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ABSTRACT: In order to expand and exploit the useful properties _| 24/3+

of d%iron(II) and d*-iron(III) complexes in potential magnetic, (\ N

photophysical, or magnetooptical applications, crucial ligand- /)\

controlled parameters are the ligand field strength in a given CN;/? N N\ * push pull ligand
coordination mode and the availability of suitable metal and ligand =N * e six-membered chelate
frontier orbitals for charge-transfer processes. The push—pull 7\ //  panchromatic MLCT absorption
ligand 2,6-diguanidylpyridine (dgpy) features low-energy z* CN>=N /"« spin crossover

orbitals at the pyridine site and strongly electron-donating N2 NN « LMCT by oxidation
guanidinyl donors combined with the ability to form six-membered L/T\J

chelate rings for optimal metal—ligand orbital overlap. The

electronic ground states of the pseudo-octahedral d°- and d°-

complexes mer-[Fe(dgpy),]**, cis-fac-[Fe(dgpy),]**, and mer-[Fe(dgpy),]*>" as well as their charge-transfer (CT) and metal-
centered (MC) excited states are probed by variable temperature UV/vis absorption, NMR, EPR, and Mossbauer spectroscopy,
magnetic susceptibility measurements at variable temperature as well as quantum chemical calculations.

B INTRODUCTION with nearly octahedral [FeNg] coordination, e.g., [Fe-
(depp),]** and [Fe(dcpp)(ddpd)]** (Chart 1), to the low-
spin ground state occurs on the pico- to nanosecond time scale
(depp = 2,6-bis(2-carboxypyridyl)pyridine; ddpd = N,N'-
dimethyl-N,N'-dipyridin-2-ylpyridine-2,6-diamine)."°~"*
Beyond the thermal and light-switchable SCO, attempts to
install low-energy MLCT states as lowest excited states in
iron(II) complexes have become a vivid, yet challenging
research focus.'” This is inspired by the useful photophysics of
homologous ruthenium(II) complexes, especially with a
[RuNg] coordination sphere, such as [Ru(bpy),]** derivatives
and analogues (bpy = 2,2'-bipyridine). The aim is to increase
the lifetime of the MLCT state of iron(II) complexes by
hindering the fast relaxation to the high-spin state to allow for
*MLCT phosphorescence and bimolecular reactivity of the
SMLCT excited state (photoredox catalysis)."*™"> Current
attempts focus on increasing the intrinsically weak ligand field
splitting of iron(II) by using strong field ligands such as
carbene donors and by improving metal—ligand orbital overlap
(high-energy 3T and T states) and on decreasing the
SMLCT energies by push—pull effects, e.g, in [Fe(dcpp)-

The coordination chemistry of pseudo-octahedral iron(II) and
iron(III) complexes is dominated by variable spin states that
can be realized and the resulting well-explored spin-crossover
(SCO) phenomenon.'~* Temperature, pressure, and light
stimuli can switch between the low- and high-spin states of
iron(II) complexes which possess a suitable ligand field
strength (d%iron(II): 'A,, STy, in O, symmetry). =356 The
optical switching process has been termed light-induced
excited spin state trapping (LIESST). Excitation of the
prototypical complex [Fe(ptz)s]** (ptz = 1-propyl tetrazole)
in its low-spin state ('A,;) with green light at low temperature
populates the ligand field (or metal-centered) states ('T), and
szg). Fast and efficient double intersystem crossing (ISC) via
the ligand field triplet states (*T,,/°T,,) either leads to
relaxation back to the low-spin state or to population of the
metastable high-spin state.”® Prolonged irradiation at
sufficiently low temperature can fully populate the metastable
high-spin state. Iron(1I) complexes with suitable chromophoric
ligands can be initially excited into singlet metal-to-ligand
charge-transfer ("MLCT) states and subsequently undergo ISC
processes to the metastable high-spin ligand field state.”” "
Selective excitation of the low-temperature trapped metastable Received: November 9, 2021
high-spin state of [Fe(ptz)¢]*" with 820 nm light repopulates Published: January 12, 2022
the low-spin ground state (reverse-LIESST effect). The

lifetime of the metastable high-spin state depends on the

conditions, especially the available thermal energy. At room

temperature, relaxation of photoexcited iron(II) complexes
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Chart 1. Pseudo-Octahedral Transition Metal Complexes with Six-Membered Chelate Rings Relevant to This Study
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n = 2,3: mer-[Fe(dgpy).]2*3+

(ddpd)]** (Chart 1)."*'° The latter strategy additionally
improves the absorption across the visible and near-infrared
spectral region (panchromatic absorption) which is desirable
to harvest a higher portion of the sunlight.'”'* The highest
reported *MLCT lifetimes of iron(II) complexes and
bimolecular reactivity were achieved using carbene, cyclo-
metalating, or (phenanthridin-4-yl)(quinolin-8-yl)amido li-
gands.m_26 Iron(II) complexes of N-heterocyclic carbene
ligands with appended anthracenyl or pyrenyl chromophores
display ligand-based fluorescence with nanosecond lifetimes,””
while appended zinc porphyrins enable a weak emission with
SMLCT character and a *MLCT lifetime of 160 ps.””
Oxidation of iron(II) complexes to their d’-iron(IIT)
congeners in a strong field environment can yield luminescent
complexes yet with an inverted charge-transfer direction
(LMCT). The low-spin iron(III) complexes [Fe(btz);]** and
[Fe(phtmeimb),]* (btz = 3,3’-dimethyl-1,1’-bis(p-tolyl)-4,4"-
bis(1,2,3-triazol-S-ylidene); phtmeimb~ = [phenyl(tris(3-
methylimidazolin-2-ylidene))borate(1—), Chart 1) are lumi-
nescent at room temperature with *LMCT fluorescence
lifetimes of 100 ps and 2 ns, respectively.”””" The d°low-
spin cobalt(III) complex mer-[Co(dgpy),]*" (dgpy = 2,6-
diguanidylpyridine, Chart 1) with a tridentate pyridine/
guanidine ligand possesses an emissive LMCT state with a
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5.07 ns lifetime.”" On the other hand, luminescence properties
of the low-spin d’-complex cisfac-[Ru(dgpy),]** were not
reported (Chart 1).>* Possibly the more flexible facial
coordination prevents efficient luminescence. Similar to dgpy,
cis-fac isomers of ddpd complexes have been reported
occasionally as well, yet the thermodynamically greferred
coordination mode for ddpd is meridional (Chart 1). 3% The
exceptionally successful complexes with LMCT luminescence,
[Fe(phtmeimb),]" and [Co(dgpy),]*", possess six-membered
chelate rings with the metal center. This geometrical feature is
also shared by most successful spin-flip emitters based on
chromium(III) and vanadium(III) using, for example, the
ddpd ligand (Chart 1; [M(ddpd),]**, M = Cr, V).>*™’

This study probes the dgpy ligand possessing electron
donating guanidine and electron accepting pyridine units
(push—pull) at the same time and forming six-membered
chelate rings in d®iron(II) and d*-iron(III) complexes (Chart
1 bottom) to install low-energy charge-transfer and high-
energy metal-centered states for potential magnetic and optical
applications. In addition, the effect of the geometric flexibility
of dgpy on excited state levels will be addressed.

B EXPERIMENTAL SECTION
General Procedures. All reagents were used as-received from
commercial suppliers (Acros Organics, Alfa Aesar, Fischer, and Sigma-

https://doi.org/10.1021/acs.inorgchem.1c03511
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Aldrich). CH;CN and CD;CN were distilled from CaH,. Diethyl
ether and THF were distilled from sodium and potassium,
respectively. ds-Acetone was degassed by purging with argon and
dried over molecular sieve 4 A. The ligand dgpy was synthesized
according to a literature procedure.”> 'H NMR spectra were recorded
on a Bruker Avance DRX 400 spectrometer (400.31 MHz), on a
Bruker Avance III HD 400 spectrometer (400.13 MHz), or on a
Bruker Avance III 600 spectrometer (600.13 MHz) with a S mm TCI-
CryoProbe with a z-gradient and ATM. Temperature-dependent 'H
NMR spectra were recorded on a Bruker Avance III HD 500
spectrometer (500.15 MHz) with a BBFO 5 mm 'H/X/"F probe
head (z-gradient, sweep width of 250 ppm, 90° pulse angle for 14.7
us) using a dewar-N, cooling unit. A methanol standard was used for
temperature calibration. All resonances are reported in ppm versus the
solvent signal as an internal standard (CD;CN, & = 1.940; dg-acetone,
8 = 2.050 ppm).*® ESI mass spectra were recorded on an Agilent 6545
QTOEF-MS spectrometer. ATR IR spectra were recorded with a
Bruker ALPHA II FT-IR spectrometer with a Platinum Di-ATR
module inside an argon filled glovebox. Elemental analyses were
performed by the Microanalytical Laboratory of the Department of
Chemistry of the University of Mainz using an Elementar vario EL
Cube. X-band EPR spectra were recorded on a Miniscope MS 300
(Magnettech GmbH, Germany) with a frequency counter FC 400
(Magnettech GmbH, Germany) at a microwave frequency of 9.39
GHz in frozen butyronitrile (77 K). Mn®* in ZnS was used as the
external standard (g = 2.118, 2.066, 2.027, 1.986, 1.946, 1.906).
Simulations were performed with the program package Easyspin for
MatLab (R2016b).** Electrochemical experiments were carried out
on a BioLogic SP-200 voltammetric analyzer using platinum wires as
counter and working electrodes and 0.01 M Ag/AgNO; as the
reference electrode. The measurements were carried out at a scan rate
of 100 mV s™! for cyclic voltammetry experiments and at 50 mV s
for square-wave voltammetry experiments using 0.1 M ["Bu,N][PF]
as the supporting electrolyte in CH;CN. Potentials are referenced to
the ferrocene/ferrocenium couple (E;, = 110 + S mV under the
experimental conditions). UV/vis spectroelectrochemical experiments
were performed using a BioLogic SP-50 voltammetric analyzer and a
Specac omni-cell liquid transmission cell with CaF, windows
equipped with a Pt-gauze working electrode, a Pt-gauze counter
electrode, and a Ag wire as pseudoreference electrode, melt-sealed in a
2 mM polyethylene spacer (approximate path length 1 mm) in
CH;CN containing 0.1 M ["Bu,N][PF¢]."" UV/vis spectra were
recorded on a Varian Cary 5000 spectrometer using 1.0 cm cells with
a Schott valve. Emission spectra were recorded on a Varian Cary
Eclipse spectrometer. For temperature-dependent optical spectrosco-
py, a freshly prepared butyronitrile"' solution of the complex was
filled into a quartz cuvette in an argon filled glovebox, and the cuvette
was sealed and transferred to an Oxford cryostat (Oxford instruments
OptistatDN) or Varian Cary Peltier element, respectively. DC
magnetic studies were performed with a Quantum Design MPMS-
XL-7 SQUID magnetometer on a powdered microcrystalline sample.
Variable temperature susceptibility data were collected in a temper-
ature range of 150—350 K under an applied field of 0.1 T.
Experimental susceptibility data were corrected for the underlying
diamagnetism using Pascal’s constants. The temperature-dependent
magnetic contribution of the holder was experimentally determined
and subtracted from the measured susceptibility data. >’Fe Mossbauer
spectra were collected using a custom-built setup adapted with a
Montana C2 closed-cycle cryostat at temperatures of 100, 200, 250,
275, and 300 K using an approximately 180 mg sample in a 2 cm® PE
vessel. Original spectra were folded according to a calibration with a-
Fe (ambient conditions). Spectra were fitted using the Voigt-based-
fitting (VBF) approach®” as implemented in the software package
Recoil. *?

Intensity data for crystal structure determination were collected
with a STOE IPDS-2T diffractometer from STOE & CIE GmbH for
the PF,™ salts and with a STADIVARI diffractometer from STOE &
CIE GmbH for the OTf™ salt, respectively, using Mo—K,, radiation (4
=0.71073 A). The diffraction frames were integrated using the STOE
X-Area software package'’ and corrected for absorption with
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MULABS*® of the PLATON software package® for the PF~ salts
and with STOE LANA" for the OTf" salt, respectively.

The structures were solved and refined by the full-matrix method
based on F? using the SHELXL 2018/3 software packagew’49 for the
PF~ salts and using the SHELXL 2016/6 software package“s"?o for
the OTf™ salt, respectively, and the ShelXle graphical interface.>* All
non-hydrogen atoms were refined anisotropically, while the positions
of all hydrogen atoms were generated with appropriate geometric
constraints and allowed to ride on their respective parent atoms with
fixed isotropic thermal parameters. Crystallographic data for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-2062797, CCDC-2062796, and CCDC-2059034 for
1{OTf],x0.5CH,CN, 1[PF4],XCH,CN, and 1[PF,];x1.5CH,CN,
respectively.

Crystallographic Data of 1[OTf],xCH;CN.
C4oHs,FeFeN;,045,X0.SCH;CN (1081.47); orthorhombic; Pna2;;
a = 23.8225(6) A, b = 14.0082(3) A, ¢ = 14.0621(4) A; V =
4692.7(2) A%; Z = 4; density, caled. = 1.531 g cm™, T = 173(2) K, u
= 0.499 mm™; F(000) = 2252.0; crystal size 0.480 X 0.223 X 0.080
mm; 0 = 2.052 to 25.995 deg; —29 < h <28, —17 <k < 17, 17 <1
< 17; tfln collected = 56186; rfln unique = 9195 [R(int) = 0.0609];
completeness to 8 = 25.995 deg. = 100.0%; semiempirical absorption
correction from equivalents; max. and min. transmission 0.9816 and
0.1681; data 919S; restraints 188; parameters 779; goodness-of-fit on
F* = 1.034; final indices [I > 26(I)] R, = 0.0658, wR, = 0.1718; R
indices (all data) R, = 0.0806, wR, = 0.1867; largest diff. peak and
hole 0.662 and —0.528 e A~ absolute structure parameter =
—0.01(2).

Crystallographic Data of 1[PFsl,xCH;CN.
Cy3Hg,F,FeN,,P,XCH,CN (1093.79); orthorhombic; Pna2;; a =
23.548(5) A, b =13.868(3) A, c = 13.904(3) A; V = 4540.5(16) A%; Z
= 4; density, caled. = 1.600 g cm™, T = 120(2) K, y = 0.504 mm™;
F(000) = 2264.0; crystal size 0.730 X 0.500 X 0.300 mm; § = 2.701 to
27.938 deg; —31 < h < 30, =15 < k < 18, =18 < | < 18; tfln
collected = 38787; rfln unique = 10803 [R(int) = 0.0339];
completeness to 6 = 25.242 deg. = 99.9%; semiempirical absorption
correction from equivalents; max. and min. transmission 1.12683 and
0.91783; data 10803; restraints 13, parameters 670; goodness-of-fit on
F? = 1.053; final indices [I > 26(I)] R, = 0.0293, wR, = 0.0724; R
indices (all data) R, = 0.0311, wR, = 0.0737; largest diff. peak and
hole 0.402 and —0.233 e A~ absolute structure parameter =
—0.006(2).

Crystallographic Data of 1[PFg]3x1.5CH;CN.
CygHg,F FeN | ,PsxX1.5CH,CN (1259.29); monoclinic; Ia; a =
16.368(3) A, b = 36.078(7) A, ¢ = 17.311(4) A, p = 92.05% V =
10216(4) A%; Z = 8; density, caled. = 1.638 gcm™, T = 120(2) K, pt =
0.506 mm™'; F(000) = 5168.0; crystal size 0.240 X 0.147 X 0.040
mm; 0 = 2.611 to 26.000 deg,; —20 < h <20, —44 <k <44, -21 <
< 20; fln collected = 32744; rfln unique = 18600 [R(int) = 0.0905];
completeness to 6 = 25.242 deg. = 99.9%; semiempirical absorption
correction from equivalents; max. and min. transmission 1.16201 and
0.84225; data 18600; restraints 1139, parameters 1609; goodness-of-
fit on F? = 1.128; final indices [I > 26(I)] R, = 0.0805, wR, = 0.1536;
R indices (all data) R, = 0.1335, wR, = 0.1864; largest diff. peak and
hole 0.577 and —0.603 e A3 absolute structure parameter =
—0.01(2).

Density Functional Theory (DFT) calculations were carried out
using the ORCA program package (version 4.1.1).>> All calculations
were performed using the B3LYP functional®>™*° employing the
RIJCOSX approximation.*™’ Relativistic effects were calculated at
the zeroth order regular approximation (ZORA) level.** The ZORA
keyword automatically invokes relativistically adjusted basis sets. To
account for solvent effects, a conductor-like screening model
(CPCM) modeling acetonitrile was used in all calculations.>”*
Geometry optimizations were performed using Ahlrichs’ polarized
valence triple-¢ basis set (def2-TZVP).®"*> Atom-pairwise dispersion
correction was performed with the Becke-Johnson damping scheme
(D3B)).**** The energy of the electronic states and presence of
energy minima were checked by numerical frequency calculations.

https://doi.org/10.1021/acs.inorgchem.1c03511
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Explicit counterions and/or solvent molecules were not taken into
account. The charge-transfer number analyses of the time-dependent
DF? 6(;FDDFT) calculated transitions were done using TheoDORE
2.2.5

Synthesis of 1[OTf],. A solution of 108 mg (0.306 mmol, 2.2
equiv) of dgpy in dry THF (13 mL) was added to a suspension of 70
mg (0.14 mmol, 1.0 equiv) of Fe[OTf], in dry THF (S0 mL). The
solution turned red. Dark red crystals precipitated after stirring at
ambient temperature for 24 h. The product was collected by filtration
under inert conditions and purified by crystallization via slow
diffusion of dry diethyl ether into a concentrated solution in
acetonitrile to yield 65 mg (0.06 mmol, 44%) of 1[OTf],. Elem.
anal. caled. for C,HF¢FeN ,O4S,: C, 4529; H, 5.13; N, 18.48.
Found: C, 45.26; H, 5.33; N, 18.88. 'H NMR (400 MHz, CD,CN,
293 K): §/ppm =29.3 (s, 4 H), 14.8 (s, 8 H), 12.6 (s, 4 H), 11.6 (s,
3.63H), 9.3 (s,4 H), 8.0 (s,2 H), 6.9 (s, 4 H), 4.8 (s, 4 H), —0.1 (s,
4 H), —4.4 (s, 469 H). '"H NMR (400 MHz, dg-acetone, 293 K): 5/
ppm = 31.8 (s, 4 H), 162 (s, 4 H), 16.0 (4 H), 14.0 (s, 4 H), 12.1 (s,
2.30 H), 10.2 (s,4 H), 8.3 (s,2 H), 7.5 (s, 4 H), 5.0 (s, 4 H), 0.1 (s, 4
H), —4.5 (s, 4 H). "H NMR (500 MHz, d¢-acetone, 193 K; mer-1>*):
&/ppm = 8.71 (s, 3 H), 8.16 (s, 2 H), 4.37 (m, 8 H), 3.85 (s, 4 H),
3.73 (m, 12 H), 2.42 (m, 8 H), 1.78 (s, 4 H). 'H NMR (500 MHz,
dg-acetone, 193 K; cis-fac-1>*): §/ppm = 98.6 (s), 96.2 (s), 65.9 (s),
61.6 (s), 55.2 (s), 37.9 (s), 34.2 (s), 33.3 (s), 30.2 (s), 22.7 (s), 17.2
(s), 11.4 (s), =9.9 (s), —14.3 (s), —15.0 (s), —26.2 (s), —37.8 (s),
—48.3 (s), —66.1 (s). For both isomers, some integrals of 'H
resonances are lower than expected for dgpy ligands. Furthermore,
traces of uncoordinated ligand (detected in the 600 MHz 'H NMR
spectrum), presumably formed by dissociation from the complex,
show integrals lower than expected for the aliphatic protons of dgpy.
We suspect that the dgpy ligand coordinated to iron(II) undergoes
partial H/D exchange at these positions with the deuterated solvent,
which reduces the integrals for these proton resonances. MS (ESI*):
m/z (%) = 354240 (100, [dgpy+H]), 381.199 (19, [Fe(dgpy),]**),
504.199 (33, {[dgpy+2H][OTf]}*), 911.351 (20, {[Fe(dgpy),l-
[OTf]}"). MS (HR-ESI*): calcd. for CyHq,FyFeN,,0,S": m/z
911.3520. Found: 911.3510. IR (ATR): §/cm™" = 3104 (vw), 2944
(vw), 2861 (vw), 1606 (m), 1590 (m), 1502 (w), 1453 (w, sh), 1430
(m), 1374 (w), 1325 (w), 1301 (vw), 1263 (s), 1219 (w), 1198 (m),
1140 (s), 1110 (w, sh), 1062 (vw), 1028 (s), 994 (vw, sh), 911 (vw),
885 (vw, sh), 850 (vw), 806 (w), 752 (vw), 731 (vw), 706 (vw, sh),
634 (vs), 610 (vw, sh), 571 (w), 557 (w), 516 (m). UV/vis (CH;CN,
295 K): A/nm (e/M™' em™) = 222 (41900), 255 (26700), 302
(15200), 466 (961), 530 (996), 582 nm (957). CV (CH,CN, 0.1 M
["Bu,N][PF4] vs ferrocene, 295 K): E,,,/V = —0.65 (rev., mer-
12/3), —0.37 (rev., cis-fac-1**/**), +0.97 V (grev., coordinated
ng 0/+)

Synthesis of 1[PF4],. 1{OTf], (16 mg, 0.015S mmol, 1.0 equiv) and
["Bu,N][PF,] (310 mg, 0.800 mmol, 53 equiv) were dissolved in dry
acetonitrile (2 mL). Slow diffusion of diethyl ether into this solution
yielded crystals suitable for XRD analysis.

Synthesis of 1[PFel3. 1[OTf], (34 mg, 0.032 mmol, 1.0 equiv) and
[FeCp,][PF¢] (11 mg, 0.032 mmol, 1.0 equiv) were dissolved in dry
solvent (2 mL). CD;CN, butyronitrile, and CH;CN were used for in
situ '"H NMR, EPR, and optical spectroscopy, respectively. Slow
diffusion of diethyl ether into a CH;CN solution of 1{OTf], (55.7
mg, 0.0525 mmol, 1.0 equiv), [FeCp,][PF¢] (17.4 mg, 0.0526 mmol,
1.0 equiv), and ["Bu,N][PF4] (1058 mg, 2.731 mmol, 52 equiv)
yielded red crystals (23.4 mg, 0.0195 mmol, 41%). Elem. anal. calcd.
for CugH,FigFeN ,P;x1.3 CH,CN: C, 38.98; H, 4.67; N, 17.13,
found: C, 38.48; H, 4.87; N, 17.64. 'H NMR (400 MHz, CD,CN,
293 K): 6/ppm = 54.1 (s, 4 H), 31.1 (s, 4 H), 25.9 (s, 4 H), 24.6 (s, 4
H),20.8 (s,4 H),9.2 (s,2 H), 7.8 (s, 4 H), 5.2 (s, 4 H), 3.3 (s, 4H),
0.1 (s, 4 H), —1.4 (s, 4 H), —10.7 (s, 4 H). MS (ESI*): m/z (%) =
177.624 (11, [dgpy+2H]*), 254.134 (51, [Fe(dgpy),]*"), 354.240
(14, [dgpy+H]"), 453.682 (100, {[Fe(dgpy),][PFs]}*), 500.212 (95,
{[dgpy+2H][PF¢]}"), 504.199 (13, {[dgpy+2H][OTf]}*), 1052.329
(80, {[Fe(dgpy),][PF¢l,}"). MS (HR-ESI*): calcd. for
C,3Hg FeFeN | ,P,*": m/z = 453.6818. Found: 453.6817. IR (ATR):
D/em™! = 2950 (vw), 2876 (vw), 1590 (w), 1574 (vw), 1507 (vw),
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1563 (vw), 1444 (vw), 1384 (w), 1364 (vw, sh), 1328 (vw), 1306
(w), 1270 (vw, sh), 1209 (w), 1159 (vw), 1116 (vw), 1102 (vw),
1072 (vw), 1060 (vw), 1043 (vw), 1024 (vw), 945 (vw), 914 (vw),
877 (vw), 827 (vs, PE), 800 (m, sh), 736 (w), 713 (w), 671 (vw), 637
(vw), 610 (vw), 555 (vs, PF,, def.), 516 (vw, sh), 484 (vw), 469 (vw),
418 (w). EPR (PrCN, 77 K): g, ,3 = 2.617, 2197 1.768; Ag = 0.849.
UV/vis (CH,CN, 295 K): A,,/nm (¢/M™' em™) = 310 (11500),
395 (2140), 462 (3410), 486 (sh, 3330).

B RESULTS AND DISCUSSION

Synthesis. The homoleptic iron(1l) target complex [Fe-
(dgpy),][OTf], (1[OTf],) precipitated as a dark red solid
from a solution of iron(1I) triflate and 2.2 equiv of the ligand
dgpy”” under inert conditions in THF at room temperature
(Scheme 1). Its composition was confirmed by elemental

Scheme 1. Synthesis of Iron(II/III) Complexes with the
Ligand dgpy”

6 5
7—N 4
e
9 N 73
Fe[OTfl, + 2 N Y
N _
Cirs
N
dgpy
THF
<:'\(N Fe—N B / \
e[
b | Q | =
mer- [Fe(dgpy)zl[OTﬂz cis-fac-[Fe(dgpy),l[OTfl
mer-1[OTf], cis-fac-1[OTf],
["BugNI[PFe] [FeCp,][PFgl, ["BusN][PF¢]
CH3CN CH;CN or "PrCN
CN ] IPFel | IPFels
1) 0
N _ VN N N _ VN N
o A =N, _
Z_ N Fe—N {_ N Fe—N
\ / \ /
CN>—N/ 8 il
mer-[Fe(dgpy)2l[PFel2 mer-[Fe(dgpy)2l[PFels
mer-1[PFgly mer-1[PFgl3

“Atom numbering used for NMR assignments is shown in blue.

analysis, and IR and 'H NMR spectroscopy as well as ESI*
mass spectrometry (Supporting Information, Figures S1—S4).
Anion metathesis with ["Bu,N][PF,] formed the correspond-
ing hexafluorophosphate salt 1[PF4], (Scheme 1).

Diffusion of diethyl ether into CH3;CN solutions yielded
crystals suitable for single-crystal X-ray diffraction analyses.
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Similar to [Co(dgpy),]**,”" yet in contrast to the reported cis-

facially coordinated [Ru(dgpy),]** complex (Chart 1),%* the
dgpy ligand coordinates in a meridional fashion in the iron(II)
complex mer-1** as confirmed by X-ray diffraction analyses of
single crystals of 1[OTf],x0.5CH;CN (Pna2,; severely
disordered guanidine rings in the cation; 173 K) and
1[PF],XCH;CN (isopointal; Pna2,; 120 K; Figure 1). In

Figure 1. Molecular structures of the cations of a) 1[PF¢],XCH;CN
(120 K) and b) 1[PF¢];x1.SCH;CN (120 K, only one of the two
independent cations A/B in the asymmetric unit shown) determined
by XRD. Thermal ellipsoids are displayed at 50% probability.

Hydrogen atoms are omitted for clarity.

the latter salt, the disorder of the heterocyclohexyl rings of the
coordinated dgpy ligands is less severe, and consequently, only
the metrical data of this analysis will be discussed in the
following.

The Fe—N distances between 1.946—2.007 A in mer-1>* at
120 K clearly suggest a low-spin state of iron(II).""~%
Compared to the isoelectronic low-spin cobalt(III) complex
[Co(dgpy),]**, the metal-ligand bond lengths are slightly
longer due to the lower charge of the central ion. This has also
been observed for the [Fe(ddpd),]**/[Co(ddpd),]** pair.'>**
Fe—N distances of the central pyridine units are smaller than
the Fe—N distances of the terminal guanidine moieties (Table
1), similar to the cobalt(IlI) complex.”’ This M—N distance
difference between terminal and central donor atoms is similar
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to [M(ddpd),]*" complexes featuring six-membered chelate
rings yet much less pronounced than in [M(tpy),]"* complexes
with five-membered chelate rings (tpy = 2,2':6',2"-terpyr-
idine).** Consequently, the [FeNg] local symmetry of mer-1**
is much closer to an ideal octahedron with a shape parameter
S(0C-6)" of 0.08 than [Fe(tpy),]** with a much larger shape
parameter of S(OC-6) = 1.81.** Although the XRD analyses of
single crystals at 120 and 173 K suggest the presence of
meridionally coordinated low-spin iron(II) only, spectroscopic
studies in solution and in the solid bulk material at different
temperatures reveal a higher diversity of relevant iron(II)
species in terms of configuration and spin state (vide infra).

Variable Temperature Studies of the Iron(ll) Com-
plex. In the '"H NMR spectrum of analytically pure 1{OTf], in
CD,CN at room temperature, the '"H NMR resonances were
broad and shifted to lower and higher field strength (+29.3 to
—4.4 ppm; Figure 2). Such shifts are characteristic for
paramagnetic species, and hence, we suggest the presence of
high-spin iron(II) complexes at room temperature. Upon
cooling to 183 K in dg-acetone, these resonances shifted into
the diamagnetic region (+10 to 0 ppm; Figures 2 and 3),
suggesting a spin crossover to the low-spin iron(II) complex
mer-17*, as observed by XRD at 120 and 173 K. The observed
temperature-dependent shifts were fully reversible (Supporting
Information, Figure SS).

The appearance of averaged signals instead of separated
signals for the high- and low-spin isomers indicates a fast
exchange between both spin states as ty?ically observed for
iron(II) and cobalt(IlI) SCO complexes.”'~”” From the line
widths of the proton resonances at 31.78, 16.21, and 15.95
ppm (298 K), a high-spin/low-spin exchange constant k;, was
estimated around (7.2—30) X 10° s7', a range typically
observed for SCO complexes (Supporting Information, Table
$1).°” Yet, other dynamics such as chair-twist boat ring flipping
might affect the NMR line widths as well, especially the
resonances of the aliphatic protons.

Unexpectedly, a set of 19 clearly discernible, paramagneti-
cally shifted "H NMR resonances was additionally present (§ =
+99 to —66 ppm at 193 K; Figures 2 and 3). These resonances
shift almost linearly with temperature (Figure 2; Supporting
Information, Figures SS and S6). With respect to the iron(II)
SCO complex mer-1>*, they integrate to less than 20%. The
observed large paramagnetic shift confirms a high-spin species,
and the number of resonances suggests a much less symmetric
structure of this species. A conceivable paramagnetic iron(III)
impurity is excluded on the basis of the correct elemental
analysis and of the intended preparation and 'H NMR
spectroscopic characterization of the iron(IIT) complex mer-13*
showing very different '"H NMR resonances (vide infra). As a
conceivable trans-facial isomer possesses C, symmetry and
consequently only a single set of ligand proton resonances, we
tentatively assign these broad and shifted resonances to the cis-
facial isomer cis-fac-1** with C, symmetry. This complex
possesses a high-spin electronic ground state down to 183 K.
In the temperature range 247—193 K, the "H NMR resonances
of cis-fac-1** are clearly visible and integrable (Figure 2). The
relative integrals of resonances of mer-1** and cis-fac-1** are
temperature-independent suggesting that the relative amounts
do not significantly change with temperature, and hence,
equilibration of the isomers is unlikely.

The mer and cisfac isomers of 1** reproducibly formed
during the synthetic procedure. Yet, attempts to separate cis-fac
and mer isomers by crystallization of the bulk material failed.

https://doi.org/10.1021/acs.inorgchem.1c03511
Inorg. Chem. 2022, 61, 1659—-1671


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03511/suppl_file/ic1c03511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03511/suppl_file/ic1c03511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03511/suppl_file/ic1c03511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03511/suppl_file/ic1c03511_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03511/suppl_file/ic1c03511_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03511?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03511?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03511?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03511?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Selected Bond Lengths/A and Angles/deg of the Cations of 1[PF4],XCH;CN (120 K) and 1[PF];x1.5CH,CN (120
K, Two Independent Cations A/B in the Asymmetric Unit) Obtained by XRD and of mer-1>* (Low-Spin), mer-1** (High-Spin),
cis-fac-1>* (High-Spin), and mer-1>* (Low-Spin) Obtained by DFT Calculations

XRD DFT
1[PF], 1[PF¢]; (A) 1[PF,]; (B) low-spin mer-1** high-spin mer-1** high-spin cis-fac-1** low-spin mer-1**

M1-N1 2.001(2) 1.93(1) 1.95(1) 2.010 2.145 2151 1.952
MI-N2 1.959(2) 1.96(1) 1.96(1) 1.981 2176 2.240 1.975
M1-N3 1.996(2) 1.98(1) 1.97(1) 2.008 2151 2.145 1.993
MI1-N4 1.999(2) 1.97(1) 1.94(1) 2,025 2167 2.151 1.947
MI—-N$ 1.946(2) 1.95(1) 1.95(1) 1.982 2173 2272 1.969
M1-N6 2.007(2) 1.93(1) 1.96(1) 2.011 2.157 2.174 1.997
N1-Fel-N2 89.23(8) 88.7(4) 89.0(4) 87.8 82.0 783 88.8
N2—Fel-N3 89.25(9) 90.1(4) 90.5(4) 88.5 82.8 80.1 88.3
N4—Fel—-NS§ 89.04(8) 90.3(4) 88.8(4) 87.5 81.1 79.4 88.3
NS—Fel—N6 88.53(8) 87.6(4) 90.9(4) 88.1 81.4 78.4 87.9
S(0C-6) 0.08 0.15 0.08 0.13 1.51 1.25 0.12

a) 98.6 65.9 379 17.2 -9.9 -37.8 -66.1

96.2 61.6 342 114  -150 -482
552 333 Wi =14.3
30.2 -26.2
sk 227
225 K
236 K
247 K
257 K ' ﬂ
o P—"Y Y17, 1 S
298 K 3 EN8IRFTBIH FINBR® <
< caAYFO—adANtE BSOSO <
120 100 80 60 40 20 0 -20 —40 —60 —80 100 8 60 40 20 0 -20 -40 -60
5/ ppm o/ ppm
b) 8.71 4.37 242 1.78
Figure 2. Variable temperature 'H NMR spectra of 1{OTf], in d- 8.16 3.85 X
acetone (cooling). Eighteen resonances of the cis-fac isomer are 3.73

marked with asterisks in the spectrum at 183 K, and two resonances
are superimposed in the spectrum at 183 K but visible in the spectrum
at 193 K, leading to 19 discernible resonances.

Consequently, we take into account a constant amount of
high-spin cis-fac-1>" being present in the bulk material of mer-
1** in the following discussion—in addition to the temperature-
dependent SCO behavior of mer-1**.

Applying Evans’ method”®™®’ in deuterated acetone at
variable temperature to determine the magnetic properties in
solution and accounting for the presence of high-spin cis-fac-
1** yields the Av T vs T plot of mer-1** depicted in Figure 4
(Supporting Information, Figures S8 and S9). The thus
obtained experimental magnetic data were fit to a distribution
between the low-spin and high-spin complexes without taking
into account any cooperativity giving AH = 29.6(8) kJ mol™’
and AS = 110(3) J mol™" K™". The spin-transition temperature
Ty, = 269 K with 50% low- and 50% high-spin fractions is
close to room temperature. At room temperature (293 K),
75% of the mer-1** complexes are in the high-spin state. From
the higher degeneracy of the high-spin state (°T,; 15
microstates) compared to the low-spin state ('A;; 1 micro-
state), the theoretical entropic gain amounts to AS, = R
I0(Quigh-spin/ Rlow-spin) = R In(15/1) = 22.5 J mol™ K", If the
orbital degeneracy of the high-spin state is significantly lifted,
the electronic contribution to the entropy amounts to only
ASel =R ln(ghigh-spin/glow»spin) =R ln(S/l) = 134] mOl_l
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Figure 3. a) '"H NMR spectrum of 1[OTf], in dg-acetone at 193 K.
Resonances of the cis-fac isomer are colored blue. b) Zoom into the
diamagnetic region of the 'H NMR spectrum at 193 K showing the
resonances of low-spin mer-1?* in green. Unassigned resonances can
be attributed to diamagnetic impurities such as residual solvents and
grease.

K~.%" Consequently, the major entropy gain AS,; (80—88%)
results from higher vibrational degrees of freedom of the high-
spin state. The larger DFT calculated bond lengths of the high-
spin state (high-spin mer-1**) as compared to low-spin mer-1**
reflect this structural and vibrational contribution (Table 1).
The bulk material of 1{OTf], at 293 K is thus composed of
approximately 61% high-spin mer-1**, 20% low-spin mer-1**,
and 19% high-spin cis-fac-1*. The absorption spectrum of
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Figure 4. Av T vs T data obtained from 'H NMR measurements of
1[OT{], using Evans’ method in dg-acetone and fit according to R In
K =—AH/T + AS using AH = 29.6(8) kJ mol™" and AS = 110(3) ]
mol™! K™

1[OTf], dissolved in CH;CN at 293 K (Figure S) showed
absorption bands at 222, 255, and 302 nm assigned to mainly
ligand-based transitions and three maxima in the visible
spectral region at 466, 530, and 582 nm assigned to MLCT
transitions. Time-dependent DFT calculations ((CPCM-
(acetonitrile)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP))

a) &/Imol” cm™

40000+ e/1mol™ em™
2000
30000 4 b
1000
20000 1 L
ol
400 500 600 700
Alnm
10000 4
0 T T N
200 400 600 800
Alnm
b) fl/a u.
0.04 1
hs-mer-1%*
0.02-
0.00 u I
0.04 1
Is-mer-12*
0.02 | I |
0.00- .
0.04 1
hs-cis-fac-1**
0.02 4
0.00+ i I. T 1
200 400 2/nm 600 800

Figure S. a) UV/vis spectrum of 1[OTf], in acetonitrile at 293 K.
The inset shows a zoom into the MLCT region. b) TDDFT
calculated transitions of high-spin mer-12*, low-spin mer-1>*, and
high-spin cis-fac-1>*, respectively, with the color code indicating the
character of the transition according to charge-transfer number
analyses (green: MLCT, gray: ILCT/LC, purple: LL'CT; the
oscillator strengths of the MC states are too small to be visible on
this scale; Supporting Information, Figures $10—S12).
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on high-spin mer-1>*, low-spin mer-1**, and high-spin cis-fac-
1** cations predicted MLCT transitions in the correct energy
region at 515, 505, and 474 nm, respectively (Figure 5). Weak
spin-allowed metal-centered transitions for the low- and high-
spin complexes ('MC of low-spin mer-1**: 542, 557, 638 nm;
SMC of high-spin mer-1**: 545, 646 nm; *MC of high-spin cis-
fac-1>*: 728, 775 nm) have been identified at even lower
energy in all cases by the quantum chemical calculations and
the corresponding analysis of the charge-transfer numbers
(Supporting Information, Figures $10—S12).

Upon cooling to 160 K in butyronitrile, the intensity of the
ligand-centered UV bands and the low-energy MLCT bands
increased (Figure 6a). Rewarming to 300 K restores the

a)e/Imol™ cm™
40000 e/1mol™ cm™

300K
4000 580 K

30000 3000 260K
——240K

2000 0K

1000 ——210K

20000 0 ——200K
400 500 600 700 180K

Alnm — 160K

10000 ——300K

700

500 600

A1 nm

(i T
300 400

b) /1 mol” cm™
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2000 —280K
1500 —290K
5
30000 2(1)8 ﬁ
1000
320K
500 330 K
20000+ 0 340 K
"400 500 600 700 ——350K
Al nm —360K
10000 —370K
0 T T
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Figure 6. Variable temperature UV/vis spectra of 1[OTf], in
butyronitrile: a) during cooling from 300 to 160 K and rewarming
to 300 K and b) during warming from 280 to 370 K. Figure S13
(Supporting Information) displays the respective differential UV/vis
spectra.

spectrum confirming reversibility (Figure 6a). Furthermore,
the pattern of the MLCT bands changed as the low-energy
MLCT band increased much stronger at low temperature
(Figure 6a). Upon heating to 370 K, the lowest energy MLCT
band almost bleached (Figure 6b). The observed band pattern
at low temperature resembles the TDDFT calculated pattern
of low-spin mer-1** (Figures Sb and 6a). Fitting the
absorbance at 540 nm vs temperature (in butyronitrile) with
a distribution between the low- and high-spin complexes
without taking into account any cooperativity gives AH =
30(1) k] mol™" and AS = 107(3) J mol™ K™ (Supporting
Information, Figure S14a) in very good agreement with the
thermodynamic parameters obtained from the paramagneti-
cally shifted 'H NMR solvent resonances in acetone
(Supporting Information, Figures S8 and S9). The temper-
ature-dependent optical characteristics of 1" in acetone indeed
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match those measured in butyronitrile (Supporting Informa-
tion, Figure S14b), confirming that the solvent plays no
significant role for the relative stability of high- and low-spin
states of mer-1%*.

In order to probe for potential cooperative effects in the
solid state, the yT product of solid 1[OTf], was measured
using a SQUID magnetometer. Cooling the sample to 150 K
and rewarming to 350 K revealed a gradual SCO without any
hysteresis (Supporting Information, Figure S15). Taking into
account the presence of the high-spin cis-fac-1>" isomer gave a
fit of the yT vs T curve with AH = 25.2(9) k] mol™ and AS =
88(3) J mol™ K* (Figure 7). These values compare well to

X T/ cm’® K mol™

3
24
14
0 T T T T T
150 200 250 300 350
T/K

Figure 7. yT vs T data obtained from magnetic susceptibility
measurements of mer-1{OTf], using a SQUID magnetometer and fit
according to R In K = —AH/T + AS using AH = 25.2(9) kJ mol™
and AS = 88(3) J mol™" K. The residual magnetic susceptibility at
low temperature arises from the presence of high-spin [cis-fac-
1][OTf],.

the data obtained from NMR and optical spectroscopy in
solution. They also document that cooperativity between the
mer-1*" cations is absent both in solution and in the solid state
and that the environment has no significant impact on the
relative stability of high- and low-spin mer-1**.

"Fe Mossbauer spectra of 1{OTf], at selected temperatures
are shown in Figure 8, and individual hyperfine parameters are
given in Table 2. The low-temperature spectra were well fitted
by two principle subspectra referring to each spin configuration
(low-spin and high-spin), providing the center shift (CS),
quadrupole splitting (QS), and the Gaussian width of the
quadrupole splitting distribution (o). At approximately 250
K, the line widths of each subspectrum broadened and
additional contributions appeared at the foothills of the
respective absorption lines, as typically found in dynamic
scenarios. These additional subspectra represent the species
arising from the low-spin and high-spin states, respectively.
The modeling followed the two center shifts resembling the
main high-spin and low-spin contributions. Importantly,
strongly diverging quadrupole splittings were evident with
increasing temperature. We assign these developing features to
the dynamic part of the transformation (high-spin-dyn and
low-spin-dyn).

Having established the SCO behavior of 1?* in solution and
in the solid state, we probed potential luminescence properties
of the high- and low-spin complexes at room temperature and
at 77 K in butyronitrile, respectively. However, no emission
could be detected after excitation at wavelengths between 190
and 605 nm with our equipment. This finding agrees with the
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Figure 8. ¥Fe Mossbauer spectra of 1[OTf], taken at the indicated
temperatures. Deconvoluted subspectra are indicated.

Table 2. ¥’Fe Mossbauer Hyperfine Parameters (Center
Shift (CS), Quadrupole Splitting (QS), Gaussian Width of
the Quadrupole Splitting Distribution (6¢s)) and Site
Populations of 1[OTf], at Selected Temperatures

CS/ Qs/ oqs/ site populations
T/K site mm s ! mm s~ ! mm s ! /%
300 Is 0.37(1) 0.3(1) 0.4(2) 18(1)
Is-dyn 0.46(1) 1.03(5) 0.40(5) 32(1)
hs 0.93(1) 2.8(1) 0.7(1) 23(1)
hs-dyn  0.80(1) 1.82(6) 0.50(6) 27(1)
275 Is 0.43(1) 0.25(3) 0.26(5) 50(1)
Is-dyn 0.45(1) 1.01(5) 0.49(8) 20(1)
hs 0.92(1) 2.76(9) 0.72(9) 21(1)
hs-dyn  0.77(1) 1.6(2) 0.6(2) 9(1)
250 s 0.45(1) 0.17(1) 0.13(2) 68(1)
Is-dyn 0.51(1) 0.72(3) 0.34(6) 12(1)
hs 0.95(1) 2.84(6) 0.41(6) 14(1)
hs-dyn  0.68(1) 1.8(1) 0.4(1) 6(1)
200 Is 0.47(1) 0.16(1) 0.04(1) 93.9(5)
hs 1.03(1) 2.89(4) 0.21(5) 6.1(5)
100 Is 0.50(1) 0.17(1) 0.06(1) 96.1(3)
hs 1.08(2) 2.92(4) 0.19(6) 3.9(3)

presence of low-energy MC states, which enable efficient
nonradiative decay (Supporting Information, Figures S10—
S12).

Redox Chemistry. The bulk material 1{OTf], dissolved in
CH,;CN with ["Bu,N][PFq] as a supporting electrolyte showed
a quasi-reversible oxidation wave at +0.97 V vs ferrocene
(Figure 9; Supporting Information, Figure S$16) assigned to the
oxidation of the coordinated dgpy ligand. A reversible
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Figure 9. Cyclic voltammogram of 1[{OTf],, 1 mM in acetonitrile
containing 0.1 M ["Bu,N][PF,] as the supporting electrolyte.

oxidation was observed at —0.65 V vs ferrocene and assigned
to the Fe™ redox couple of mer-1**/mer-13*. For
comparison, the [M(dgpy),]**/>* couple appeared at —0.69
V vs ferrocene (M = Ru; cis-fac isomer)>>*” and at —0.98 V (M
= Co; mer isomer).”"*” A reversible smaller wave is visible in
the cyclic and square wave voltammograms at —0.37 V vs
ferrocene. Uncoordinated dgpy is irreversibly oxidized at +0.37
V under the same conditions, thus excluding ligand
dissociation under the oxidative conditions. The ratio of the
peak currents of the waves at —0.37 V and —0.65 V amounts to
approximately 20% (Figure 9). As we have already assigned an
approximately 19% amount of the sample to the high-spin cis-
fac-1** isomer, we attribute this wave to the Fe™ redox
couple of the high-spin cis-fac-1** isomer.

The negative Fe'’™ redox potentials enable oxidation of
both isomers to the respective iron(IlI) complexes by dioxygen
or by ferrocenium salts. Addition of 1 equiv of [FeCp,][PFq]
to a solution of 1[OTf], yielded 1** (Scheme 1, Figures S17—
$20). Structure analysis of a single crystal of 1-
[PF4]5x1.5CH;CN by XRD confirmed the meridional
coordination of the dgpy ligands (Figure 1). Although the
asymmetric unit contains two independent cations and three
disordered PF4~ counterions which leads to a poor bond
precision, the low-spin state of the iron(II) center could be
confirmed based on the short Fe—N distances (Table 1). The
Fe—N bond lengths are further substantiated by DFT
calculations on low-spin mer-13* (Table 1). The 'H NMR
spectrum of 13* shows resonances strongly shifted to lower or
higher fields (6 = +54 to —11 ppm; Figure 10a; Supporting
Information, Figure $17). The number of observed resonances
fits to a C,-symmetric complex mer-1%*. Using only 0.5 equiv
of the oxidant [FeCp,][PF¢] instead of 1.0 equiv resulted in
separate signal sets for the iron(III) complex mer-1** and the
(mainly high-spin) iron(II) complex mer-1** (Figure 10a).
This indicates a rather slow electron exchange between mer-1**
and mer-13* on the 'H NMR time scale (400 MHz) at room
temperature.

In the X-band EPR spectrum of 1[OTf], and 1 equiv of
[FeCp,][PF¢] in frozen butyronitrile solution, a rhombic EPR
resonance appeared with g,,; = 2.617, 2.197, 1.768 (77 K;
Figure 10b; Supporting Information, Figure S18). This pattern
is characteristic for pseudo-octahedral low-spin iron(III)
complexes, e.g., with g,,3 = 2.490, 2.296, 1.815 and g;,; =
2.821, 2.247, 1.561 reported for low-spin [Fe(ddpd),]** and
[Fe(dcpp)(ddpd)]**, respectively.'> The g-anisotropy of 13*

1667

g,=2.197

3.0 25 2.0

g

Figure 10. a) 'H NMR spectra of 1[{OTf], in CD;CN at room
temperature without and with 0.5 and 1 equiv of [FeCp,][PFq]
added; dotted lines correlate resonances of the spectra of 17* and 13*
with the spectrum of the mixture; * denotes acetonitrile, ** denotes
ferrocene; b) baseline-corrected X-band EPR spectrum (black) of
1[OTf], with 1 equiv of [FeCp,][PF¢] added in butyronitrile at 77 K
and simulated spectrum (red).

with Ag = g,—g; = 0.849 is in between that of the homoleptic
complex [Fe(ddpd),]*" (Ag = 0.675) and the heteroleptic
complex [Fe(dcpp)(ddpd)]** (Ag = 1.26)."” Contributions of
a conceivable minor Fe'"" species cis-fac-1>* are not discernible.
Several reasons might account for this absence. The amount of
cis-fac-1>* could be too small to be detectable, the g-tensor of
cis-fac-13" could be similar to that of mer-13*, cis-fac-1*>* could
have isomerized to mer-1%*, or cis-fac-13* could be an EPR-
silent high-spin complex due to the weaker ligand field strength
of facially coordinated dgpy. With the data at hand, this cannot
be decided.

Electrochemical or chemical oxidation of 1[OTf], bleaches
the MLCT band at 582 nm and gives rise to a 462 nm band
with a shoulder around 500 nm (Supporting Information,
Figure S22, Figure 1la). TDDFT calculations and charge-
transfer number analysis®>° assign the 2LMCT character from
the electron-rich guanidine moieties to the electron-deficient
iron(III) center to these absorption bands (Figure 11b).
Several less intense MC transitions are located at even lower
energy (Supporting Information, Figure S21). In contrast to
the fluorescent hexacarbene iron(III) complexes [Fe(btz);]**
and [Fe(phtmeimb),]*,**" excitation of mer-13* at wave-
lengths between 398 and 485 nm in dry butyronitrile did not
result in observable 2LMCT fluorescence, neither at room
temperature in fluid solution nor at 77 K in frozen solution.
This is likely due to the presence of these low-energy *MC
states,sgzvhich enable nonradiative deactivation of the excited
states.
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Figure 11. a) UV/vis spectrum of 1[OTf], before (black) and after
(red) oxidation with 1 equiv of [FeCp,][PF4]; UV/vis spectrum of
[FeCp,] in green at 300 K for comparison. b) TDDFT calculated
transitions of low-spin mer-13* with the color code indicating the
character of the transition according to charge-transfer analyses (red:
MC, blue: LMCT, gray: ILCT/LC, purple: LL'CT. The oscillator
strengths of the MC states in red are hardly visible on this scale;
Supporting Information, Figure S21).

Although we are aware that the relative energy of low- and
high-spin states calculated by DFT methods critically depends
on the exact exchange®”® and that the B3LYP functional
artificially favors the high-spin state,*® we note that the Gibbs
free enthalpy difference at 298 K between low- and high-spin
mer-1*" calculated by DFT (B3LYP) (AG,og merprr = —36 KJ
mol™" favoring the high-spin at this temperature) is much
smaller than that for low- and high-spin cis-fac-1>* (AGgg i foc
= —67 kJ mol™") in agreement with the SCO behavior of mer-
1% (AGagg merenp = =3 KJ mol™" from the thermodynamic data
in solution) and the high-spin character of cis-fac-1**.
Conceivable low- and high-spin trans-fac-1** isomers are
unfavorable compared to low-spin mer-1** by 52 kJ mol™" and
to high-spin cis-fac-1** by 39 kJ mol ™', respectively. We also
note that the calculated difference in electronic energies favors
the high-spin state of mer-1** by only —10 kJ mol™.
Consequently, the DFT calculations correctly predict SCO
behavior, high-spin character, and a high energy for the mer-
1**, cis-fac-1**, and trans-fac-1** isomers, respectively.
TDDFT calculations describe the CT absorption band
patterns of 1** and 13* (spin-allowed MLCT, LL'CT/ILCT,
LMCT; Supporting Information, Figures S10—S12, S21)
qualitatively correct. Furthermore, MC excited states (with
the same multiplicity as the ground state) are lower in energy
than the charge-transfer states in all cases. This MC < CT
ordering likely applies to states of different multiplicity than
the ground state as well, namely the triplet (and quintet) MC
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excited states of low-spin 1** and the quartet MC states of low-
spin 1%*, explaining the absence of CT luminescence.

B CONCLUSION

The donor—acceptor ligand dgpy preferably coordinates to
iron(II) in a meridional fashion giving mer-[Fe(dgpy),]*"
(mer-1**), while a cis-facial isomer cis-fac-1** is present in
lower amounts. The ligand field strength in the meridional
coordination mode is higher than in the cis-facial coordination
mode, resulting in SCO behavior of mer-1>* and a high-spin
state of cis-fac-1>*. Low-spin mer-1**, high-spin mer-1>*, and
high-spin cis-fac-1>* exhibit '"MLCT/*MLCT absorption bands
in the visible spectral region (Figure S; Supporting
Information, Figure $23). The room temperature composition
of a solution of 1?* yields a nearly constant panchromatic
absorption from 400 to 600 nm. In spite of the low-energy
MLCT states and the comparably high ligand field strength in
the meridional coordination mode, MC excited states are lower
in energy than the MLCT states, and consequently,
luminescence is not observed. Oxidation of mer-1** gives the
low-spin complex mer-1>* with *LMCT absorption bands
around 460—500 nm. In spite of the high ligand field strength
of the iron(III) complex, MC excited states of mer-13* are still
lower in energy than the CT states preventing fluorescence
from the LMCT states.
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