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ABSTRACT: A simple and efficient procedure for synthesizing
novel pincer-type tridentate N-heterocyclic carbene bisphenolate
ligands is reported. The synthesis of pincer proligands with N,N′-
disubstituted imidazoline core, 5 and 6, was carried out via
triethylorthoformate-promoted cyclization of either N,N′-bis(2-
hydroxy-3,5-di-tert-butylphenyl)cyclohexanediamine, 3, or N,N′-
bis(2-hydroxyphenyl)cyclohexanediamine, 4, in the presence of
concentrated hydrochloric acid. Cyclic voltammograms of the
ligands revealed ligand-centered redox activity, indicating the
noninnocent nature of the ligands. The voltammograms of the
ligands exhibit two successive one-electron oxidations and two
consecutive one-electron reductions. In contrast to previous reports,
the redox-active ligands in this study exhibit one-electron oxidation
and reduction processes. All products were thoroughly characterized by using 1H and 13C NMR spectroscopy. The base-promoted
deprotonation of the proligands and subsequent reaction with iron(II) and iron(III) chlorides yielded compounds 7 and 8. These
compounds are binuclear and tetranuclear iron(III) complexes that do not contain carbene functional groups. Complexes 7 and 8
were characterized by using elemental analysis and single-crystal X-ray crystallography. At low catalyst loadings, both 7 and 8
exhibited high catalytic activity in the transfer hydrogenation of selected aldehydes and ketones.

■ INTRODUCTION
Since its introduction in 1976 by Shaw, pincer ligands have
become an important class of ligands in modern coordination
and organometallic chemistry.1−10 One outstanding feature of
a pincer ligand is its σ-coordination along with two coplanar
neutral or anionic side donations, often instilling stability in the
resulting metal complexes and forming well-defined structural
motifs. These novel structural motifs could be particularly
interesting from catalytic activity viewpoints. Strong chelating
features of pincer ligands coupled with redox activity could, in
principle, bring about nobility to the electronic properties of
the whole metal complex. This is particularly interesting when
we consider the high cost of noble metal catalysis and the fact
that there are still catalytic transformations that are limited in
scope and require more potent noble or base metal catalysts
for practical uses. In this regard, metal complexes employing
redox-active ligands represent a growing field in catalytic
reactions. These ligands could act similarly to multifunctional
ligand systems by imparting novel reactivities at the metal
centers by gaining or losing electrons during catalytic
processes.11−25 Despite strong σ-donation, metal complexes

of monodentate N-heterocyclic carbene (NHC) ligands still
suffer from a lack of robustness, making them less efficient as
spectator or actor ligands for catalytic applications. This issue
has been addressed by chelate effects inherent in bidentate and
tridentate ligands bearing NHCs. While a large combination of
donor atoms in pincers can be imagined, they are mostly
classified based on the symmetry or the position of the anionic
donor in the pincer structure. The general structures of broadly
investigated bis(phenolate) NHC pincers (A-C) are shown in
Figure 1. Metal complexes of these ligands, with saturated and
unsaturated NHC core, have been reported with early and late
transition metal ions such as Ti, Zr, Mn, Ir, Pd, and Pt.26−33 In
the majority of cases, the coplanarity of the NHC core with the
tethered phenolates causes the pincer ligand to adopt a
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meridional geometry in octahedral complexes. On the
contrary, pincer ligands with methylene or ethylene linkers
cause distortions in five-coordinate trigonal pyramidal or
square pyramidal structures, and they even adopt facial
geometry in the octahedral geometry. Furthermore, less rigid
pincer ligands could cause enough twisting in the ligand
structure, resulting in chiral metal complexes. Therefore, the
nature of aliphatic linkers of side arms could be a key factor in
the structural tuning of pincer ligands.

A growing class of pincer ligands includes those that are
redox-active, which are commonly known as noninnocent
ligands. In search of a simple procedure for the synthesis of
pincer-type chelating ligands that incorporate an NHC donor

site, herein, we introduce a novel bis aryloxide-NHC ligand
that could be suitable for coordination to group VIII, such as
ruthenium ions, for use as catalysts in transfer hydrogenation
reactions. Transfer hydrogenation (TH) protocol, consisting in
the addition of hydrogen to a substrate using a nonhydrogen
gas source, is a convenient method to access various
hydrogenated compounds.35 There are many benefits of
using a nonhydrogen gas source compared with more
conventional methods of using pressured hydrogen gas,
which is hazardous and requires elaborate experimental setups.
For this reason, various transition metal complexes have been
developed as catalysts in these reactions.36−48 Most hydrogen
donors employed for TH reactions, such as 2-propanol, are
commercially available and inexpensive. Among transition
metals, ruthenium complexes with hydrides, phosphines, and
N-heterocyclic carbene ligands have been particularly inves-
tigated in TH reactions. [RuCl2(PPh3)3], a close counterpart
to Wilkinson’s rhodium-based catalyst, has been one of the
earliest examples of Ru(II) complexes that have been
successfully used both in the traditional hydrogenation
reactions with hydrogen gas and in the TH reactions.35,49,50

Even though most research efforts in the hydrogenation of
carbonyl compounds have relied on ruthenium-, rhodium-, and
iridium-based catalysts, efficient iron-based catalysts have also
been developed in the past two decades. For example, different
classes of iron complexes containing hydrido and carbonyls,
carbonyls, diaminophosphine, and those with PNP and PNNP
donor-type ligands have been developed, and excellent review
articles with regard to the role of iron-based catalysts with the
ligand systems mentioned above in the hydrogenation
reactions have appeared recently.35,51−54 Although scarce
compared to second- or third-row transition metal ions, iron
catalysts employing monodentate and bidentate N-heterocyclic
carbene ligands have been reported since the beginning of this
century.54 In contrast, there are numerous literature reports
about efficient bidentate or tridentate ligands bearing N-
heterocyclic carbene donors with NHC-Ru(II) metal sour-
ces.35 Owing to the important role played by the different
classes of ligand systems on the efficacy of ruthenium and iron
complexes in transfer hydrogenation reactions, we embarked

Figure 1. Previously reported tridentate OCO-donor pincer
proligands (A, B, C) and a novel NHC pincer introduced in this
report (D).26−28,34

Scheme 1. Synthesis of Pincer Proligands and Metalation Procedure: (a) NaBH4, MeOH; (b) Triethylorthoformate, HCl; (c)
NaBH4, MeOH

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02602
ACS Omega 2024, 9, 25135−25145

25136

https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02602?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


on a project related to the efficient synthesis of pincer-type N-
heterocyclic carbene ligands, which not only provides stability
of the related metal complexes but also allows for the fine
electronic and steric tuning of resulting metal complexes. We
also explored the catalytic activity of these complexes in the
transfer hydrogenation of ketones and aldehydes. The
unexpected results from the instability and decomposition of
NHC-Fe(III) complexes also provide some clues about the
nature of active species in isopropyl alcohol, a common solvent
for the catalytic TH reactions, which might not be species
stabilized with NHC ligands and perhaps multinuclear iron-
oxo or iron oxide species.

■ RESULTS AND DISCUSSION
Synthesis of Diphenolate Proligands and Their Fe(III)

Complexes. To the best of our knowledge, there are a limited
number of reports on the preparation of an NHC pincer ligand
with flanking methylene bridged bis-phenols.28,−57 In their
report, Kawaguchi et al. synthesized proligand C in Figure 1 by
a double alkylation reaction of the N atoms of an imidazole
ring using 2-bromomethyl-4,6-di-tert-butylphenol. Despite the
stability of the resulting titanium complex, the proligand itself
is not stable under basic conditions and undergoes 1,2 alkyl
migration. It is also notable that Smith et al. in 2010 reported
the synthesis of a range of N-methyl-substituted imidazolinium
salts starting with di-imine formation, with a range of aromatic
aldehydes, reduction and subsequent cyclization reaction with
sodium tetrafluoroborate in triethylorthoformate. The resulting
C2-symmetric imidazolinium salts with flanking benzyl,
naphthyl, or alkyl groups were used as precatalysts for organic
transformations.58 As an alternative procedure described in
Scheme 1, we have demonstrated that the high-yielding Schiff
base synthesis, its reduction, and a triethylorthoformate-
promoted cyclization step could also be implemented to
produce bis(phenolate) NHC pincer proligands that are
flexible due to the flanking methylene bridged bis-phenols.
Schiff bases 1 and 2 were synthesized according to published
literature reports.59−61 Compound 3 was achieved by slowly
adding 3 equiv of sodium borohydride to a methanolic solution
of 1. In contrast, the reduction of the Schiff base 2, due to the
presence of bulky tert-butyl substituents, required the addition
of at least 3 equiv of sodium borohydride. The 1H NMR, 13C

NMR, IR, and UV−vis data of 1-4 are provided in Supporting
Information Figures S1−S11. The proligand 1,3-bis(2-
hydroxybenzyl)imidazoline chloride, 5, and 1,3-bis(4,6-di-tert-
butyl-2-hydroxybenzyl)imidazoline chloride, 6, were prepared
in 63 and 35% yields by the cyclization reaction of 3 and 4 in
acidic triethylorthoformate. The 1H NMR and 13C NMR data
of 5 and 6 are provided in Figures S12−S19. All synthetic
details of 1-6 are provided in the Experimental Section.

In the 1H NMR spectrum of 3, Figure S6, a series of
doublets and triplets related to aromatic protons appear in the
7.20−6.82 ppm region. Diastereotopic methylene resonances,
showing an AB coupling pattern, appeared as two close
doublets within the 4.11−3.92 ppm region, which are often
described as “roofing” where the inner two resonances
approach the same frequency and gain intensity from the
outer ones. The signals from cyclohexyl protons appeared as
multiplets in the 2.51−1.20 ppm region. In the 13C NMR
spectrum of 3 in Figure S7, the appearance of six aromatic
carbon signals and four aliphatic carbon signals also confirmed
the clean synthesis of 3. A similar coupling pattern for the
diastereotopic methylene protons was observed in the 1H
NMR spectrum of 4 in Figure S10, which contains two bulky
tert-butyl substituents on aromatic rings. The 1H NMR spectra
of 5 and 6 are provided in Figures S12 and S17. Singlet signals
at 8.55 and 8.52 ppm belong to the NCHN proton signals in 5
and 6, respectively, confirming the formation of a five-
membered N-heterocyclic ring in precarbenes. As shown in
Figures S12 and S16, the imidazoline salts 5 and 6, owing to
their less flexible core, show different coupling patterns for the
diastereotopic methylene protons, which appeared between 5−
4 ppm for 5 and 5−4.5 ppm for 6. The structural rigidity of 5
and 6 is also evident in their 13C NMR spectra, which show
seven aromatic signals for both and eight aliphatic carbon
signals for 5. The tert-butyl substituents show two distinct and
intense carbon signals at 30.1 and 31.5 ppm in the 13C NMR
spectrum of 6 in Figure S17. Based on the DEPT-135
spectrum of 5 in Figure S14, the signal at 161.7 ppm could be
unambiguously assigned to the central = CH from the
heterocyclic ring. Likewise, the heterocyclic = CH signal in 6
appeared at 160.6 ppm, as shown in Figure S17. Attempts to
obtain solid-state structures of 5 or 6 were also unsuccessful
and only reduction of 6 to 6H allowed the obtainment of its

Figure 2. Sketch of 7 and 8. For the sake of clarity, hydrogen atoms are omitted. Bridging oxygen atoms are shown in red.
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single-crystal structure data, thus confirming hydroxyl donor
sites in these ligands that could span trans positions. In the
solid-state structure of 6H in Figure S29, two substituted
aromatic rings are twisted in opposite directions as a result of
the presence of flexible methylene bridges and bulky tert-butyl
substitutes, which allows hydroxyl substitutes to be arranged in
the opposite ends so that upon coordination, along with the
central carbene center, three coplanar sites around the metal
center could be occupied. This type of meridional config-
uration in the pincer-type ligands was previously observed in
group IV chemistry and allowed for the formation of stable
metal complexes.9

The metalation of 5 and 6 was attempted using both Fe(II)
and Fe(III) salts. 7 and 8 were synthesized in dry THF solvent
by reacting 1 equiv of the imidazoline salt 5 with 3 equiv of
potassium tert-butoxide, followed by the addition 1 equiv of
FeCl3. Then, the mixture was refluxed at 70 °C for 12 h. The
potassium chloride byproduct was removed by centrifugation,
and the supernatant was concentrated under reduced pressure.
The residue was dissolved in dichloromethane, washed with
deionized water, and then dried under a vacuum, giving 7 as a
fine dark red powder. Suitable for X-ray experiments, red block
crystals of complex 7 were obtained from a methanol/diethyl
ether solution at room temperature. As shown in Figure 2,
complex 7 is an Fe(III) complex where the carbon center from
carbene ligand was lost, and each Fe(III) center adopted an
octahedral configuration by the coordination of two nitrogen
from cyclohexyl amine, two phenolate oxygens, and μ2-oxo-
bridged atoms. Complex 7 crystallized in the tetragonal space
group P42/n. The asymmetric unit contains a quarter of the
tetranuclear unit, as shown in Figure 3. The selected bond
distances and angles are given in the caption to Figure 3.
Similar to literature reports of oxo-bridged iron(III) com-
plexes, the Fe−O−Fe unit in 7 is nonlinear (131.71°). A rare
case of iron(III) complex with Fe−O−Fe angle of 180.0° has

also been reported.62 The IR spectrum of 7 in Figure S23
shows intense signals for N−H vibrations in the region around
3300 cm−1. The molecular structures of the major products of
metalation of 5 or 6 with FeCl3 are shown in Figure S28. It is
notable that metalation of 5 or 6 with FeCl3 in dry acetonitrile
gave similar products. The metalation of bulkier ligand 6 using
FeCl3, on the other hand, gave light pink crystals and a dark
red powder upon crystallization in methanol layered with a few
drops of ether. The light pink crystals turned out to be an
altered form of the NHC ligand where N-alkylation of amine
nitrogen has occurred, 7H. At this point, two vastly different
outcomes for the reactivity of 5 and 6 with FeCl3 are not easily
understood. In both cases, carbene’s central carbon atom has
been lost, and in the case of 7, the resulting bis-aminophenol
structure, which is similar to 3, had participated in the
formation of a tetrameric iron complex. In the case of 6,
however, the bulky ligand has taken a different reaction
pathway, where amino group alkylation occurred. This is not
too surprising, given that there are plenty of literature reports
on using methanol or ethanol for the alkylation of primary and
secondary amines.63 There are also literature reports on ligand
structural changes upon reaction with metal chlorides. For
example, palladium chloride, when used instead of palladium
acetate, instead of coordination could modify ortho-amino-
phenolates into benzooxazol-type compounds.34 Each asym-
metrical unit in the solid-state structure of 7H is composed of
two different organic molecules, and the presence of N−
CH2OH units in each molecule is possibly the result of a
nucleophilic attack on the five-membered NHC ring by the
methanol. The metalation of 6 with iron(II) bromide was also
investigated using a similar procedure described above for the
iron(III) chloride complex, which led to the formation of an
iron(III) binuclear complex with only one μ-oxo-bridged
ligand. While the loss of a carbon atom in 5, in forming
complex 7 during the metalation process, has led to the
formation of two amine functional groups (R2NH), the loss of
a carbon atom from the N-heterocyclic ring in 6 has led to the
formation of two different functional groups amine (R2NH)
and imine (RN = CH) in complex 8. As shown in Figure 2,
complex 8 is a binuclear Fe(III) complex where the carbon
center from N-heterocyclic ring in 6 was lost, and each Fe(III)
center adopted a distorted square bipyramidal geometry by the
coordination from two nitrogen from neutral cyclohexyl amine
and imine, and μ-oxo-bridged atom. The crystallization process
of 8 was successful only in three solvent media, including
dichloromethane and acetonitrile layered with a few drops of
diethyl ether. The single-crystal structure of 8 is shown in
Figure 4. Similar to complex 7, the IR spectrum of 8 in Figure
S25 shows intense signals for N−H vibrations in the region
around 3300 cm−1. Oxo ligands are capable of stabilizing high
oxidation state metal ions.64 Metal-oxo complexes are highly
important intermediates in oxidation reactions catalyzed by
using metal complexes. They could also be used as oxygen-
atom transfer agents in many organic reactions.65 Oxo
complexes of molybdenum and iron have shown many
important biological important oxidation reactions.66−71

Electrochemical Behavior of the Ligands and the
Related Complexes. Figure 5 shows the cyclic voltammo-
gram of compound 6 in 0.1 M tetrabutylammonium
tetrafluoroborate as a supporting electrolyte in acetonitrile in
the range of −2.5 to +1.5 V vs Fc+/Fc at 100 mV/s. The
arrows in the figure show the potential scan route. The
potential scan started from −0.4 V toward the negative

Figure 3. Ellipsoid plot of Fe(III) tetramer, 7. Hydrogen atoms have
been omitted for clarity. Selected bond lengths (Å), bond angles [°]:
Fe1−O3, 1.974(4); Fe1−O2i, 2.041(4); Fe1−O14, 1.933(4); Fe1−
N10, 2.201(5); Fe1−N7 2.145(6); O3−Fe1−O2i, 172.5(2); O2−
Fe1−O14, 96.39(17); N7−Fe1−N10, 79.3(2); N7−Fe1−O14,
166.9(2); N10−Fe1−O2, 174.2(2). Symmetry code: (i) y, 1.5-x,
1.5-z.
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direction up to −2.5 V, and in the reverse scan, the potential
was scanned from −2.5 to +1.5 V. In the second cycle, it
continued to −0.4 V. Upon exerting potential toward negative
values, two irreversible cathodic peaks (C0′, C0) were
observed at the potentials −1.98 and −2.12 V. According to

literature surveys, the signals are attributed to electrochemical
reduction of 6 to anion radical during two successive one-
electron transfer processes (Scheme 2).72,73

By scanning toward positive potentials, two anodic signals
were observed at +0.86 and +1.4 V (A1, A2). In addition, the
cathodic counterpart of the anodic peak of A1 (C1) appeared
at +0.5 V in the second cycle. Previously published papers
reported the oxidation of similar compounds during a single
two-electron transfer process (eq 1).74 However, the oxidation
of 6 proceeds via two consecutive one-electron oxidations (eqs
2 and 3), probably due to its asymmetrical structure and the
presence of one positive charge in the compound.

Equations 1−3 show the proposed mechanism of oxidation
of 6.

Figure 6 shows cyclic voltammograms (I) and normalized
voltammograms (II) (normalization was performed by dividing
the current by the square root of the scan rate) of compound 6
in the range of −0.4 to +1.1 V at different scan rates. The
anodic signal indicated an irreversible feature at a low scan rate
of 50 mV s−1. The cathodic peak (C1) appeared by increasing
the potential scan rate, and its intensity increased. This
observation reveals the instability of the oxidation product
arising from the presence of a positive charge in the structure.

Catalytic Activity of Metal Complexes in Catalytic
Transfer Hydrogenation. Initially, the catalytic hydro-
genation of acetophenone was conducted under metal-free
conditions using only 5 and 6 as the catalyst. 1-Phenylethanol
was obtained in 40% yield using these proligands. Transfer
hydrogenation of carbonyl compounds is sensitive to temper-
ature, the nature of the base, and the type of solvent.
Therefore, conversion to 1-phenylethanol was conducted using

Figure 4. Ellipsoid plot of compound 8. Hydrogen atoms are omitted
for clarity. Selected bond lengths [Å], bond angles [°]: Fe1−O1,
1.7744(4); Fe1−O2, 1.9038(17); Fe1−O3, 1.9073(15); O1−Fe1−
O2, 111.69(6); O1−Fe1−O3, 109.05(8); O2−Fe1−O3, 92.02(7);
Fe1−O1−Fe1 164.39(15); Fe1−O2−C9, 132.00(15); Fe1−O3−
C16, 128.92(14).

Figure 5. Cyclic voltammogram of 10 mM 6 at a glassy carbon
electrode in 0.1 M [Bu4N][PF6] in acetonitrile at a scan rate of 100
mV/s.

Scheme 2. Consecutive 1 Electron Oxidation of 6
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7 and 8 in 2-propanol, methanol, and ethanol as hydrogen
sources. 2-Propanol turned out to be a more suitable solvent.
The catalytic reactions were also performed at room
temperature, at 50 °C, and at the refluxing temperature of 2-
propanol. The optimal conversion was achieved at 82 °C.
Sodium and potassium salts such as potassium hydroxide,
potassium tert-butoxide, potassium carbonate, and sodium
hydroxide are the commonly utilized bases in the transfer
hydrogenation reactions. During reaction optimizations, higher
conversions were obtained with potassium hydroxide and
potassium tert-butoxide using both Fe(III)-based catalysts.
Therefore, the rest of the TH reactions were conducted using
less air-sensitive and cheaper potassium hydroxide. Notably,
the amount of KOH, when adjusted to 4 mmol, gave the
optimum result. The presence of tert-butyl substitutes in the
ligand did not seem to influence reaction outcome highly;
therefore, further reaction optimizations were conducted using
7. The optimized reaction condition for TH of acetophenone
catalyzed is summarized in Table S2. In the reaction runs and
under an N2 atmosphere, acetophenone (1.0 mmol) was added
to a solution containing iron catalyst 7 (∼4 mg/0.002 mmol)
and 2-propanol (5.0 mL), and the mixture was stirred under
reflux at 82 °C for 30 min. Then, KOH (4 mmol) was added,
and the mixture color immediately changed to dark brown.
The reaction continued for 24 h, and reaction yield was
determined by gas chromatography. Under optimized reaction
conditions, a variety of aryl and alkyl aldehydes were examined
for the scope of this reaction. As shown in Table 1, in most
cases, 7 catalyzed the formation of the desired products in
excellent yields.

While the nature of active species in this catalytic reaction is
highly dependent on the type of metal and ligands utilized, two
mechanisms involving inner sphere and outer sphere hydride
transfer to the substrate are proposed as major steps in the
homogeneous TH reaction catalyzed by Fe(III) complexes.75

In addition, another mechanism involving alkoxide species has
been proposed.75 Due to the sensitivity of the complexes
introduced in this research to solvent media, at this point, it is
not clear whether these catalysts follow the general
mechanisms introduced before. Therefore, the exploration of
mechanisms by which 7 catalyze TH of carbonyl compounds
summarized in Table 1 is the subject of future studies.

■ CONCLUSIONS
The synthesis and characterization of novel pincer-type
proligands with a central N-heterocyclic carbene donor is
introduced. The chloride salts of the proligands were obtained
in high yields and had benchtop stability for several months.
The electrochemical behavior of novel proligands shows that
these proligands undergo two consecutive one-electron
oxidation processes, in contrast to the single two-electron
oxidation process observed in similar compounds. The
complexation of these proligands was carried out, and the
initially intended metal complexes turned out to be highly air-
and moisture-sensitive, leading to the formation of iron(III)-
oxo complexes, supported with amine and imine functional
groups, lacking any carbene functional group. The Fe(III)
complexes of these novel proligands were tested in the transfer
hydrogenation of selected carbonyl compounds. The results
from catalytic reactions reveal that these complexes can
catalyze TH reactions in minimal quantity and with high
efficiency.

■ EXPERIMENTAL SECTION
Reagents and solvents were used as received from commercial
suppliers. All syntheses were carried out under a nitrogen
atmosphere using a dry flame-dried flask. Solvents were dried
using standard methods. Infrared spectra were recorded on a
Bruker Vector 22 FTIR spectrometer (ATR in the range 400−
4000 cm−1). NMR spectra in solution were recorded on a
Bruker AV-400 spectrometer with SiMe4 for 1H and 13C as
external references. Cyclic voltammetry experiments were
carried out using Autolab PGSTAT 101 monitored by software
of NOVA with a typical three-electrode cell configuration
equipped with a glassy carbon disk (1.8 mm diameter), Pt rod,
and Ag wire as working, counter, and pseudoreference
electrodes, respectively. The potentials were reported versus
the ferrocene/ferrocenium (Fc+/Fc) redox couple.

Synthesis of 1. To a solution of 1,2-diaminocyclohexane
(2.0 g, 17.6 mmol) in methanol was added 2-hydroxybenzal-
dehyde (4.3 g, 35.2 mmol). Then, 4 drops of formic acid
catalyst were added, and the mixture was stirred at ambient
temperature for 3 h. The light-yellow precipitate was filtered
off and dried under a vacuum. Yield: 3.0 g, 53%. The
corresponding spectra are provided in Figures S1−S3. 1H

Figure 6. Cyclic voltammograms (I) and normalized cyclic voltammograms (II) of 10 mM 6 in 0.1 M [Bu4N][PF6] in acetonitrile at different scan
rates of (a−e) 50, 100, 200, 400, and 750 mV/s.
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NMR (Acetone-d6, 400 MHz): δ 13.12 (s, 2H), 8.49 (s, 2H),
7.31 (d, 2H, 3J = 8.0 Hz), 7.27 (t, 2H, 3J = 8.0 Hz), 6.83 (d,
2H, 3J = 8.0 Hz), 6.81 (t, 2H, 3J = 8.0 Hz), 2.09−1.54 (m,
10H). 13C{1H} NMR (Acetone-d6, 100 MHz) δ: 165.3, 161.0,
132.0, 131.6, 118.9, 116.4, 72.5, 32.9, 24.0. FTIR (KBr, cm−1):

3004 (w), 2924 (m), 2846 (m), 1623(s), 1496(s), 1413(s).
UV−vis. In CH2Cl2, λmax/nm: 217, 255, 317.

Synthesis of 2. To a solution of 1,2-diaminocyclohexane
(1.316 g, 11.54 mmol) in methanol was added 3,5-di-tert-butyl
2-hydroxybenzaldehyde (5.411 g, 23 mmol). Then, 4 drops of
acetic acid catalyst were added and the mixture was stirred at
ambient temperature for 3 h. A light-yellow precipitate was
filtered off, washed with ether, and dried under vacuum. Yield:
2.0 g, 31%. The corresponding spectra are provided in Figures
S4 and S5. 1H NMR (CDCl3, 250 MHz): δ 13.52 (s, 2H), 8.31
(s, 2H), 7.31 (s, 2H), 6.99 (s, 2H), 3.45−3.28 (m, 2H), 2.05−
1.66 (s, 8H), 1.41 (s, 18 H), 1.24 (s, 18H). 13C NMR (CDCl3,
100 MHz) δ: 165.8, 157.9, 139.8, 136.3, 126.7, 126.0, 117.8,
72.4, 34.9, 33.2, 31.4, 29.4, 24.3.

Synthesis of 3. Over a period of 1 h, sodium borohydride
(1.05 g, 27.9 mmol) was added in small portions to a solution
of 1 (3.0 g, 9.3 mmol) in 10 mL of methanol at room
temperature. The slurry was stirred for 24 h, then 30 mL of
deionized water was added, and after stirring for 10 min, the
organic phase was extracted with dichloromethane (3 × 15
mL). The volatile solvent was removed under reduced
pressure, yielding a white powder. Yield: 1.2 g, 59%. The
corresponding spectra are provided in Figures S6−S9. 1H
NMR (CDCl3, 400 MHz): δ 7.20 (t, 2H, 3J = 4.0 Hz), 7.02 (d,
2H, 3J = 8.0 Hz), 6.87−6.82 (m, 4H), 4.09 (d, 2H, 2J = 12.0
Hz), 3.98 (d, 2H, 2J = 12.0 Hz), 2.51−2.46 (m, 2H), 2.21−
2.17 (m, 2H), 1.76−1.68 (m, 2H), 1.31−1.20 (m, 4H).
13C{1H} NMR (CDCl3, 100 MHz) δ: 158.0, 128.9, 128.3,
122.9, 118.4, 114.8, 57.6, 44.8, 28.2, 24.2. FTIR (KBr, cm−1):
3322 (m), 3297 (m), 3052 (w), 2925 (m), 2850 (w), 1590
(m), 1452 (s), 1261 (m). UV−vis. In CH3CN, λmax/nm: 225,
275.

Synthesis of 4. The successful reduction of 2 (2.0 g, 3.65
mmol) could be accomplished quickly by the instantaneous
addition of three equiv of sodium borohydride. Or, it could be
done over a period of 1 h by the addition of 15 equiv of
sodium borohydride in small portions (4.150 g, 109.7 mmol)
in 60 mL of methanol at room temperature, resulting in a fine
powder. Then, 40 mL of deionized water was added, and after
stirring for 10 min, a white-colored precipitate was collected by
filtration. Yield: 1.50 g, 74%. The corresponding spectra are
provided in Figures S10 and S11. 1H NMR (CDCl3, 250
MHz): δ 10.72 (s, 2H), 7.25 (s, 2H), 6.89 (s, 2H), 4.20−3.78
(m, 4H), 2.69−2.37 (m, 2H), 2.37−2.06 (m, 2H), 1.78−1.65
(m, 4H), 1.39 (s, 18H), 1.30 (s, 18H). 13C NMR (CDCl3, 100
MHz) δ: 154.4, 140.6, 135.9, 123.1, 123.0, 122.4, 59.9, 50.8,
34.8, 34.2, 31.7, 29.6, 24.1.

Synthesis of 5. Compound 3 (1.2 g, 3.06 mmol) was
dissolved in 5.0 mL of triethylorthoformate and was heated
under reflux at 70 °C until all diamine was completely
dissolved. (Note: Fully dissolving starting diamine material is a
crucial step, and it might take as much as 0.5 h or longer to do
so). Then, to the obtained clear solution was added
concentrated HCl (1N, 0.39 mL, 1.3 mmol) in about 5 min,
and the reaction mixture was stirred for 1 h. After the cooling
reaction mixture, the solvent was evaporated, and the resulting
viscous product was triturated with Et2O. The fine white
powder was filtered and dried under nitrogen. Yield: 0.87 g,
63%. The related spectra are provided in Figures S12−S16. 1H
NMR (CDCl3, 400 MHz): δ 9.96 (s, 2H), 8.55 (s, 1H), 7.33
(d, 2H, 3J = 8.0 Hz), 7.19 (t, 2H, 3J = 8.0 Hz), 7.01 (d, 2H, 3J
= 8.0 Hz), 6.75 (t, 2H, 3J = 8.0 Hz), 4.51 (d, 2H, 2J = 12.0
Hz), 4.61 (d, 2H, 2J = 12.0 Hz), 3.23−3.12 (m, 2H), 2.21−

Table 1. Catalytic Transfer Hydrogenation of Aldehydes
and Ketones Using 7a

aReactions were conducted in a flask (25 mL) with 1 mmol ketone, 5
mL of isopropyl alcohol, 4 mmol of KOH, and 0.002 mmol of 7 at 82
°C. TON (with catalyst 7) = 1444, Time 24 h.
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2.18 (m, 2H), 1.39−1.27 (m, 2H), 1.20−1.10 (m, 2H).
13C{1H} NMR (CDCl3, 100 MHz) δ: 161.7, 156.6, 130.9,
130.3, 119.3, 118.4, 116.9, 66.9, 57.2, 47.8, 46.8, 27.3, 23.6,
22.4, 18.0. 13C{1H} NMR (CDCl3, 100 MHz) δ: 160.6, 152.2,
143.0, 140.1, 125.4, 125.0, 121.3, 67.4, 59.4, 48.7, 35.0, 34.2,
31.5, 30.1, 27.5, 23.7, 14.9. FTIR (KBr, cm−1): 3065 (9s),
2949 (s), 2861 (m), 1644 (m), 1606 (s), 1503 (m), 1457 (s),
1354 (m), 1273 (m). UV−vis. In CH3CN, λmax/nm: 219, 240,
274.

Synthesis of 6. Compound 4 (1.0 g, 1.814 mmol) was
dissolved in 10.0 mL of triethylorthoformate and was heated
under reflux at 70 °C until all diamine was completely
dissolved. (Note: Fully dissolving starting diamine material is a
crucial step, and it might take as much as 30 to 60 min to do
so). Then, to the obtained clear solution was added
concentrated HCl (1N, 0.191 mL, 1.3 mmol) in 5 min, and
the reaction mixture was stirred at 70 °C for 3 h. Depending
on the quantity of the starting materials, the reaction described
above might last up to 24 h to complete.

After the reaction mixture was cooled, the precipitates were
collected by filtration and triturated with Et2O. Fine white
powder was collected by filtration. Yield: 0.384 g, 35%. The
related spectra are provided in Figures S17−S20. 1H NMR
(CDCl3, 250 MHz): δ 8.52 (s, 1H), 7.82 (s, 2H), 7.27 (s, 2H),
6.88 (s, 2H), 4.98 (d, 2H, 3J = 12.5 Hz), 4.55 (d, 2H, 3J = 12.5
Hz), 3.38−3.34 (m, 2H), 2.19−2.14 (m, 2H), 1.84−1.82 (m,
2H), 1.52−1.45 (m, 4H), 1.38 (s, 18H), 1.22 (s, 20H).
13C{1H} NMR (CDCl3, 63 MHz) δ: 160.6, 152.2, 143.0,
140.1, 125.4, 125.0, 121.3, 67.4, 59.4, 48.2, 35.0, 34.2, 31.5,
30.1, 27.5, 23.7, 14.9. FTIR (KBr, cm−1): 3005 (m), 2958 (s),
2911 (w), 2866 (m), 1610 (s), 1480 (s), 1448 (m). UV−vis. in
CH3CN, λmax/nm: 206, 223, 247, 278.

Synthesis of 6H. To compound 6 (0.03 g, 0.048 mmol) in
methanol was added NaBH4 (0.004 g, 0.095 mmol) over 10
min. Then, the mixture was stirred for 45 min. After adding 2
mL of deionized water, the mixture was stirred for 0.5 h. The
white-colored precipitate was filtered and dried in an oven.
Yield: 0.015 g, 53%. The related spectra are provided in
Figures S21 and S22. 1H NMR (CDCl3, 250 MHz): δ 10.68 (s,
2H), 7.19 (s, 2H), 6.79 (s, 2H), 4.15 (d, 2H, 2J = 15.0 Hz),
3.54 (s, 2H), 3.48 (d, 2H, 2J = 15.0 Hz), 2.36−2.33 (m, 2H),
2.04−2.0 (m, 2H), 1.84−1.74 (m, 2H), 1.41−1.26 (m, 42H).
13C{1H} NMR (CDCl3, 63 MHz) δ: 153.9, 140.7, 135.6,
123.0, 120.9, 77.5, 77.0, 76.5, 75.5, 69.5, 57.3, 34.8, 34.1, 31.6,
29.5, 29.0, 24.1.

Synthesis of 7. Compound 5 (0.130 g, 0.35 mmol) was
dissolved in dry THF. KOtBu (0.117 g, 1.04 mmol) and
FeCl3.6H2O (0.094 g, 0.35 mmol) were added, respectively.
The mixture was refluxed at 70 °C for 24 h. The precipitate
was collected by centrifugation and was discarded. The
supernatant was concentrated under reduced pressure, which
gave a dark red solid. The red solid was dissolved in
dichloromethane, washed with deionized water, and dried
under vacuum. Yield: 0.085 g, 62%. The related spectra are
provided in Figures S23 and S24. FTIR (KBr, cm−1): 3056
(m), 2948 (s), 2853 (m), 1642 (s), 1598 (s), 1445 (m). UV−
vis. in CH3CN, λmax/nm: 206, 278, 460. Anal. Calcd for C80
H96Fe4N8O12: C, 60.62; H, 6.10; N, 7.07. Found: C, 60.50; H,
6.01; N,7.00.

Synthesis of 8 Using FeCl3. Compound 6 (0.1 g, 0.168
mmol) was dissolved in dry THF. KOtBu (0.056 g, 0.50
mmol), then FeCl3.6H2O (0.045 g, 0.168 mmol) were added,

respectively. The mixture was refluxed at 70 °C for 24 h. The
precipitate was collected by centrifugation and discarded. The
supernatant was concentrated under reduced pressure, which
gave a dark red solid. The red solid was dissolved in
dichloromethane, washed with deionized water, and dried
under vacuum. Yield: 0.060 g, 56%. The related spectra are
provided in Figures S25 − S27. FTIR (KBr, cm−1): 2951 (s),
2863 (m), 1644 (s), 1602 (m), 1464 (m). UV−vis. in CH3CN,
λmax/nm: 208, 225, 282. 13C NMR (63 MHz, CDCl3) δ: 164.8,
154.1, 153.6, 152.4, 152, 140.9, 137.7, 136, 125.8, 124.9, 123,
121.3, 64.6, 58.3, 50.1, 35.2, 34.8, 33.9, 31.7, 29.6, 25.4, 24.5.
Anal. Calcd for C72H108Fe2N4O5: C, 70.81; H, 8.91; N, 4.59.
Found: C, 70.75; H, 8.88; N,4.60.

Synthesis of 8 Using FeBr2. Compound 6 (0.1 g, 0.168
mmol) was dissolved in dry THF. KOtBu (0.093 g, 0.83
mmol), then FeBr2 (0.045 g, 0.168 mmol) were added,
respectively. The mixture was refluxed at 70 °C for 24 h. The
precipitate was collected by centrifugation and discarded. The
supernatant was concentrated under reduced pressure, which
gave a dark red solid. The red solid was dissolved in
dichloromethane, washed with deionized water and dried
under vacuum. Yield: 0.07 g, 58%.

General Condition for Transfer Hydrogenation
Reaction Optimization. A solution of acetophenone
(0.060 g, 0.5 mmol), complex 7 (0.002 mmol), and KOH (4
mmol) in isopropyl alcohol (5 mL) was refluxed for 24 h at
about 82 °C in an oil bath. The reaction mixture was then
cooled down to room temperature and passed through a short
silica column to remove the metal complex. The crude product
was analyzed by GC.

X-ray Crystal Structure Determination and Refine-
ment. Crystals of 6H were grown in acetonitrile layers with a
few drops of ether. Crystals of 7 and 7H were grown in
methanol/ether and methanol, respectively. Crystals of 8 were
grown in a dichloromethane/acetonitrile mixture layered with
diethyl ether. The X-ray diffraction data of samples were
collected with Rigaku OD Supernova using Atlas S2 CCD
detector and mirror collimated Cu−Kα (λ = 1.54184 Å) from
a microfocused sealed X-ray tube. The samples were cooled to
95 K during the measurement. Integration of the CCD images,
absorption correction, and scaling were done by program
CrysAlisPro 1.171.41.123a (Rigaku Oxford Diffraction, 2022).
Crystal structures were solved by charge flipping with program
SUPERFLIP.76 Structures 6H and 7H were refined with the
Jana202077 program package, while structure 7 was refined
with Crystals.78 In both cases, the structures were refined by
the full-matrix least-squares technique on F2. The molecular
structure plots were prepared by Mercury 2020.1.79 All fully
occupied hydrogen atoms were visible in difference Fourier
maps and were kept in the geometrically correct positions with
a C−H distance of 0.96 Å. The hydrogen atoms attached to
oxygen and nitrogen atoms were refined with a restrained
geometry. In the case of structure 7, the hydrogen atoms
attached to nitrogen were placed in ideal positions and refined
with riding constraints. The isotropic atomic displacement
parameters of hydrogen atoms were evaluated as 1.2 equiv of
the parent atom. Structure 7H has two disordered systems in
it. The disordered tert-butyl group was refined with restrained
geometry, and the sum of occupancies was constrained to 1,
resulting in a final occupancy ratio of 0.723(3):0.277(3). The
disorder of methyl C31a and hydrogen was refined freely, with
the sum of occupancies constrained to 1 resulting in occupancy
ratio 0.676(8):0.324(8) methyl:hydrogen. Crystallographic
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data, details of the data collection, structure solution, and
refinements are listed in Table S1.
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