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ABSTRACT

The synthesis and characterization of two low-spin iron(II) complexes of tridentate mixed amine/imine Schiff
bases is described. The complexes bear two tridentate ligands having either a cis- or trans-(1R,2R)-1,2-dia-
minocyclohexane backbone accompanied by a single pyridine-imino fragment. The complexes can be synthesized
in protic solvents via ligand hydrolysis or by self-assembly. X-ray crystallography of the hexafluorophosphate
salts is indicative that the tridentate ligands adopt a meridional configuration around the metal center. Synthesis
using trans-(1R,2R)-diaminocyclohexane yields only one chiral stereoisomer of the iron complex. In the cis-1,2-
diaminocyclohexane complex, the ligand amino groups form hydrogen-bonds to co-crystallized water, which in
turn forms an extended hydrogen-bonding network with hexafluorophosphate counterions. The water molecule
resides in a cavity formed from the two cyclohexyl backbones. The imine C=N stretch frequencies and long C=N
bonds suggest a large degree of metal to ligand backbonding. Both complexes exhibit moderate solvatochromism.
The circular dichroism (CD) spectrum of the enantiopure [trans-(1R,2R)-LyFe] 2+ cation has intense signals across
the entire visible range. Mossbauer spectroscopy on the cis- complex confirms no noticeable spin-crossover
behavior between 10 K and 300 K, as might be expected for a Co-symmetrial coordination complex of iron(II)
with a high degree of n-backbonding. Electrochemical experiments are indicative of one reversible oxidation
wave which was assigned based on the spectroelectrochemical and theoretical data to the Fell/Fe!! couple.
Density Functional Theory (DFT) calculations suggest that the HOMO in the cis- and trans- complexes is iron(II)
centered, while the LUMO is delocalized over the organic ligands. Time-dependent density functional theory
(TDDFT) confirms the presence of the numerous metal-to-ligand charge-transfer transitions between 380 and
620 nm.

1. Introduction

and trans-(1S,1S) enantiomers of N,N’-bis(pyridine-2-ylmethylene)-1,2-
cyclohexanediamine (cis-1 and trans-1; Scheme 1). Cis-1 and the enan-

Iron(II) complexes are widely used in the stereospecific catalytic
transformations of a large array of organic substrates [1]. The 1,2-diami-
nocyclohexane backbone can serve as a very simple and accessible motif
for the preparation of bi-, tri-, and tetradentate chiral ligands which are
potentially useful in chiral catalytic reactions. In particular, the isomeric
diamines, cis- and trans-1,2-diaminocyclohexane, can undergo conden-
sation with two equivalents of 2-pyridine carboxaldehyde to form
double Schiff bases: achiral cis-(1R,2S)- and both chiral trans-(1R,2R)

tiomers of trans-1 have been well characterized both structurally and
spectroscopically [2-6].

The coordination chemistry of trans-1,2-diaminocyclohexane de-
rivatives has been explored more than their corresponding cis- isomers
[7]. This is due, in part, to the intrinsic optical activity of the trans-
compounds which yield coordination complexes that can act as catalysts
for asymmetric organic syntheses [8]. The coordination chemistry of the
meso compound cis-1 is not as well-explored. However, the cis-
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Scheme 1. Synthesis of [Fe(cis-2),]1(PFg), and [Fe(trans-(1R,2R)-2)5]1(PFe)2.

arrangement of the imines in the ligand has been shown to give unique
coordination geometries, particularly for lanthanide ions [9-14]. The
current work is an exploration of coordination of such ligands to iron(II),
which has been much less explored but has an interest for the asym-
metric catalytic transformation of the organic substrates.

Upon reacting with Cu(II), Co(Il), and Zn(II) chlorides in protic sol-
vents, racemic trans-1 undergoes a partial hydrolysis of one imine bond,
losing one equivalent of 2-pyridinecarboxaldehyde, thus giving com-
plexes of a mixed amine/imine tridentate ligand (trans- 2) as shown in
Scheme 1 [15]. Conversely, reactions in anhydrous, aprotic solvents
yielded complexes in which trans-1 acts as a tetradentate ligand. The Cu
(ID), Co(Il), and Zn(II) chlorides of tridentate ligand 2 were not struc-
turally characterized. It was postulated that the geometry around each
M(II) center was pseudo-tetrahedral [15]. Luminescence studies on the
paramagnetic complexes of trans-1 with Cu(Il) and Co(II) indicated
reduced emission intensities at 395 nm and 440 nm respectively, when
compared to the Zn(II) complex. Fluorescence bands were attributed to
ligand-based (x — n*) transitions [5]. The coordination of this unique
mixed amine-imine and tridentate ligand has not been explored for iron
(II) complexes. Of particular interest is whether the coordination is four-
coordinate or six-coordinate as is often the case for iron(Il).

IR spectra of the complexes of trans-2 showed N—H stretches in the
3200-3330 cm ! range as well as azomethine C=N stretches assigned to
transmissions at 1655, 1635, and 1639 em ™! for Cu(ID), Co(II), and Zn(II)
respectively. The C=N stretch of the free ligand, trans-2 occurs at 1643

m L. Similar reactions between MCl, hydrates (where M = Co, Zn, Ni,
and Cu) with bidentate benzylidene and cinnamalidene ligands also led
to partial hydrolysis of the ligand in protic solvents to give complexes of
a bidentate mixed amine/imine ligand [5]. Reactions of cis-1 and those
of divalent d[6] metals have not been explored. However, the self-
assembly of an intensely-colored violet Fe(II) complex with two tri-
dentate mixed amine/imine ligands similar to cis-2 and trans-2, bridged

with a 1,2-ethylene, rather than a 1,2-cyclohexyl, backbone has been
described [16]. It is not clear if this intensely-colored complex showed
solvatochromic behavior similar to the complexes described in this
work.

In the present work, we describe the synthesis, structural, and
spectroscopic characterization of the hexafluorophosphate salts of dis-
torted octahedral, low-spin iron(II) complexes of Cy-symmetry having
both trans- and cis-1,2-diaminocyclohexane backbones. These com-
pounds, labelled herein as [Fe(cis-2)2](PF¢)2 and [Fe(trans-(1R,2R)-2)5]
(PF¢)2, can be formed by either monohydrolysis of cis-1 or trans-1 in the
presence of Fe(II) and protic solvents or by self-assembly (Scheme 1).
[Note that the “cis” and “trans” in [Fe(cis-2)2](PFg)2 and [Fe(trans-
(1R,2R)-2),]1(PF¢), refer to the orientation of substituents on carbon
atoms 1 and 2 of the cyclohexyl ring, not the stereochemistry of ligands
around the metal center.] Similar self-assembly reactions with metal
salts, aldehydes, and the other amines have been previously reported
[17,18]. The complexes described here are intensely-colored and sol-
vatochromic. There is also solid-state evidence that they can act as
hydrogen-bond donors to water. It is our hope that these intensely-
colored compounds might find applications as colorimetric indicators
for small, hydrogen-bond accepting molecules.

2. Experimental details
2.1. Safety considerations

Dichloromethane, benzene, MeCN, and propionitrile are suspected
carcinogens and should be used with appropriate ventilation and while
wearing appropriate PPE. 2-pyridinecarboxaldehyde and 1,2-diamino-
cyclohexane should be treated as acute oral toxins. While we do not
suspect that the novel ligand and iron(II) complexes synthesized in this
work are acutely toxic, they have not been tested for toxicity and should
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be treated accordingly.
2.2. Reagents and materials

95 % Ethanol (Flynn), dichloroethane (Spectrum), and hexanes
(Flynn) were used as received without further purification. Deuterated
MeCN (99 %-D) was used as received from Cambridge Isotope Labs. cis-
1,2-Diaminocyclohexane (TCI, 98+%) and 2-pyridinecarboxaldehyde
(TCI, 99+%) were used as received without further purification. Schiff
bases cis-1, trans-1, and trans-(1R,2R)-1 were prepared according to
previously published syntheses [1]. Single crystals of trans-(1R,2R)-1
were obtained as a benzene solvate, by slow evaporation of a saturated
solution of the ligand in benzene over the course of several days. Tet-
rabutylammonium perchlorate (TBAP, for electrochemical analysis,
>99.0 %) was purchased from Sigma Aldrich and recrystallized prior to
use.

2.3. Synthesis of [Fe(cis-2)2](PFg)2 and [Fe(trans-(1R,2R)-2)2](PFe)2
via hydrolysis reaction

In a typical experiment, ammonium iron(Il) sulfate hexahydrate
(392 mg, 1.00 mmol) was added to 20.0 mL of 95 % EtOH in a 50 mL
round bottom flask while stirring. The hexahydrate was completely
dissolved after a period of several minutes by gently heating with an oil
bath to 45 °C. A solution of cis-1, or trans-(1R,2R)-1 (584 mg, 2.00
mmol) in 10.0 mL of EtOH was added giving an immediate color change
to an intense indigo-colored solution. The reaction was allowed to stir
for 2 h, after which the solvent was removed in a rotary evaporator
under reduced pressure. The resulting dark blue solid was washed with
CHCl, (3 x 10 mL) to remove organic impurities, including the two
equivalents of 2-pyridinecarboxaldehyde formed upon ligand hydroly-
sis. The loss of aldehyde was confirmed via IR of the residue remaining
after evaporation of the CH,Cl, wash (vgc—o =1713 em 1), The dark blue
sulfate salt was then dissolved in a minimal amount of water and
transferred to a separatory funnel. 20 mL CHyCl; was added, and the
organic layer was discarded. Another 20 mL of CH,Cl, was added along
with 10 mL of saturated KPFg (aq). The blue color moved from the
aqueous to the organic layer. The organic layer was washed two more
times with saturated KPFg (aq) and the organic layers were combined
and dried over anhydrous MgSO4. The CH3Cl, was removed under
reduced pressure and the resulting blue solid was dried for 8 h at 50 °C
under reduced pressure (50 torr). The hexafluorophosphate salts are
hygroscopic but can be kept anhydrous by storing in a desiccator or
under argon. The percent yields were as follows: [Fe(cis-2)2](PFg)2 (46
%) and [Fe(trans-(1R,2R)-2),](PFg)s (61 %).

2.4. Synthesis of Fe(Il) complexes of [Fe(cis-2)2](PFs)2 and [Fe(trans-
(1R,2R)-2),](PFg¢)2 via self-assembly reaction

In a typical experiment, ammonium iron(Il) sulfate hexahydrate
(392 mg, 1.00 mmol) was dissolved in 5.0 mL of de-ionized water in a
50 mL round bottom flask, after which 15.0 mL of 95 % EtOH was added.
2-Pyridinecarboxaldehyde (214 mg, 2 mmol) was added in one portion
while  stirring.  Subsequently, «cis- or trans-(1R,2R)-1,2-dia-
minocyclohexane (228 mg, 2 mmol) was added dropwise with stirring,
immediately giving an indigo-colored solution. The solution was
allowed to stir at room temperature for 2 h, after which most of the
ethanol and water were removed under reduced pressure. Further pu-
rification was achieved by extraction of the hexafluorophosphate salt
into CH2Cl; following a procedure identical to that of the hydrolysis
route. Yields after crystallization from CHyCly: [Fe(cis-2)2](PFg)2 (62 %),
[Fe(trans-(1R,2R)-2),](PFg)2 (43 %). Characterization data for [Fe(cis-
2)5](PFg)2: The IR spectrum for {[Fe(cis-2)2](PFg)2}-H20 (Diamond
ATR, v in em ™) contains: 3652 and 3572 (asymmetric and symmetric
O—H stretch of residual water), 3314 and 3259 (asymmetric and sym-
metric N—H stretch), 2951, 2863 (C—H stretching of cyclohexane ring),
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1607 (C=N stretch), 826 (P-F stretch of anion) (Supporting Information
Fig. S3). H NMR (300 MHz, CD3CN, ppm; atomic labels shown in
Fig. §4): 10.0 (H1, s, 1H), 8.10 (H2, d, 1JH_H =7.9 Hz, 1H), 7.81 (H3, t,
i =8.4Hz), 7.34 (H5, d, Y.y = 7.3 Hz, 1H), 7.13-7.15 (H4, m, 1H),
5.07-5.10 (H6, m, 1H), 2.68 (H7, m, 1H), 2.39 (H8, m, 1H), 1.52-1.66
(H8’ and H9-H11, m, 7H) (Fig. $6). The '*C{'H}-NMR spectrum (75.6
MHz, CD3CN, ppm relative to solvent 3C peak at 118.3 ppm, carbon
atom labeling scheme shown in Fig. S5. 167.1 (C6), 160.7 (C5), 154.0
(C1), 137.1 (C4), 127.5 (C3), 125.5 (C2), 68.0 (C7), 54.8 (C12), 29.5
(C8), 28.0 (C11), 23.5 (€C9/C10), 17.5 (C9/C10) (Fig. S7). UV-Vis
spectra (solvent, A, nm; €, M! cm’l): DMSO 375 (3250), 510 (3480),
613 (8940); H20 368 (4620), 501 (5130), 598 (13,100); CH3OH 368
(3040), 504 (3330), 602 (8300); acetone 368 (2710), 502 (3090), 598
(6430); CH3CN 366 (3110), 499 (3570), 596 (9180); CH2Cl; 368 (1380),
497 (1520), 589 (3600) (Fig. S8) A sample of anhydrous [Fe(cis-2)2]
(PFe)2 gave a negative reading on a magnetic susceptibility balance,
indicating that the sample is diamagnetic. Elemental analysis: calculated
for Co4Hz4F12FeNgPs: C — 38.31 %; H — 4.55 %; N — 11.17 %; found: C —
39.16 %; H — 4.55 %; N — 11.16 %. Characterization data for [Fe(trans-
(1R,2R)-2)2](PFg)2: The IR spectrum for [Fe(trans-(1R,2R)-2)2]1(PFg)2
(Diamond ATR, v in em ™)) contains: 3325 and 3285 (asymmetrical and
symmetrical N—H stretch), 2948, 2864 (C—H stretching of cyclohexane
ring), 1604 (C=N stretch), 826 (P-F stretch of anion) (Fig. S9). The H
NMR (300 MHz, CD3CN, ppm; atomic labels as shown in Fig. S4): 10.0
(H1, s, 1H), 8.13 (H2, d, .y = 7.9 Hz, 1H), 7.83 (H3, t, Uy = 8.4
Hz), 7.31 (H5, d, lJH.H =7.3Hz, 1H), 7.15-7.17 (H4, m, 1H), 4.13 (H6,
m, 1H), 3.30 (H7, m, 1H), 2.39 (H8, m, 1H), 1.52-1.66 (H8’ and H9-
H11, m, 7H) (Figs. S10 and S11) The '3C{'H}-NMR spectrum (75.6
MHz, CD5CN, ppm relative to solvent 13C peak at 118.3 ppm, peak la-
beling shown in Fig. S5. 164.8 (C6), 161.7 (C5), 154.5 (C1), 137.8 (C4),
128.6 (C3), 126.7 (€C2), 72.3 (C7), 61.6 (C12), 34.4 (C8), 30.4 (C11),
25.0 (C9/C10), 24.8 (C9/C10) (Fig. S12). UV-Vis spectra (solvent, A,
nm; &, M~! em™1): DMSO 273 (15,876), 368 (5,965), 513 (2,443), 615
(6,241); H,O 273 (10,206), 362 (3,044), 504 (1,776), 601(4,454);
CH,Cl; 271 (11,188), 357 (3,263), 504 (741), 596 (4,857); CH30H 271
(16,445), 359 (6.170), 507 (2,411), 604 (6,200); CH3CN 271 (15,931),
357 (6,163), 505 (2,634), 601 (6,961). UV-Vis spectra in different sol-
vents can be found in Figs. S14 to S18. A sample of anhydrous [Fe(trans-
(1R,2R)-2),](PF¢), gave a negative reading on a magnetic susceptibility
balance, indicating that the sample is diamagnetic. Moreover, both [Fe
(cis-2)2]1(PFg)2 and [Fe(trans-(1R,2R)-2)2](PFg), afforded good quality
NMR spectra without line broadening and shifts indicating a diamag-
netic, low-spin nature of the Fe(II) centers at ambient temperature.
Elemental analysis: calculated for Co4H34F1oFeNgPy: C — 38.31 %; H —
4.55 %; N — 11.17 %; found: C — 38.84 %; H — 4.68 %; N — 10.91 %.

2.5. Physical methods

FTIR spectra were obtained on a Thermo Nicolet iS5 spectropho-
tometer and analyzed with OMNIC software (thermofisher.com). IR
spectra were obtained on solid samples via ATR using a diamond
transmission window. UV-Vis spectra were obtained using either a
Thermo Genesys30, HP 8453, or Jasco-770 spectrophotometer. CD
spectra were recorded using Jasco V-1500 spectropolarimeter. NMR
spectra were recorded in deuterated MeCN on a 300 MHz JEOL ECX-300
FT at 298 K with chemical shifts referenced to signals from the deuter-
ated solvent. Magnetic susceptibility measurements were performed on
anhydrous solids of [Fe(cis-2)2](PFg)2 and [Fe(trans-(1R,2R)-2)2]1(PFg)2
using a Johnson-Matthey MSB Mkl magnetic susceptibility balance.
Elemental microanalysis was performed by Micro-Analysis, Inc. (Wil-
mington, DE).

2.6. X-ray analysis.

Single crystals of (E,E)-N,N’-(1R,2R)-1,2-cyclohexanediylbis[1-(2-
pyridinyl)methanimine], trans-(1R,2R)-1, suitable for X-ray analysis
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Table 1

Crystal and refinement data for trans-(1R,2R)-1, [Fe(cis-2)2]1(PFg)>, and [Fe

(trans-(1R,2R)-2)2](PFe)>.

Parameter Compound
trans- [Fe(trans-(1R,2R)-2),] [Fe(cis-2)5](PFg)o***
(1R,2R)-1* (PFg)2**
Empirical CigH1sN2 CosHseF12FeNgPoCly C31H49F12FeN;0P,
formula
Formula 277.88 837.284 855.30
weight, g/M
Temperature, K 150(2) 120(2) 120(2)
Crystal system trigonal monoclinic monoclinic
Color /habitus colorless black-red plate dark-red block
block
Crystal size 0.224 x 0.099 x 0.162 x 0.215  0.125 x 0.167 x
(mm) 0.414 x 0.232
0.523
Space group P3,21, #152 P2,, #4 P2,/c, #14
a 8.9657(6) 9.147(5) 18.0283(13)
b 8.9657(6) 18.314(9) 11.3779(9)
c 22.5883(14) 10.084(5) 16.5513(12)
o 90 90 90
B 90 92.230(5) 94.581(1)
Y 120 20 20
Volume (1“\3) 1572.47(18) 1688.0 3384.2(4)
a4
Z 4 2 4
Peate (g/cm®) 1.1737 1.647 1.679
p (mm™Y) 0.071 0.795 0.797
F(000) 594 854 1744
20 range for 5.24 to 4.04 to 51 4.24 to 52.88
data (°) 65.06
Index ranges: -13<h< -11<h<11 22 <h<22
13 23 <k<23 14 <k<14
13<k<13 12<1<12 -20<1<20
33<1<34
Reflections 27,417 20,807 41,099
collected
Independent 3698 [Rint 6271 [Rint = 0.0786, 6956 [R(int) =
= 0.0354, Ro = 0.1102] 0.0534, Rc = 0.0712]
Ro =
0.0242]
Data/restrains/ 3698 / 0 / 6271 /61 / 433 6956 / 228 / 514
parameters 180
Goodness-of-fit 1.049 1.046 1.027
on F?
Final R indices: 1883 [I > 26 6271 [I > 20(D]; R1 = 5088 [I > 25(I)]; R1
(D] R1 = 0.0656 wR2 = 0.1694 = 0.0437 wR2 =
0.0379 wR2 0.0961
= 0.0988
All data: Rl = R1 = 0.0937; wR2 = R1 = 0.0696; wR2 =
0.0451; 0.1883 0.1063
WR2 =
0.1028
Peak/hole +0.31 / +0.81 / -1.12 +0.636 / —0.447
difference, e -0.21
()
Flack —0.9(10) —0.01(3) n/a
parameter
Volume taken, 963.7 (61.3) 1068.7 (63.3) 2257.8 (66.7)
A% (%)

* - benzene solvate; **- CHyCl, solvate; ***- water and CH,Cl, solvate.

were obtained as colorless blocks after slow evaporation of a saturated
solution of the compound in benzene (Fig. S16). Dark red blocks of
complex [Fe(cis-2)2](PFg)2 monohydrate dichloromethane solvate,
suitable for X-ray analysis, were grown by allowing a concentrated so-
lution of the hydrated complex in CH,Cl; to cool at 5 °C over the course
of 1 week. Single crystals of [Fe(trans-(1R,2R)-2)3](PFg)2 dichloro-
methane solvate were obtained from a concentrated solution in CH,Cly
upon standing at room temperature overnight (Fig. S17).

Suitable single crystals were inspected, selected, and handled in NVH
oil, with subsequent mounting on a thin glass fiber, or placed into a
CryoLoop and then attached to a copper pin positioned on the goni-
ometer head of a diffractometer equipped with a CCD area detector. All
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Fig. 1. Molecular structure and numbering scheme for principal atoms in trans-
(1R,2R)-1, stoichiometric benzene solvate (shown as GROW option). Arrows
indicate trans-orientations of H-atoms. Symmetry operations for atomic symbols
with prime notations “: —y; —x—y; z + 1/3; and for “. —x + y; —x; z + 2/3.

data sets were measured at low temperatures as specified in the crystal
structure and refinement data in Table 1. Data were collected in  scan
mode using the Mo tube (Ka radiation; A = 0.71073 A) with a highly
oriented graphite monochromator. The intensities for the latter radia-
tion were integrated from four series of 364 exposures each, covering
0.5° in o, with the total data set being a sphere. The space group
determination was done with the aid of XPREP software [19]. The ab-
sorption correction was performed using values from face-indexed
crystals and numerical values obtained from the set of images recor-
ded with a video-microscope, followed by the SADABS program that was
included in the Bruker AXS software package [20,21].

All structures were solved by direct methods, and refined by least
squares on weighted F? values for all reflections using SHELXS-2013.
The structures reported herein are well refined and without apparent
errors. All hydrogen atoms in the structures presented were found on the
electron density map and refined objectively. The crystal structures and
packing diagrams were drawn using the ORTEP 3v2 [22,23] and Mer-
cury software packages [24]. Thermal ellipsoids appearing in figures are
drawn at their 50 % probability level.

2.7. Thermal analysis.

The TG analysis for [Fe(cis-2)2]1(PFg)2 was performed on a TA In-
strument Q-600 (Delaware, USA) in an alumina crucible in the range
between 30 and 1000 °C under nitrogen flow at 100 + 1 mL/min and a
heating rate of 10 °C/min. The crucible was calcined prior to each
experiment using a propane torch. Data of the TG analyses were pro-
cessed using the TA Universal Analysis software package. Details are
presented in Figs. S18-S21.

2.8. Mossbauer spectroscopy.

Mossbauer spectra were obtained at either room temperature or 10
K. The Mossbauer spectroscopy experiments were collected using zero
field in a transmission geometry using WissE1 constant acceleration
drive and a 10 GBq Cobalt-57-in-Rh source. A Janis SHI-850 closed-cycle
refrigerator was used to collect the low temperature spectra. The cali-
bration of all spectra was performed relative to a-Fe at room tempera-
ture. The Mossbauer spectra were fit using a nonlinear least squares
analysis where each iron-site was characterized by an isomer shift with
energies set by the appropriate nuclear transitions while using a Lor-
entzian line shape doublet. The data analyses were performed using in-
house produced codes.
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angles in the Fe(Il) polyhedron. The axial N-donor atoms tilt angle: <N4-Fel-N6 = 163.59°. Other angles: N2-Fel-N6 = 101.06°; N3-Fel-N6 = 90.98°; N1-Fel-N4 =
90.51°; N5-Fel-N4 = 81.05°.

J'/T \
S N2
20254 ) )

(R)-stereocenters N6 1878R

100.68°

0 trans geometry
Fig. 3. Left: An ORTEP drawing of the Fe(II) complex ion of [Fe(trans-(1R,2R)-2)2](PF¢)2C = N bond distances and stereochemical configurations are shown. Key:
iron (red), nitrogen (blue), carbon (white ellipsoid), hydrogen (white sphere). Right: Environment of Fe center in the structure of [Fe(trans-(1R,2R)-2),]1(PFg),: two

orthogonal views showing principal bond lengths and valence angles in Fe(II) polyhedron. The axial N-donor atoms tilt angle < N3-Fel-N1 = 165.67°. Other angles:
N5-Fel-N3 = 98.28°; N4-Fel-N3 = 81.30°; N6-Fel-N1 = 92.36°; N2-Fel-N1 = 81.30°.

2.9. Electrochemical and spectroelectrochemical measurements. spectrophotometer in tandem with a CH Instruments CH-620 electro-
chemical analyzer which was operated using the bulk electrolysis mode.
The data were collected using a custom-made 1 mm cell, a platinum
mesh working electrode, platinum auxiliary electrode, Ag/AgCl pseudo-

Electrochemical data were collected using a CH-620 analyzer with
platinum working, platinum auxiliary, and Ag/AgCl pseudo-reference

electrodes. Ferrocene was used as an internal standard for the studied
compounds and the reported potentials were corrected to the Fc/Fc™
couple. All electrochemical experiments were conducted in a MeCN/0.1
M tetrabutylammonium perchlorate (TBAP) system. The spectroelec-
trochemical experiments were performed using a Jasco V-770 EA

reference electrode, and a 0.3 M solution of TBAP in MeCN. In addition,
tThe Fe compounds studied were oxidized using 1-2.5 pL of nitrosonium
tetrafluoroborate in MeCN (0.023 M). These oxidations were monitored
via UV-Vis spectra on a Jasco V-770 spectrophotometer.



C.B. Hollandsworth et al.

Polyhedron 246 (2023) 116669

275

3. 372

505

UV-Vis
598

151267 L 5o

605 CD

287

507

300 400 500

600 700 800

Wavelength (nm)

Fig. 4. UV-Vis and CD spectra of enantiopure [Fe(trans-(1R,2R)-2),](PFe), in MeCN.

Table 2
The most intense peaks (nm) and molar absorptivity constants (M~ cm™') in the
visible spectrum in different solvents.

[Fe(cis-2),1(PFe)2

H,0 598 (13,100), 501 (5,130), 368 (4,620)
CH,Cl, 589 (3,600), 497 (1,520), 368 (1,380)
MeCN 596 (9,180), 499 (3,570), 366 (3,110)
DMSO 613 (8,940), 510 (3,480), 375 (3,250)
CH30H 602 (8,300), 504 (3,300), 368 (3,040)

acetone
[Fe(trans-(1R,2R)-2),](PF¢)

598 (6,430), 502 (3,090), 368 (2,710)

H,0 601 (4,450), 504 (1,780), 362 (3,040)
CHCl, 596 (4,860), 504 (3,740), 357 (3,260)
MeCN 598 (6,960), 505 (2,630), 357 (6,160)
DMSO 615 (6,240), 513 (2,440), 368 (5,970)

CH30H 604 (6,200), 507 (2,410), 359 (6,170)

Absorbance

300 400 500 600 700 800
Wavelength, nm

Fig. 5. Series of overlaid UV-Vis spectra of [Fe(cis-2),](PFe)> in propionitrile
recorded at different temperatures in 1 cm quartz cuvette. Two isosbestic points
are indicated with green arrows.

Table 3

Experimental and simulated Mossbauer fitting parameters for [Fe(cis-2)2](PFg)».
Complex Conditions 8, (mm/s) AEQ, (mm/s)
[Fe(cis-2),](PF¢)2 Exp. 10 K (©)* 0.308 0.914
[Fe(cis-2),1(PF¢)2 Exp. 10 K (s)* 0.309 0.961
[Fe(cis-2)2](PFe)2 Exp. 300 K (s) 0.240 0.966
[Fe(cis-2),](PF¢)2 DFT/RevTPSS 0.270 —-0.913
{[Fe(cis-2)5](PFg)2}*Hy0 DFT/RevTPSS 0.272 —0.867

*¢ = frozen solution; s = solid.

2.10. Computational details

All calculations were run using Gaussian 16 [25]. BP86 [26,27] with
Wachters’ full-electron basis set [28] (Wf) for iron and the 6-311G(d)
basis set [29] for all other atoms were used for all geometry optimiza-
tions. Vibrational frequencies were calculated to ensure all geometries
were local minima. Time-dependent density functional theory (TDDFT)
with revTPSS [30,31] was used to calculate the first 60 excited states of
each molecule. In addition, the B3LYP [32], BP86 [32], HFS [33-35],
M11L [36], MN15L [37], O3LYP [38], OLYP [39], PBE [40,41],
SOGGA11 [42], SVWNS5 [43], tHCTH [44], tHCTHhyb [45], TPSS [46],
TPSSh [45,46], VSXC [47], and wB97D [48] functionals were tested on a
single compound because of the well-known exchange correlation
functional dependance on the calculated vertical excitation energies in
iron complexes [49,50]. The same basis sets used for the geometry op-
timizations were also used for the TDDFT calculations. Single point
calculations using the same parameters as the TDDFT calculations were
also performed. All calculations were run in solution using the PCM
model [51], with dichloromethane (DCM) as the solvent. QMForge [52]
was used for the molecular orbital composition analyses.

3. Results and discussion
3.1. Synthesis

Compounds [Fe(cis-2)2](PFe)2 and [Fe(trans-(1R,2R)-2)2]1(PFg)2
were synthesized in good yields by either self-assembly (iron(Il) salt,
two equivalents of pyridine carboxaldehyde, two equivalents of 1,2-dia-
minocyclohexane, two equivalents of KPFg) or hydrolysis of two
equivalents of cis-1 or trans-1 in the presence of ammonium iron(II)
sulfate. Full discussion of the syntheses and routine spectroscopic
measurements are found in the supplemental information.

The The cis- and trans- “tetradentate” bis-imine starting materials
have C=N stretches in the IR spectra at 1640 and 1637 cm ™! respec-
tively.? In the Fe(II) complexes, the C=N stretch frequency is reduced to
1605 and 1607 cm ™! respectively. We interpret this as a weakened C=N
bonding due Fe(II) backbonding into the C=N n* molecular orbital. The
imino N=C-H resonances in the 'H NMR spectra are found at 8.31 and
8.20 ppm for the trans- and cis- tetradentate ligands, respectively.?
These resonances shift to lower field, at almost exactly 10.0 ppm for
both metal complexes. Back donation from the d-orbitals to the ©* mo-
lecular orbital removes electron density from the C=N and leads to
deshielding relative to the neutral ligand. The same trend is seen for the
imino '3C resonances. In the bis-imines, the resonance is found at around
161 ppm for both the cis- and trans- ligands.2 The imino '3C resonance
shifts slightly to 165 and 168 ppm in the metal complexes. This serves as
further spectroscopic evidence that the C=N n bond density is reduced
by backbonding from the Fe ion.
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Fig. 6. The 57Fe Mossbauer Spectra of [Fe(cis-2),](PFg), at 10 K (left) and 300 K (right) showing no temperature dependence of the quadrupole splitting, which is

typical of a stable, non-SCO low-spin iron(II) complex.
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Fig. 7. CV (black) and DPV (blue) voltammograms for [Fe(cis-2);](PFe)2 (left) and [Fe(trans-(1R,2R)-2)2](PFe)2 (right) using a 0.1 M TBAP/MeCN system.
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Fig. 8. Spectroelectrochemical oxidation of [Fe(trans-(1R,2R)-2)2](PFg), using
a 0.3 M TBAP/MeCN system.

3.2. Crystal structures

Slow evaporation of solvent from a concentrated solution of trans-(R,
R)-1 in benzene resulted in the isolation of colorless crystals of the
ligand as benzene solvate. It was characterized by X-ray analysis
(Table 1 and Fig. 1), This Schiff-base bearing two imine functionalities

crystallized in a very rare (for organic compounds) trigonal, non-
centrosymmetric P3;21 (#152) space group. Benzene molecules
occupy channels in the structure running along the a-direction (Fig. S2.2-
525).

In the crystal structures of both [Fe(cis-2)2](PFg)2 and [Fe(trans-
(1R,2R)-2),](PFg)2, the Fe(Il) ion shows complexation of two tridentate
mixed imine/amine ligands. The ligands orient in a meridional config-
uration around the iron center with distorted octahedral coordination of
the metal (Figs. 2 and 3). The neutral tridentate ligands form two five-
membered chelate rings each with very close “bite angles” ranging
from 80.71° to 82.76°. In [Fe(cis-2)2](PF)2, the imine nitrogen atoms of
the two different ligands are found trans to each other with an almost
linear bond angle of 176.0°, and with the two shortest metal-nitrogen
bond distances of 1.899 and 1.881 A for the Fel-N5 and Fel-N2 pair,
respectively (1.89 A average length). The shortness of these two bonds
suggests a strong metal-to-ligand backbonding interaction with the
imine nitrogen atom (Fig. 2). Likewise, the C=N bond distances are
elongated relative to those in the cis-1 and trans-(1R,2R)-1 Schiff base
structures. For [Fe(cis-2);](PFg)o, The C=N distances are 1.278 and
1.289 A, whereas those in the crystal structure of the Schiff base cis-1 are
1.267 and 1.264 A.% The C=N stretching frequency for cis-1 is found at a
typical value of 1637 cm™'. The C=N stretches in the IR spectra of [Fe
(cis-2)5](PFg)5 and [Fe(trans-(1R,2R)-2)5](PFe) occur at 1607 and 1604
cm ™}, respectively. The shortness of the C=N bonds in the Fe com-
plexes, taken together with the lower energy stretching frequency, is
further evidence of significant metal-to-ligand backbonding.
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Fig. 10. DFT-predicted energy-level diagram for [Fe(cis-2)21%" (left), {[Fe(cis-
2),]1*H,032* (center), and [Fe(trans-(1R,2R)-2),]%" (right).

In the structure of [Fe(cis-2)](PFe)2, the next Fe-N bond distance in
length (slightly longer bond distance) is a pair of Fe-Npyridine bonds Fel-
N1 = 1.966 A and Fel-N4 = 1.973 A. The pyridine groups are in cis-
positions relative to each other around the metal center (Fig. 2). The
average bond length here is 1.97 A, which is 0.08 A longer on average
than in the previous pair of metal-nitrogen bonds above. Lastly, the third
pair of longest bonds (Fel-N3 = 2.041 A and Fel-N6 = 2.038 A) of the
amino-groups has an average length of 2.04 A. This is 0.07 A longer than
the same for the second pair of bonds and 0.15 A longer than the shortest
ones discussed above.

The polyhedron coordination structure of the low-spin Fe(Il) center
represents a highly distorted (in lengths) octahedron in which four
atoms (N2, N4, N5, and N6) of one Schiff base and Fe form a planar
arrangement including the pyridine group with the N4 atom (Fig. 2).
The second Schiff base with N1-N3 atoms is perpendicular to the above
plane, resulting in a meridional arrangement of the two tridentate li-
gands. The meridional relationship of the tridentate ligands gives rise to
the methylene —(CHs)4 bridges of the cis-1,2-diaminocyclohexyl rings,
each in chair conformation, pointing towards the same general region of
space. The rings create a cavity in which the water molecule is located
and hydrogen-bonded to the nitrogen of the amino group on the ligand.
The extra annular rim of the cavity is roughly 5 A across, reminiscent of
those found for calixarenes. This is a much smaller extra annular
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distance than those calculated for iron(III) phenolic calix[4]arenes
having no bound molecules within the host cavity [53]. The oxygen
atom of the water molecule is hydrogen-bonded to both amine-group
hydrogens at distances of 2.198 and 2.253 A. Two of the axial
hydrogen atoms on the cyclohexyl carbons adjacent to the imine-
substituent, point directly into the cavity in the direction of the water
molecule (labeled H8b and H20b in Fig. 2).

One feature of the extended structure of [Fe(cis-2)2](PFg)y is
hydrogen bonding between the co-crystallized water molecule, ligand
amino groups, and hexafluorophosphate counterions. There are also
short N—H—Cl(solvent) and C—H—F(anion) electrostatic contacts, the
geometry of which is present in Figs. S26-529. Further, the X-ray crystal
structure data shows that [Fe(cis-2)2](PF¢)2 packs in alternating meth-
ylene chloride, [PFs]", and Fe(II) complex eee [PF¢] layers (Fig. S29).
The forces of close contact between particles include five hydrogen-
bonding interactions: the hydrogen atoms of the water molecule
bridge its oxygen atom with fluorine atoms on each of the two counter
ions (bond distances of 2.130 and 2.245 10\), whereas one hydrogen atom
on each of the two ligand NH; groups bridge amine nitrogen atoms and
the oxygen atom of the water molecule (bond distances of 2.153 and
2.298 A). A different hydrogen atom on one of the amine groups in-
teracts with fluorine of hexafluorophosphate at a much longer distance
of 2.682 A (Fig. S29), Although long, this distance is still within an
acceptable range to consider it a hydrogen-bonding interaction [54].

The crystal structure of the [Fe(trans-(1R,2R)-2)5](PFg)2 complex
contains no disordered fragments and an explanation for the assignment
of stereocenters on the Schiff base is presented in Fig. 3. Two neutral
tridentate ligands in this complex also form two five-membered chelate
rings with values of their “bite angles” from 81.30° to 84.34°. These are
slightly bigger than in the case of the structure of [Fe(cis-2)2](PFg)2
reflecting increased steric demand for the [Fe(trans-(1R,2R)-2)5](PFg)2
complex. The imine nitrogen atoms of the two different ligands are
found trans to each other with an almost linear bond angle of 176.69°.
Again, they form the two shortest metal-nitrogen bond distances of
1.878 and 1.894 A in Fe1-N2 and Fel-N5 pair (1.886 A average length).
Similar to the [Fe(cis-2)2](PFg), complex, the next in length is a pair of
Fe-N(py group) bonds Fel-N1 = 1.967 A and Fel-N4 = 1.981 A being in
cis-position to each other about the metal center (Fig. 3). The average
bond length here is 1.974 A. which is 0.088 A longer in average than in
the previous pair of metal-nitrogen bonds above. Finally, the shortest
pair of Fe-N bonds is between the metal center and amino-groups: Fel-
N3 =2.025 A and Fel-N6 = 2.005 A (average is 2.015 A). This is 0.041 A
longer than the same for the second pair of bonds, and 0.129 A longer
than the shortest ones presented above. Again, those two Fe-amino-
group bonds are in a cis-position to each other relative to the metal
center (Fig. 3). The coordination polyhedron of the low-spin Fe-center
represents a highly rhombically-distorted octahedron in which there is a
strong “squeeze” of the metal ion by two opposite imine nitrogen atoms
followed by the cis-oriented N-atoms of the heterocycle (Fig. 3). Those
four (shorter than 2 A) bonds are responsible for adoption by the metal
center’s low-spin ground state which was confirmed by Mossbauer
spectroscopy. Contrary to the structure of [Fe(cis-2)2](PFg)2 described
above, there is no H-bonding between the Fe(Il) cationic center and
anions in the structure of the trans-analogue. However, there are
important short intramolecular electrostatic contacts (N—H—F and
C—H—F) that provide close-packing in the structure (Figs. S30-S33).
The crystal packing nature of [Fe(trans-(1R,2R)-2),](PF¢)2 molecules is
primarily a result of van-der-Waals contacts while CH,Cl, solvent mol-
ecules occupy channels along the a-direction.

3.3. Spectroscopy

The UV-Vis of the Fe-complexes demonstrated several consistent and
intense peaks belonging to n-n * transitions in the ligands, as well as the
most intense metal-to-ligand charge-transfer (MLCT) band at ~ 600 nm,
which is responsible for the compounds’ dark-blue appearance in
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Fig. 11. DFT-predicted frontier molecular orbitals for [Fe(cis-2),]*" and [Fe(trans-(1R,2R)-2),1*".

solution. In addition, an intense band around 300 nm was also observed.
The exact positions of the transitions were determined by full line-shape
analysis of the spectroscopic envelopes (Fig. 4 and Figs. $35-S36). Both
the cis- and trans- complexes exhibit pronounced solvatochromic
behavior in solvents of different polarity with the largest difference of
665 cm ! (0.07 eV) observed for the low-energy transition at ~ 600 nm
between the CH,Cl, and DMSO solutions (Table 2). Transition energies
for the most intense peak range from 16,978 cm ™! in dichloromethane
to 16,313 cm ™! in the more polar DMSO (Fig. $37). The most polar
solvent, H,0O, possesses an intermediate transition energy for the most
intense peak of 16,722 cm™'. The molar extinction coefficient for the
most intense peak located around 600 nm ranges in intensity from
13,100 M~ em™! in water to 3,600 M~ 'em lin CHyCl;, (Table 2). These
peak intensities follow the same trend for the other two transitions.
Linear correlations between the molar extinction coefficients for the
low-energy band and dielectric constant of the solvent have been
established (Fig. S40).

The circular dichroism (CD) spectrum of the enantiopure [Fe(trans-
(1R,2R)-2)2](PF¢)2 is shown in Fig. 4. It is dominated by two strong
signals at 606 nm and 507 nm and one strong signal observed at 287 nm.
The lowest-energy band at 605 nm has a positive amplitude, while those
at 507 and 287 nm have negative amplitudes. In addition, several
overlapping low-intensity transitions between 300 and 500 nm were
observed in the CD spectrum of this compound. The energies of 605,
507, and 287 nm bands observed in CD spectra of [Fe(trans-(1R,2R)-2)2]
(PFg), correlate well with the absorption bands observed at 598, 505,
and 275 nm in the UV-Vis spectrum of this complex (Fig. 4). Both the
positive and negative amplitude bands at 605 and 505 nm are indicative
of two independent electronic states rather than vibronic satellites. A
relatively broad, non-Gaussian shape of these bands suggests the pres-
ence of several overlap transitions in the low-energy spectral envelope of
the [Fe(trans-(1R,2R)-2),](PFg)2 complex, which agrees well with the
TDDFT calculations shown below.

For the [Fe(cis-2)2]1(PFg)2 complex, variable-temperature UV-Vis
spectra were conveniently recorded in propionitrile (b.p. = 98 °C) up to
90 °C and showed gradual and significant decrease in peak intensities
(Table S5). There were also two isosbestic points observed in the
variable-temperature series at ~ 300 and 340 nm (Fig. 5). Potentially,
the presence of those points combined with the decrease in band in-
tensities may suggest gradual iron center spin state change from low-

spin to high-spin. However, Mossbauer spectra of the [Fe(cis-2)2]
(PFg)2 complex recorded at 10 K and room temperature (Fig. 5) are
clearly indicative that the complex remains in a low-spin state (Table 3).
The DFT-predicted Mossbauer parameters [55,56] are listed in Table 3
and are in excellent agreement with the experimental data confirming
the low-spin state of the [Fe(cis-2)2](PFe)2 complex. A simplistic
explanation of the stability of the low-spin configuration of the [Fe(cis-
2)2]1(PFg)2 and [Fe(trans-(1R,2R)-2)2]1(PF¢)2 complexes is stabilization
of orthogonal 3dy, and 3dy, orbitals due to backbonding with the
n-antibonding orbitals of the orthogonal C=N ligands. This orthogonal
configuration of the C=N bonds maximizes the amount of backbonding
that can occur and favors the low spin state (Fig. 6).

3.4. Electrochemistry and spectroelectrochemistry

Both compounds possess one reversible oxidation and several over-
lapping irreversible reduction processes determined by cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) experiments
(Figs. 7, S49). Oxidation of both isomers under spectroelectrochemical
conditions in a MeCN/0.3 M TBAP system at room temperature results in
a nearly identical (Fig. 8, S41-S44). In particular, the intensities of the
low-energy bands at ~ 600 and ~ 500 nm decrease, while a moderate
increase in transition intensities was observed in the 300 — 400 nm re-
gion. These changes, along with the lack of NIR transitions that are
characteristic for the organic chromophores in a cation-radical state
[57,58] suggest that the first oxidation is metal-centered (Fel'/Fel!
process), which agrees well with our DFT data. In agreement with the
electrochemical data, the first oxidation is reversible under spec-
troelectrochemical conditions, and the initial starting complexes can be
recovered upon reduction of the oxidized species under spectroelec-
trochemical experiments (Fig. S43). Chemical oxidation of the [Fe(cis-
2)5](PFg)y and [Fe(trans-(1R,2R)-2)5](PFg)y complexes results in
changes identical to what was observed for the spectroelectrochemical
experiments and thus confirm the oxidation of the iron(II) center
(Fig. S44).

3.5. DFT and TDDFT calculations

In order to elucidate the electronic structures of the [Fe(cis-2)5]
(PFg)2 and [Fe(trans-(1R,2R)-2)2]1(PFg), complexes as well as provide an
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insight into the nature of the transitions observed in the UV-Vis spectra
of these compounds, we conducted a set of DFT and TDDFT calculations.
In addition to the simulated UV-Vis spectra and CD spectra presented in
Figs. 9 and S47, the molecular orbital energy-level diagram for [Fe(cis-
2)21%7, {[Fe(cis-2)2]*H20}*", and [Fe(trans-(1R,2R)-2),]*" is shown in
Fig. 10; the frontier orbital images are available from Fig. 11 and
Figs. S45-S46. The molecular orbital compositions are depicted in
Fig. 12. As expected from the experimental UV-Vis spectra, electro-
chemical, and spectroelectrochemical experiments, the electronic
structures of [Fe(cis—2)2]2+ and [Fe(trans—(lR,ZR)—Z)Z]2+ are nearly
identical. Moreover, coordination of the water molecule to [Fe(cis-
2),1%" does not affect its electronic structure in any significant way
(Figs. 10 and 12).

DFT calculations predict that the HOMO — HOMO-2 orbitals in all
complexes should be predominantly iron-centered with more than 70 %
contribution from the iron ions (Fig. 12). These orbitals have dyy, dx,
and dy, characters as expected for the pseudo-octahedral complexes in
low-spin configuration. In contrarily, the LUMO and LUMO + 1 are
predominantly ligand-centered orbitals (Figs. 11 and 12). Such an
electronic structure creates the possibility for low-energy MLCT transi-
tions. In agreement with this observation, the TDDFT calculations
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suggest that the UV-Vis spectra of [Fe(cis-2)2]2+ and [Fe(trans-(1R,2R)-
2),]%* should be nearly identical. TDDFT calculations predict that the
intense, low-energy band observed at ~ 600 nm (predicted at ~ 520 nm)
is dominated by HOMO-1, HOMO-2 — LUMO, LUMO + 1 single-electron
excitations and several TDDFT-predicted bands in the 400-500 nm re-
gion should also have MLCT character. These excited states contribute to
the negative signal observed in the CD spectrum of [Fe(trans-(1R,2R)-
2)2]2+ at ~ 500 nm. According to the TDDFT calculations, the most
intense band in CD spectrum of [Fe(tran.s—(lR,2R)—2)2]2+ should be
located around 300 nm, which correlates well with the experimental
data. This band is dominated by intra-ligand single-electron transitions
and has n-n* character.

In addition, we also calculated total spin densities in oxidized [Fe(cis-
2),1%" and [Fe(trans-(1R,2R)-2),]%* and reduced [Fe(cis-2)2]" and [Fe
(trans-(1R,2R)-2),]" species (Supporting Information Table S6 and
Fig. S48). In agreement with the electronic structure and electro-
chemical data on [Fe(cis-2);]>" and [Fe(trans-(1R,2R)-2),1*" com-
plexes, DFT calculations indicate that the first oxidation is iron-centered
and transforms Fe(I) to Fe(Ill), while the first reduction is ligand-
centered process.

4. Conclusion

The facile synthesis of [Fe(cis-2)2]1(PFg)2 or [Fe(trans-(1R,2R)-2)2]
(PFg)y from either hydrolysis or self-assembly routes, gives a Cy-sym-
metrial complex ion of iron(II) bearing two, tridentate mixed imine/
amine ligands in a merdional configuration around the iron center. The
cis-1,2-cyclohexyl backbone is unique in that it provides for the forma-
tion of amine to water hydrogen bonds within a cavity created by the
cyclohexyl rings. Short metal to Njpine bond distances, long C=N bond
distances, and a lower frequency C=N stretch frequency suggest metal-
to-ligand backbonding stabilizes the complex. Due to this stabilization,
the complex is low spin at all temperatures explored from 10 K to 300 K.
The cis- and trans-(1R,2R)-cyclohexane diamine ligand backbone yields
a unique coordination sphere with potential applications for host-guest
chemistry. Similar studies with other transition metal complexes bearing
cis-1,2-cyclohexanediamine type ligands are underway which show
similar bonding to hydrogen-bond acceptor molecules.
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