature v(C=N) at 2121 cm™' is observed
coupled to the partial bleach of the v(C=N) stretch at 2065
cm™" (Figure 8). The subsequent step to potential negative of
the Re(T1/1) couple leads to the bleach of the 2121 cm™ band
and recovery of the 2065 cm™' band. The bleach of the 2121
cm™ band upon reduction indicates that this feature (as well
as the lower intensity 2065 cm™" band) can be attributed to the
Re(II) species, not free ligand generated through the
decomposition process, as the free ligand generated in
decomposition would not bleach. However, although each
subsequent cycle generates the same qualitative spectral
changes, the absorbance of both spectral features slowly
decreases with each cycle. We interpret these changes as
decomposition of the Re(Il) during the 60 s intervals,
consistent with the stability of Re(II) described above. This
observation of Re(II) decomposition helps explain the
differences in intensity ratios of the 2121 and 2065 cm™
bands in the steady-state and spectroelectrochemistry experi-
ments; the steady-state sample may be contaminated by a
decomposition product. Lastly, this spectroelectrochemical
experiment indicates that the intensities of Re(II) IR
absorbances are weaker than those of Re(I).

The reduction in symmetry observed crystallographically
upon oxidation of [Re(CNAr)s]* to [Re(CNAr)s]** was
hypothesized to give rise to the split of the broad, intense 2065
cm™! absorbance feature into two, low intensity infrared bands
(see above). To interrogate this further, we employed DFT to
compute the vibrational spectra of the [Re(CNAr)q]**
complex, as described above for [Re(CNAr)¢]*. This analysis
indicates four IR-active C=N stretching modes between 2165
and 2188 cm™! with absorptivity between 713 and 1580 M™
ecm™ (Figure S19). The shift in ¥(C=N) toward a higher
frequency compared to the Re(I) calculations suggests a
stronger C=N bond consistent with weaker back-bonding
between the Re t,; and 7* orbitals of CNAr. An envelope was
constructed by convoluting Gaussian functions centered over
the stick spectra with a half-width at half-maximum of 7 cm™,
qualitatively reproducing the experimental observation of two
broad absorbance features. Furthermore, these calculations
predict the experimentally observed weaker intensities of the
v(C=N) bands for Re(II) as compared to Re(I). Collectively,
both experimental and computational evidences point to the
decrease in the IR intensity of the C=N stretching modes due
to subtle changes in the structure and reduction in symmetry
going from Re(I) to Re(II).

B CONCLUSIONS

The majority of transition-metal complexes supported by
isocyanide ligands promote MLCT transitions with mixed
ligand-centered character. Fewer examples reveal the role of
isocyanide ligands as donors that engage in LMCT
transitions.”'” In this work, spectroscopy and computational
methods allow us to compare the electronic structures of

[Re(CNAr)¢]* and [Re(CNAr)q]*". Although the UV—vis
absorbance spectrum of [Re(CNAr)g]" is dominated by an
MLCT transition mixed with IL character (4, = 300 nm)
involving the #* orbitals of the CNAr ligands, a broad
absorbance in the visible region is observed for [Re(CNAr)4]**
(Amax = 650 nm), assigned to an LMCT transition with mixed
IL character. The lowest energy LMCT vertical transition
involves transition from an orbital with 99% ligand character
(CNAr) to a metal d-orbital of 48% Re character. Importantly,
the donor orbitals of the aryl isocyanide ligand engaging in this
LMCT transition are identified for the first time, showing that
a significant portion of the donor orbital is based on the aryl
ring (85%) as opposed to the CN bond (14%). In the FTIR
spectra of [Re(CNAr),]* and [Re(CNAr),]*, oxidation leads
to a blue shift, splitting, and decrease in intensity of the v(C=
N) stretch. X-ray crystallography and DFT calculations
indicate that a reduction in symmetry at the metal center
manifests in the decrease in intensity and split of the v(C=N)
band. The blue shift in ¥(C=N) indicates less z-back-bonding
from the higher Re(Il) oxidation state. Collectively, these
findings show that isocyanides can engage in LMCT
transitions when coordinated to d° metal centers, while
simultaneously serving as a reporter for the electron density
at the metal center. The enhanced understanding of the orbital
structure of aryl isocyanide ligands should increase oppor-
tunities to develop new photoactive complexes with LMCT
excited states.
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