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ABSTRACT: Utilizing the pyridinediimine ligand [(2,6-iPrC6H3)NCMe)(N(iPr)2C2H4)NCMe)C5H3N] (didpa), the
zinc(II) and iron(II) complexes Zn(didpa)Cl2 (1), Fe(didpa)Cl2 (2), [Zn(Hdidpa)Cl2][PF6] (3), [Fe(Hdidpa)Cl2][PF6] (4),
Zn(didpa)Br2 (5), and [Zn(Hdidpa)Br2][PF6] (6), Fe(didpa)(CO)2 (7), and [Fe(Hdidpa)(CO)2][PF6] (8) were synthesized
and characterized. These complexes allowed for the study of the secondary coordination sphere pendant base and the redox-
activity of the didpa ligand scaffold. The protonated didpa ligand is capable of forming metal halogen hydrogen bonds (MHHBs)
in complexes 3, 4, and 6. The solution behavior of the MHHBs was probed via pKa measurements and 1H NMR titrations of
3 and 6 with solvents of varying H-bond accepting strength. The H-bond strength in 3 and 6 was calculated in silico to be 5.9 and
4.9 kcal/mol, respectively. The relationship between the protonation state and the ligand-based redox activity was probed
utilizing 7 and 8, where the reduction potential of the didpa scaffold was found to shift by 105 mV upon protonation of the
reduced ligand in Fe(didpa)(CO)2.

■ INTRODUCTION

Many metalloenzymes utilize noncovalent interactions such as
hydrogen bonding (H-bonding) in the secondary coordination
sphere to control reactivity at the primary coordination sphere.1,2

Typically, these H-bonding interactions are utilized to regulate
substrate orientation, tune the redox potential, and/or direct
proton-transfer reactivity within the active site.3,4 Hydrogen
bonds or amino acid residues capable of H-bonding typically
influence the electronics at the metal center during small
molecule activation,5 and this reactivity can be directed by well-
positioned acidic/basic groups.6,7 These so-called proton-
responsive ligands are attractive features of many bioinspired
complexes.8−15

In addition, many biological redox reactions occur by chang-
ing the protonation state at the enzyme active site.16−18 These
reactions are more formally referred to as “proton-coupled
electron transfer” (PCET) reactions. In model systems where
there is a formal separation between the redox and acid/base
sites, the redox potentials are still pH dependent.19,20 H-bonds
are common in PCET between H+ donors/acceptors, and the
H-bonding properties of the system can dramatically affect the
observed reactivity. In other words, reactions that involve both
protons and electrons are ubiquitous in both chemistry and

nature. Therefore, it is important to develop compounds and
catalysts that can respond to the movement of both protons
and electrons.17 One example is the well-developed phosphine
ligand system with pendant amine groups that have been shown
to dramatically affect the electrocatalytic H+ reduction/H2
oxidation reaction(s).21−24 In that system, the redox-active
site is metal centered.
Given the utility of incorporating redox-activity into ligand

scaffolds, the reactivity scope of numerous important processes
has been expanded dramatically.25−27 One consequence of this
is that the ligand can be used to access redox states not available
to the metal, opening new avenues of observed reactivity. In
order to develop new methodologies involving the movement
of both protons and electrons, we have been developing a series
of iron(II) complexes based on the pyridinediimine (PDI) core
which contain separated pendant bases (secondary sphere)
and redox active sites within the ligand scaffold (Figure 1).
Our initial studies revealed secondary coordination sphere
H-bonding between Fe(II)-X (where X = Br− or OH−) and the
protonated pendant base (diisopropylamine) in the solid state28
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and that the secondary coordination sphere can be utilized to
tune the reduction potential of the ligand-based redox-active
sites.29 Herein, we extend those studies to probe deeper into
the role of the protonation state of the secondary coordination
sphere and also the solution behavior of the secondary co-
ordination sphere metal halogen hydrogen bonds (MHHBs).
Given the intimate nature of the secondary coordination sphere
protonation state and redox potentials in biological and
catalytic systems, we also report the pH dependence of the
potentials of the redox-active ligand in the reduced FePDI
complexes.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased from commercial

sources and used as received with the exception of N,N-(diisopropyl)-
ethylenediamine, which was distilled immediately before use. The
asymmetric PDI ligand [(ArNC(CH3))C2H3N((CH3)CO], and
the didpa ligand, [(2,6-iPr−C6H3)NCMe)(N-iPr-NC2H4)N
CMe)C5H3N] (Ar= 2,6-iPr−C6H3), were synthesized according to
literature procedures.28 Solvents were dried and deoxygenated with a
PureSolv solvent purification system (CuO and alumina columns). Air
sensitive materials were handled and stored on a Schlenk line or in a
glovebox under N2 atmosphere. Infrared spectra were recorded on a
Thermo Scientific Nicolet iS10 FT-IR spectrometer equipped with an
ATR accessory. 1H and 13C NMR spectra were recorded on a Unity
Inova 500 MHz FT-NMR spectrometer. Data are reported in ppm
from the solvent resonance as the internal standard unless otherwise
noted. Solution magnetic susceptibilities were calculated from Evans
method NMR measurements.30 Solid-phase magnetic susceptibilities
were recorded on a Johnson Matthey MSB-1 magnetic susceptibility
balance that was calibrated with HgCo(SCN)4. Diamagnetic cor-
rection factors were calculated from Pascal’s constants.31 Elemental
analyses were performed by ALS (formerly Columbia Analytical
Services) in Tuscon, AZ.
Zn(didpa)Cl2 (1). A 250 mL round-bottomed flask was charged with

the didpa ligand (2.00 g, 4.46 mmol), approximately 50 mL of CH2Cl2,
ZnCl2 (608 mg, 4.46 mmol), and a stir bar. The resulting yellow
solution was stirred overnight forming a yellow solution with a yellow
precipitate. The solid was isolated by vacuum filtration with a Buchner
funnel using No. 2 filter paper, yielding a bright yellow solid in 95%
yield (2.48 g, 4.24 mmol). FTIR (ATR): 1639, 1585 cm−1 (CN).
1H NMR (500 MHz, CD2Cl2) δ 8.39 (t, 1H), 8.18 (d, 2 H), 7.24 (s,
3H), 3.98 (t, 2H), 3.06 (m, 4H), 2.97 (m, 2H), 2.57 (s, 3H), 2.33 (s,
3H), 1.28 (d, 6H), 1.01 (m, 18H). 13C NMR (500 MHz, CD2Cl2)
expected: 20; reported, 20; δ 15.3, 18.7, 20.6, 22.5, 22.9, 24.1, 24.6,
28.21, 44.9, 122.9, 123.8, 125.3, 125.6, 126.1, 138.9, 142.3, 143.4,
148.3, 149.7, 164.3 (CN). UV−vis, CH2Cl2: 241 nm (16488 cm−1

M−1), 299 nm (5263 cm−1 M−1), 364 nm (939 cm−1 M−1). Anal. calcd
for C29H44Cl2ZnN4: C, 59.54; H, 7.58, N, 9.58. Found: C, 59.79; H,
7.08; N, 9.55.
Fe(didpa)Cl2 (2). A 20 mL scintillation vial was charged with the

didpa ligand (0.400 g, 0.892 mmol), approximately 9 mL of CH2Cl2,

1 mL of THF, FeCl2 (0.113 g, 0.892 mmol), and a stir bar. The blue
solution was stirred overnight, forming a blue precipitate. The solvents
were removed in vacuo, yielding a blue solid. The solid was redissolved
with approximately 5 mL of CH2Cl2 and then filtered through Celite
into a 20 mL scintillation vial. The filtrate was layered with pentane,
and the vial was set aside for 1 day, after which blue crystals of 2
were isolated in 78% yield (0.400 g, 0.696 mmol). FTIR (ATR): 1620,
1582 cm−1 (CN). 1H NMR (500 MHz, CD2Cl2) δ −23.51 (s, 2H),
−15.35 (s, 2H), −3.70 (s, 9H), −2.49 (s, 5H), −1.35 (s, 1H), 1.81 (s,
6H), 17.64 (s, 1H), 41.62 (s, 1H), 78.53 (s, 1H), 83.44 (s, 1H), 157.27
(s, 1H). μeff: 5.8 μB (solid); 5.7 μB (solution). UV−vis, CH2Cl2:
294 nm (6847 cm−1 M−1), 679 nm (1788 cm−1 M−1). Anal. calcd
for C29H44Cl2FeN4: C, 60.53; H, 7.71; N, 9.74. Found: C, 60.17; H,
7.77; N, 9.62.

[Zn(Hdidpa)Cl2][PF6] (3). A 20 mL scintillation vial was charged
with 1 (0.100 g, 0.137 mmol), approximately 5 mL of CH2Cl2, and a
stir bar. An additional 20 mL scintillation vial was charged with
NH4PF6 (56.8 mg, 0.342 mmol), approximately 3 mL of dry CH3OH,
and a stir bar. After stirring for 10 min, the solution of NH4PF6 in
CH3OH was transferred to the scintillation vial containing 1. The
resulting yellowish orange solution was stirred overnight. The solvents
were removed in vacuo, yielding a yellowish orange solid. The solid
was redissolved with approximately 5 mL of CH2Cl2. Any remaining
solid was removed by filtering through a Celite plug, and the filtrate
was added to a 20 mL scintillation vial. Ether was layered on top of
the filtrate, and the vial was placed in a glovebox freezer for 48 h in
order to crystallize the compound. The solid was isolated by vacuum
filtration with a Buchner funnel using No. 2 filter paper, yielding a light
yellow solid in 89% yield (0.089 g, 0.122 mmol). FTIR (ATR): 1642,
1586 cm−1 (CN); 832 cm−1 (PF6

−). 1H NMR (500 MHz, CD2Cl2)
δ 8.60 (t, 1H), 8.50 (br s, 1H), 8.46 (d, 1H), 8.36 (d, 1H), 7.33 (m,
3H), 4.37 (t, 2H), 3.86 (sep, 2H), 3.74 (t, 2H), 2.90 (sep, 2H), 2.75
(s, 3H), 2.45 (s, 3H), 1.46 (m, 12 H), 1.30 (d, 6 H), 1.06 (d, 6 H). 13C
NMR (500 MHz, CD3CN) expected: 20; reported, 19; δ 15.3, 18.7,
23.7, 24.26, 28.1, 46.8, 47.0, 55.9, 97.3, 124.1, 126.7, 127.4, 128.0,
139.5, 144.4, 147.8, 148.6, 167.7 (C1N1), 167.9 (C2N2). UV−vis,
CH2Cl2: 243 nm (17704 cm−1 M−1), 299 nm (7026 cm−1 M−1),
370 nm (520 cm−1 M−1). Anal. calcd for C29H45Cl2F6ZnN4P: C, 47.65;
H, 6.21; N, 7.67. Found: C, 47.25; H, 6.02; N, 7.64.

[Fe(Hdidpa)Cl2][PF6] (4). A 20 mL scintillation vial was charged
with 2 (0.100 g, 0.174 mmol), approximately 5 mL of CH2Cl2, and
a stir bar. In a separate 20 mL scintillation vial, NH4PF6 (56.7 mg,
0.348 mmol) was dissolved in approximately 3 mL of CH3OH. The
solution of NH4PF6 in CH3OH was transferred to the scintillation vial
containing 1. The dark purple solution was stirred overnight. The
solvents were removed in vacuo. The resulting solid was redissolved
in approximately 5 mL of CH2Cl2 and filtered through a Celite plug
into a 20 mL scintillation vial. The filtrate was carefully layered with
pentane and stored in a glovebox freezer for 24 h in order for the com-
pound to crystallize (92% yield, 0.115 g, 0.160 mmol). FTIR (ATR):
1623, 1582 cm−1 (CN); 833 cm−1 (PF6

−). 1H NMR (500 MHz,
CD2Cl2) δ −26.61 (s, 3 H), −3.72 (s, 6H), −2.76 (s, 1H), −1.8530 (s,
6H), 0.37 (s, 12H), 1.12 (s, 2H), 3.41 (s, 1H), 15.23 (s, 4H), 96.24 (s,
1H), 98.59 (s, 1H), 131.76 (s, 1H). μeff: 4.8 μB (solid); 4.7 μB
(solution). UV−vis, CH2Cl2: 297 nm (5755 cm−1 M−1), 601 nm
(701 cm−1 M−1). Anal. calcd for C29H45Cl2F6FeN4P: C, 48.28; H,
6.29; N, 7.77. Found: C, 47.03; H, 6.56; N, 7.47. The experimental and
theoretical values deviate, possibly due to the solvent (pentane)
present in the crystals (see X-ray section).

Zn(didpa)Br2 (5). A 250 mL round-bottomed flask was charged with
the didpa ligand (2.00 g, 4.46 mmol), approximately 50 mL of CH2Cl2,
ZnBr2 (1.00 g, 4.46 mmol), and a stir bar. The resulting yellow solu-
tion was stirred overnight forming a yellow solution with a yellow/
orange precipitate. The solid was isolated by vacuum filtration with a
Buchner funnel using No. 2 filter paper, yielding a yellow/orange solid
in 88% yield (2.64 g, 3.92 mmol). FTIR (ATR): 1636, 1584 cm−1

(CN). 1H NMR (500 MHz, CD2Cl2) δ 8.43 (t, 1H), 8.21 (d, 2H),
7.26 (s, 3H), 4.07 (t, 2H), 3.01 (m, 6H), 2.63 (s, 3H), 2.37 (s, 3H),
1.30 (t, 6 H), 1.03 (d, 18 H). 13C NMR (500 MHz, CD2Cl2) ex-
pected: 20; reported, 20; δ 164.6 (C1N1), 161.7 (C2N2), 149.3,

Figure 1. (Left) Chemdraw and (right) ORTEP diagrams of the
previously reported Fe(didpa)Br2 complex, highlighting secondary
coordination sphere H-bonding as well as the separation of the basic
sites and the ligand-based redox-active sites.
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147.9, 143.7, 142.4, 138.9, 126.1, 125.9, 125.7, 123.8, 52.2, 49.1,
45.4, 28.4, 24.6, 24.5, 20.7, 19.2, 15.6. UV−vis, CH2Cl2: 299 nm
(5306 cm−1 M−1), 376 nm (994 cm−1 M−1). Anal. calcd for
C29H44Br2ZnN4: C, 51.69; H, 6.58; N, 8.31. Found: C, 52.05; H,
7.08; N, 8.03. The experimental and theoretical values deviate due to
the solvent (ether) present in the crystals (see X-ray section).
[Zn(Hdidpa)Br2][PF6] (6). A 20 mL scintillation vial was charged

with 5 (0.100 g, 0.122 mmol), approximately 5 mL of CH2Cl2, and a
stir bar. An additional 20 mL scintillation vial was charged with
NH4PF6 (40.0 mg, 0.245 mmol), approximately 3 mL of dry CH3OH,
and a stir bar. After stirring for 10 min, the solution of NH4PF6 in
CH3OH was transferred to the scintillation vial containing 5. The
resulting yellowish orange solution was stirred overnight. The solvents
were removed in vacuo, yielding a yellowish orange solid. The solid
was redissolved with approximately 5 mL of CH2Cl2. Any remaining
solid was removed by filtering through a Celite plug, and the filtrate
was added to a 20 mL scintillation vial. Ether was layered on top of the
filtrate, and the vial was placed in a glovebox freezer for 48 h in order
to crystallize the compound. The crystals were isolated by vacuum
filtration with a Buchner funnel using No. 2 filter paper, yielding a
light yellow solid in 95% yield (0.0950 g, 0.116 mmol). FTIR (ATR):
1644, 1591 cm−1 (CN); 835 cm−1 (PF6

−). 1H NMR (500 MHz,
CD2Cl2) δ 8.55 (t, 1H), 8.41 (d, 1H), 8.32 (d, 1H), 7.78 (br s, 1H)
7.28 (m, 3H), 4.37 (t, 2H), 3.83 (t, 2H), 3.71 (m, 2H), 2.90 (sep, 2H),
2.72 (s, 3 H), 2.42 (s, 3H), 1.40 (d, 12H), 1.28(d, 6H), 1.03 (d, 6H).
13C NMR (500 MHz, CD2Cl2) expected: 20; reported, 19; δ 167.3
(C1N1), 166.6 (C2N2), 148.8, 147.7, 144.6, 141.1, 139.3, 127.3,
127.1, 126.9, 124.2, 56.3, 47.4, 46.8, 28.5, 24.6, 19.3, 18.5, 17.2, 16.3.
UV−vis, CH2Cl2: 301 nm (4818 cm−1 M−1), 365 nm (491 cm−1 M−1).
Anal. calcd for C29H45Br2F6ZnN4P: C, 42.49; H, 5.53; N, 6.83. Found:
C, 42.25; H, 5.32; N, 6.97.
Fe(didpa)(CO)2 (7). Compound 2 (0.150 g, 0.261 mmol) was

weighed out in a nitrogen filled MBraun glovebox and added to a
Fisher Porter tube. Sodium mercury amalgam (400 mg, 5%Na), a stir
bar, and approximately 5 mL of CH2Cl2 were added to the tube. The
tube was closed with a pressure valve and charged with 20 psi of CO
and left to stir vigorously overnight. The solvent was then removed
using a vacuum, and the solid was redissolved with approximately
10 mL of Et2O. The resultant solution was then filtered through
Celite. Slow evaporation of the Et2O resulted in dark green crystals.
Yield: 65% (0.0950 g, 0.170 mmol). FTIR (ATR): 1940, 1872 cm−1

(CO). 1H NMR (500 MHz, CD2Cl2) δ 8.07 (q, 3H), 7.51 (t, 1H),
7.25 (m, 2H), 4.25 (t, 2H), 3.10 (sep, 2H), 2.88 (t, 2H), 2.73 (s, 3H),
2.51 (sep, 2H), 2.36 (s, 3 H), 1.26 (d, 6 H), 1.05 (d, 18 H). 13C NMR
(500 MHz, CD2Cl2) expected: 21; reported, 20; δ 214.9 (CO),
155.8 (C1−N1), 155.166 (C2−N2), 149.8, 145.8, 140.3, 126.0, 123.2,
120.8, 119.9, 117.2, 62.7, 48.9, 47.8, 27.2, 24.4, 20.0, 20.7, 16.3, 14.3.
UV−vis, CH2Cl2: 368 nm (7472 cm−1 M−1), 431 nm (9594 cm−1 M−1),
759 nm (3981 cm−1 M−1). Anal. calcd for C31H44O2FeN4: C, 66.42; H,
7.91; N, 9.99. Found: C, 66.32; H, 8.01; N, 9.72.
[Fe(Hdidpa)(CO)2][PF6] (8). Compound 7 (0.150 g, 0.231 mmol)

was dissolved in approximately 5 mL of CH2Cl2 in a 20 mL scintilla-
tion vial. A separate 20 mL scintillation vial was charged with NH4PF6
(75.2 mg, 0.461 mmol), 3 mL of dry CH3OH, and a stir bar. The
reagents were then mixed together and stirred overnight. The solvents
were removed via vacuum, and the resulting solid was redissolved
in CH2Cl2. The solution was filtered through Celite to remove any
insoluble material. The solvent was removed via vacuum, and the
resulting solid was redissolved in CH2Cl2, layered with ether, and set
aside to allow for crystallization. The resulting dark green crystals were
washed with ether and dried under vacuum. Yield: 80% (0.130 g, 0.184
mmol). FTIR (ATR): 1946, 1879 cm−1 (CO), 831 cm−1 (PF6

−) .
1H NMR (500 MHz, CD2Cl2) δ 8.18 (br m, 2H), 7.60 (br m, 1H),
7.35 (t, 1H), 7.28 (d, 2H), 4.65 (br m, 2H), 3.82 (br m, 2H), 3.48
(br m, 2H), 2.75 (br s, 3H), 2.51 (m, 5H), 1.51 (d, 12H), 1.27 (m,
6 H), 1.06 (d, 6 H). 13C NMR (500 MHz, CD2Cl2) expected: 21,
reported, 18; δ 214.9 (CO), 158.1 (C1−N1), 156.3 (C2−N2), 149.2,
145.5, 145.1, 140.1, 126.5, 123.6, 122.1, 121.5, 118.5, 48.4, 27.3,
24.4, 23.9, 16.6, 14.5. UV−vis, CH2Cl2: 354 nm (4489 cm−1 M−1),
422 nm (6205 cm−1 M−1), 756 nm (2565 cm−1 M−1). Anal. calcd for

C31H45F6O2FeN4P: C, 52.70; H, 6.42; N, 7.93. Found C, 52.01; H,
6.70; N, 7.53. The experimental and theoretical values deviate due to the
solvent (methanol) present in the crystals (see Supporting Information).

1H NMR Titrations. In a typical experiment, a sample of either
[Zn(Hdidpa)Cl2][PF6] (3) or [Zn(Hdidpa)Br2][PF6] (6) (14 mmol)
in CD2Cl2 (600 μL) was added to a sealable NMR tube with an in-
jectable screw cap. A hydrogen bond acceptor such as DMF-d7 was
titrated in the sealed NMR tube in varying aliquots. The resulting
mixture was vigorously shaken for 15 s and inserted into the NMR
probe where it was allowed to equilibrate at 298 K for 10 min before a
spectrum was obtained. The process was repeated until the titration
was complete.

pKa Determination. Potentiometric pKa titrations were per-
formed in nitromethane and converted to the aqueous scale using the
method of Streuli32 and are the average of three self-consistent trials.
Briefly, in a typical experiment, a sample of analyte (0.25 mmol) was
placed in a 100 mL volumetric flask. CH2Cl2 (10 mL) was added
to dissolve the analyte, and the flask was filled to mark with
nitromethane. A solution of perchloric acid (200 mL, 0.05 M) in
nitromethane was used as the titrant. Titrations were performed in a
250 mL beaker using 50 mL aliquots of the solution containing the
analyte. Millivolt readings were taken upon delivery of perchloric acid. The
end points were determined from derivative plots, and the half neutralization
potentials (HNPs) were recorded. Aqueous pKa values were determined
algebraically within 0.2 pKa units using the formula pKa(H2O) =
10.12−0.0129 × ΔHNP(CH3NO2), where ΔHNP(CH3NO2) =
[HNP(trimethylamine) − HNP(analyte)]. Triethylamine was used
as a standard instead of diphenylquanidine.

pKa values in acetonitrile were determined by NMR spectroscopy
and are the average of three self-consistent trials. In a typical experi-
ment, 11.6 mg (0.0159 mmol) of [Zn(Hdidpa)Cl2][PF6] (3) was
combined with 1.61 mg (0.0159 mmol) of triethylamine (pKa = 18.82
in acetonitrile)33 in an NMR tube and allowed to equilibrate for
60 min. The equilibrium populations were determined by NMR, and
the equilibrium concentration was determined from the chemical shift,
using the equation χA = (δeq − δB)/(δA − δB), where χA is the mole
fraction of the conjugate acid, and δ refers to the measured chemical
shift of a given peak at equilibrium (eq) and for pure samples of the
conjugate acid (A) and base (B). Once the equilibrium concentrations
were obtained, the pKa value was calculated utilizing Hess’s law.

Crystallographic Data Collection and Structure Determination.
Diffraction intensities for 1−8 were collected at 173(2) K, 200(2) K,
and 223(2) K on a Bruker Apex CCD diffractometer using MoKα
radiation λ = 0.71073 Å or CuKα radiation λ = 1.54178 Å. Space
groups were determined based on systematic absences. Absorption
corrections were applied by SADABS.34 Structures were solved by
direct methods and Fourier techniques and refined on F2 using full
matrix least-squares procedures. All non-H atoms were refined with
anisotropic thermal parameters. All H atoms in 6 and 8 and H atoms
at the N atoms in 3 and 4 involved in N−H···Cl H-bonds were found
in the residual density and refined with isotropic thermal parameters.
All other H atoms in the investigated structures were refined in
calculated positions in a rigid group model. Crystals of 1, 3, and 4 were
very thin plates, and diffraction intensities at the high angles were very
weak. Diffraction at high angles for 2 was weak as well. In all cases,
diffraction data were collected up to 2θmax = 56°, but only reflections
with 2θmax = 48° (3) and 50° (2, 4, and 1) were involved in the final
refinements. Diffraction data for 5 were collected up to 2θmax = 133°,
but only reflections with 2θmax = 120° were involved in the final
refinements. Even with such restrictions, X-ray diffraction data provide
an appropriate ratio of number of measured reflections per refined
parameters. The refinement shows that a solvent pentane molecule in
4 and a solvent OEt2 molecule in 5 are disordered around inversion
centers. The solvent pentane molecule in 4 is partially occupied in
its position; there is 0.25(C5H12) per the main cation/anion pair.
These disordered solvent molecules were treated by SQUEEZE.35

The corrections of the X-ray data by SQUEEZE are 51 electron/cell vs
the required value of 42 electron/cell in 4 and 85 electron/cell vs the
required value of 84 electron/cell in 5. The Flack parameter in 8 is
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0.008(8). All calculations were performed by the Bruker SHELXTL
(v. 6.10) package.36

Mössbauer Spectra. Mössbauer spectra were recorded at room
temperature with a constant-acceleration spectrometer (Wissel
GMBH, Germany) in a horizontal transmission mode using a
50 mCi 57Co source. Approximately 0.080 g of sample was crushed
in a Mössbauer sample holder and a drop of Paratone-N was used to
cover the sample to prevent oxidation. Data acquisition varied from
2 days to 7 days to get a statistically reasonable spectrum for each
sample for analysis. The velocity scale was normalized with respect to a
metallic iron at room temperature; hence, all isomer shifts were
recorded relative to metallic iron. The Mössbauer spectra were fitted
by assuming Lorentzian line shapes using the NORMOS (Wissel
GMBH) least-squares fitting program. The isomer shifts and
quadrupole splitting parameters were determined from the fitted
spectra.
Computational Methods. Molecular geometries were optimized

and hydrogen bond strengths computed using density functional
theory (DFT) within the Perdew−Burke−Ernzerhof (PBE) func-
tional,37 using the VASP package38 and projector augmented wave
(PAW) potentials.39 DFT-PBE has been shown to capture hydrogen
bond strengths with an error of about 1 kcal/mol.40 A plane-wave
cutoff of 400 eV was used throughout. In each of these calculations, an
isolated molecule or ion was placed in a large cubic unit cell,
surrounded by approximately 12 Å of vacuum space or more in all
directions. Dipole corrections to the total energy were used to account
for interactions introduced by periodic boundary conditions.41

Electrochemistry. Cyclic voltammetry was carried out using a
Pine Wavenow potentiostat employing a standard three-electrode
electrochemical cell consisting of a glassy carbon working electrode, a
platinum auxiliary electrode, and a freshly prepared Ag/Ag+ reference
electrode with a vycor tip filled with acetonitrile. All potentials were
internally referenced to the ferrocene redox couple. Unless other-
wise noted, experiments were carried out under a dinitrogen atmo-
sphere at room temperature using methylene chloride solutions of the
analyte at 0.010 M and with 0.100 M tetra(n-butyl)ammonium
hexafluorophosphate as the supporting electrolyte.

■ RESULTS AND DISCUSSION
Zinc(II) and Iron(II) Didpa Complexes. The previously

reported ligand,28 [(2,6-iPrC6H3)NCMe)(N(iPr)2C2H4)N
CMe)C5H3N] (didpa), was utilized to synthesize the zinc(II)
and iron(II) derivatives in near quantitative yield (eq 1) by

combining the free ligand and either ZnCl2 (1) or FeCl2 (2)
in methylene chloride/THF solution(s). Yellow single crystals
of 1 were obtained by layering diethyl ether onto a solution
of 1 in methylene chloride and letting stand in a −10 °C freezer
for 1 week. Blue single crystals of 2 were obtained by layering
pentane onto a solution of 2 in methylene chloride and
allowing to stand for 24 h at room temperature. ORTEP views
of both 1 and 2 are shown in Figure 2. The Zn(didpa)Br2
complex (5) was also synthesized and crystallographically
characterized (Table S2, Figure S39, Supporting Information).
Both 1 and 2 are five coordinate with distorted square-

pyramidal geometries (τ = 0.34 for both complexes).42 In both
cases, the nitrogen atoms of the PDI ring along with one
chlorine atom make up the basal plane, with the other chlorine
atom occupying the apical position. The bond lengths and
angles in 1 (Table 1, Figure 2) and 2 (Figure 2) are similar to
those of other structurally characterized zinc(II)43,44 and
iron(II)45−47 complexes containing a PDI ligand. While 1 is
diamagnetic in both solution and the solid state, the measured
μeff of 2 yielded a value of 5.8 μB in the solid state and 5.7 μB in
solution, consistent with a high-spin (S = 2) square-pyramidal
Fe(II) center.45 The room temperature, zero-field Mössbauer
parameters (Figure S6, Supporting Information) also confirm
the assignment of a high-spin Fe(II) center (ΔEQ = 1.841(7);
δ = 0.882(3) mm/s).48−50 In relation to other five coordinate
metalloenzyme mimics containing Fe(II)-Cl bonds, the
Fe(II)-Cl bond lengths in 2 (2.295(12) and 2.2790(14) Å)
are consistent with the Fe(II)-Cl bond lengths found in
five coordinate SyrB2 model compounds (2.2653(10) and
2.2646(8) Å, respectively)51 but shorter than one of the
Fe(II)-Cl bond lengths in the recently reported 5-coordinate
(MeN(afaCy)2)FeCl2 complex. The (

MeN(afaCy)2)FeCl2 contains
two Fe(II)-Cl bonds, one involved in a MHHB and one that is
not. The Fe(II)-Cl bond not involved in H-bonding is reported
to be 2.309 Å.52 Lastly, as can be seen from the structural data
in Figure 2, all structural metrics (bond lengths and angles) for
both 1 and 2 are very similar.

Secondary Sphere H-Bonding in the Solid State. In
order to probe the secondary coordination sphere H-bonding
capabilities of 1 and 2, the pendant diisopropylamine in each
complex was protonated with the weak acid NH4PF6 (eq 2).
This was performed by reaction of either a yellow solution
of 1 or a blue solution of 2 in THF with NH4PF6 in MeOH.
These reactions resulted in the formation of the protonated com-
plexes [Zn(Hdidpa)Cl2][PF6] (3) and [Fe(Hdidpa)Cl2][PF6] (4),

Figure 2. Solid-state structures (30% probabilities) of Zn(didpa)Cl2 (1) (left) and Fe(didpa)Cl2 (2) (right). The H atoms have been omitted for
clarity. Selected bond lengths (Å) and angles (deg) for 1: Zn(1)−Cl(1) 2.251(2), Zn(1)−Cl(2) 2.243(2), Zn(1)−N(1) 2.423(6), Zn(1)−N(2)
2.084(6), Zn(1)−N(3) 2.210(6), C(2)−N(1) 1.278(9), C(8)−N(3) 1.292(9), and Cl(1)Zn(1)Cl(2) 113.89(9), N(2)Zn(1)Cl(1) 127.74(18), and
N(1)Zn(1)N(3) 147.9(2). Selected bond lengths (Å) and angles (deg) for 2: Fe(1)−Cl(1) 2.2959(12), Fe(1)−Cl(2) 2.2790(14), Fe(1)−N(1)
2.285(3), Fe(1)−N(2) 2.117(3), Fe(1)−N(3) 2.192(3), C(2)−N(1) 1.283(5), C(8)−N(3) 1.280(6), and Cl(1)Fe(1)Cl(2) 109.52(6),
N(2)Fe(1)Cl(1) 124.58(9), and N(1)Fe(1)N(3) 146.39(13).
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respectively. Layering diethyl ether onto the filtered solution
of 3 and letting it stand in a −10 °C freezer for 1 week yielded
the yellow crystalline solid 3 in near quantitative yield. Layering
pentane into a CH2Cl2 solution of 4 yielded the purple
crystalline solid in yields >90%. ORTEP diagrams of 3 and 4
(the protonated forms of 1 and 2) are shown in Figure 3. Both
metal centers are shifted to an ideal five-coordinate square-
pyramidal geometry (τ = 0.00 for 3 and τ = 0.06 for 4). Com-
pound 3 is still diamagnetic in the solid state and solution,
whereas the measured μeff of 4 yielded a value of 4.7 μB in the

solid state and 4.4 μB in solution, consistent with a high-spin
(S = 2) square-pyramidal Fe(II) center.53 The room temper-
ature, zero-field Mössbauer parameters (Figure S11, Supporting
Information) also confirm the assignment of a high-spin Fe(II)
center (ΔEQ = 1.933(8); δ = 0.863(45) mm/s).54

The solid state structures of both 3 and 4 contain M(II)-Cl···
H−N MHHBs (M = Zn for 3 and Fe for 4), which consist of
an intramolecular hydrogen bond between the protonated
diisopropylamine group and one of the chlorine atoms (the
basal Cl atom in 3 and the apical Cl atom in 4). The hydrogen
atom involved in the MHHB was located and refined in both
complexes, yielding an N−H···Cl distance of 2.17(6) Å in 3 and
2.18(3) Å in 4. The N···Cl distances of 3.152(6) Å in 3 and
3.157(8) Å are both consistent with an intramolecular H-bond.55

The N(4)H(1N) group is directed toward the Cl atom in both
compounds, which is also indicative of intramolecular H-bonding;56

Table 1. Experimental and DFT-PBE Computed Bond Lengths (Å) and Angles (deg)

1 1 DFT-PBE 3 3 DFT-PBE 3 DFT-PBE rotateda

Zn(1)−N(2) 2.084(6) 2.140 2.079(5) 2.092 2.107
Zn(1)−N(3) 2.210(6) 2.246 2.251(5) 2.251b 2.251b

Zn(1)−Cl(2) 2.243(2) 2.218 2.2346(19) 2.210 2.244
Zn(1)−Cl(1) 2.251(2) 2.246 2.2696(18) 2.302 2.265
Zn(1)−N(1) 2.423(6) 2.446 2.240(5) 2.330 2.315
N(1)−C(2) 1.278(9) 1.287 1.252(8) 1.290 1.290
N(3)−C(8) 1.292(9) 1.288 1.277(8) 1.289 1.288
C(2)−C(3) 1.497(10) 1.496 1.488(10) 1.496 1.497
C(7)−C(8) 1.505(11) 1.492 1.507(9) 1.497 1.499
N(4)-H(1N) 0.99(6) 1.071 1.032
N(4)H(1N)···Cl(1) 2.17(6) 2.023 5.260
N(4)···Cl(1) 3.152(6) 3.079 4.431
N(2)−Zn(1)−Cl(2) 127.74(18) 134.01 102.51(15) 129.25 133.01
N(2)−Zn(1)−Cl(1) 118.18(18) 100.13 143.89(15) 111.93 105.96
N(3)−Zn(1)−Cl(1) 101.91(19) 100.03 97.36(14) 94.07 95.67
Cl(2)−Zn(1)−Cl(1) 113.89(9) 125.83 113.45(7) 117.97 102.27
N(3)−Zn(1)−N(1) 147.9(2) 142.91 143.1(2) 148.34 146.12
N(4)-H(1N)-Cl(1) 172(5) 168.05 33.02

aThe N(4)-H(1N) bond was rotated away from Cl(1) and allowed to relax to a relative energy minimum. bThe Zn(1)−N(3) bond distance was
constrained to the experimental value (see text for discussion).

Figure 3. Solid-state structures (30% probability) of [Zn(Hdidpa)Cl2][PF6] (3) (left) and [Fe(Hdidpa)Cl2][PF6] (4) (right). Only the H atoms
involved in H-bonding are shown, and the PF6

− counterions have been omitted for clarity. H-bonding is denoted by the dashed line. Selected bond
lengths (Å) and angles (deg) for 3: Zn(1)−Cl(1) 2.2696(18), Zn(1)−Cl(2) 2.2346(19), Zn(1)−N(1) 2.240(5), Zn(1)−N(2) 2.079(5), Zn(1)−
N(3) 2.251(5), N4-(H1N) 0.99(6), Cl(1)···H(4N) 2.17(6), N(4)···Cl(1) 3.152(6), C(2)−N(1) 1.252(8), C(8)−N(3) 1.277(8), and Cl(1)
Zn(1)Cl(2) 113.45(7), N(2) Zn(1)Cl(1) 143.89(15), N(1) Zn(1)N(3) 143.1(2), and N(4)-H(1N)···Cl(1) 172(5). Selected bond lengths (Å) and
angles (deg) for 4: Fe(1)−Cl(1) 2.327(2), Fe(1)−Cl(2) 2.263(2), Fe(1)−N(1) 2.225(6), Fe(1)−N(2) 2.102(5), Fe(1)−N(3) 2.215(7), N4-
(H4N) 1.00(2), Cl(1)···H(4N) 2.18(3), N(4)···Cl(1) 3.157(8), C(2)−N(1) 1.282(8), C(8)−N(3) 1.283(9), and Cl(1)Fe(1)Cl(2) 111.94(9),
N(2)Fe(1)Cl(2) 142.54(17), N(1)Fe(1)N(3) 146.1(2), and N(4)-H(4N)···Cl(1) 166(10).
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the N−H···Cl angle is 172(5)° in 3 and 166(10)° in 4. The
discrepancy in the N−H···Cl angle in the two compounds may
be due to the different Cl− ligand (one basal and one apical)
involved in each MHHB. In both cases, the νN−H in the solid
state infrared spectrum is obscured (absent) by H-bonding.57

There are peaks in the IR spectra at ∼2690 cm−1 (see the
Supporting Information), which fall in the range of R3NH

+

complexes.58 However, isotopic substitution experiments with
ND4PF6 as the D+ source were inconclusive.
Neither M(II)-Cl bond in each complex involved in the

MHHB is appreciably elongated. The Zn(II)-Cl bond distance
is 2.251(2) Å in 1 and 2.2696(18) Å in 3. A very slight
elongation of the Fe(II)-Cl bond from 2.2959(12) Å in 2 to
2.327(2) Å in 4 is observed, which may or may not be due to
the MHHB. As stated above, the Fe(II)-Cl bond length in five-
coordinate SyrB2 model complexes51 (which do not display
any MHHBs) are 2.26 Å, shorter than the Fe(II)-Cl bond in 4.
The formation of an intramolecular H-bond in the secondary
coordination sphere MHHB between the protonated pendant
base arm and the halide ligand was also observed in the solid
state structure of our previously reported [Fe(Hdidpa)Br2]-
[PF6].

28 Elongation of the Fe(II)-Br bond involved in the
secondary coordination sphere MHHB was also attenuated.
The Fe(II)-Br bond distance in [Fe(Hdidpa)Br2][PF6] was
found to be 2.4439(6) Å and 2.4252(4) Å in Fe(didpa)Br2.
For comparison, the Fe(II)-Cl bond involved in MHHB in the
5-coordinate (MeN(afaCy)2)FeCl2 complex52 is elongated from
2.309 to 2.420 Å.
[Zn(Hdidpa)Br2][PF6] (6) was also synthesized and crystallo-

graphically characterized (Table S2, Figure S40, Supporting
Information). Similar to 3, the solid state structure of 6 contains
an intramolecular Zn(II)-Br···H−N MHHB between the
protonated diisopropylamine group and the basal bromine
atom. In relation to complex 3, the N−H···Br and N···Br
distances are elongated (2.45(4) and 3.309(3) Å, respectively)
in 6, with the N−H···Br angle of 174(3)°, suggesting a weaker
MHHB interaction with the bromide as compared to the chlo-
ride.55

Secondary Sphere H-Bonding in Solution. Given that
the νN−H peaks in the solid-state IR spectra of 3 and 4 are
absent due to hydrogen bonding (and that the paramagnetic

nature of the Fe(II) center prevents analysis by NMR), it was
not possible to investigate the nature of the secondary co-
ordination sphere MHHB interaction of the iron complexes in
solution (i.e., H-bond conservation, strength, etc.). Because of the
inherent structural similarities between the zinc(II) and the iron(II)
complexes, we performed a set of experiments on the diamagnetic
1 and 3 to probe the nature of the MHHB in solution.
With 1 in hand, the pKa of the pendant diisopropylamine

in didpa was determined in both aqueous and acetonitrile
solutions (see Supporting Information). The aqueous values
(which were collected in nitromethane and then converted to
the aqueous scale)32 were found to be 10.4 in the free ligand
and 9.7 once the didpa ligand is bound to ZnCl2 in 1. These
values compare favorably to those of free Hünigs base
(diisopropylethylamine), which has a reported pKa of 10.8 in
aqueous solution.59 In acetonitrile, the pendant diisopropyl-
amine of 1 has a measured pKa of 18.4, compared to the
measured value for Hünigs base of 18.8. What is clear from
these data is that the basicity of the pendant diisopropylamine
is not attenuated appreciably once the ligand is bound to the
zinc ion. This is likely due to the ethylene bridge electronically
insulating the base from the metal (as opposed to an aryl
bridge). In similar systems that contain arylphosphine ligands
tethered with pendant bases, the pKa values of the pendant
groups are severely attenuated once the phosphine is bound to
a transition metal ion.60 For example, the reported dimethyl-
amine appended triphenylphosphine has a pKa of 18.0 when
free and 13.0 when bound to a rhenium(I) center. This sug-
gests that the base is able to communicate electronically through
the aryl group, leading to severe attenuation in the pKa values,
which is not observed in our systems.
In the case of 3 and 6, which are diamagnetic in both the

solid state and solution, diagnostic 1H NMR spectra can be
obtained, and the 1H NMR spectra of 3 in CD2Cl2 are shown in
Figure 4. The N−H resonance of 3 is shifted downfield to 8.50 ppm,
suggesting significant deshielding of the proton environment.
This observation is consistent with an H-bond interaction in
solution between the protonated amine of the didpa ligand and
the chloride bound to the zinc.11,14,15,61 The same effect is seen
in the 1H NMR spectrum of 6, where the N−H resonance is

Figure 4. 1H NMR spectrum of [Zn(Hdidpa)Cl2][PF6] (3) in CD2Cl2 at 298 K. The inset shows the N−H resonance in CD2Cl2 before (top) and
after the addition of 50 equiv of DMF-d7 (bottom). The * represents solvent.
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shifted downfield to 7.79 ppm, suggesting a weaker MHHB in
solution (Figure S16, Supporting Information).
In order to probe the relative strength of the N−H···Cl

H-bond in 3 in solution, the N−H resonance was interrogated
via a series of 1H NMR titrations with solvents of differing β
values (thermodynamic measure of H-bonding acceptance
ability).62 If intermolecular H-bonding to bulk solvent is
possible, then the N−H resonance in the 1H NMR spectrum
should undergo a downfield shift when increasing amounts of
hydrogen bond acceptor are added. Accordingly, when
deuterated solvents of different H-bond accepting strength
(acetone < DMF < DMSO) were titrated into a CD2Cl2
solution of 3 (Figure 5), drastically different downfield shifts

were observed for the different solvents. Addition of up to
250 equiv with acetone-d6 (β = 0.43) resulted in no downfield
shift of the N−H resonance, consistent with no H-bonding
interaction with acetone. However, addition of the stronger
H-bond accepting solvents DMF-d7 (β = 0.69) and DMSO-d6
(β = 0.76) resulted in a downfield shift of the N−H resonance
from 8.50 to 9.04 and 8.78 ppm, respectively, and more
importantly, a change in the shape of the binding isotherms
(Figure 5). Each spectrum was internally referenced to TMS, and

the shift in the N−H resonance was significantly larger than that
for any other resonance in the spectrum. It should be noted that
nonspecific changes in the chemical shift can occur due to changes
in the solvent dielectric over the course of the titration. However,
the small shifts in the non-N−H resonances (∼0.05 ppm) indicate
that the changes in the solvent dielectric are small compared to the
shift in the N−H resonance (∼0.3 ppm for DMSO-d6 and
∼0.5 ppm for DMF-d7). From the binding isotherms in Figure 5,
values of the association constants were extracted utilizing an
iterative fitting program63 that correlated with a weak association
with the H-bond accepting solvent (KDMF = 1.1 L mol−1 and
KDMSO = 2.4 L mol−1). These data suggest that in poor H-bond
accepting solvents like methylene chloride and acetone, the
Zn(II)-Cl···H−N intramolecular interaction is more favorable
than an intermolecular H-bonding interaction with external sol-
vent. When the H-bond acceptance value of the solvent is increased,
the intermolecular H-bonding interaction is favored. An identical
trend is observed in the case of the binding isotherms when 3 is
replaced with 6 (Figure S37, Supporting Information). The associa-
tion constants of 6 with the H-bonding solvent observed (KACETONE
= 0.01 L mol−1, KDMF = 4.8 L mol−1, and KDMSO = 8.1 L mol−1) in
the case of 6 are larger due to the weaker Zn(II)-Br···H−N intra-
molecular interaction (compared to Zn(II)-Cl···H−N).55

H-Bond Strength Computations. To obtain a more
quantitative value for the H-bond strength in 3, we computed
the hydrogen bond strength by comparing the total energy of
the hydrogen-bonded cation (Figure 6, left) to a hypothetical
cation in which the N(4)-H(1N) bond was rotated away from
the chloride ligands (Figure 6, right). The latter structure was
determined by adding a proton to the structure of 1 (assuming
that is the conformation that minimizes steric repulsion) and
computationally relaxing it. The Zn(1)−N(3) bond was con-
strained to the experimental value of 2.251 Å in this treatment
due to an overestimation of the computed Zn(1)−N(3) bond
length of 2.523 Å when unconstrained (Supporting Informa-
tion). This elongation of the Zn(1)−N(3) bond length resulted
from an additional interaction between N(3) and H(1N) when
unconstrained (the N(3) ···H(1N) distance was computed as
2.648 Å when unconstrained, whereas the N(3)···H(1N) dis-
tance in the crystal structure of 3 was found to be 2.839 Å).
By this method, the hydrogen bond strength of the N(4)-
H(1N)···Cl(1) interaction in 3 was found to be 5.9 kcal/mol.
As can be seen from Table 1, the computed bond lengths

complement the experimental values found from the X-ray
crystal structure. All bond lengths fall within 2% of the experi-
mental values. The computed bond angles deviate somewhat
from experiment, which is to be expected, as deviations of

Figure 5. Binding isotherms of the titration of the hydrogen bond
acceptors acetone-d6 (green triangle), DMSO-d6 (blue circle), and
DMF-d7 (red square) with 3. Plot of chemical shift of the N−H
resonance vs equivalents of the H-bond acceptor added.

Figure 6. DFT-PBE computed structures of [Zn(Hdidpa)Cl2]
+ (3 DFT-PBE) (left) and [Zn(Hdidpa)Cl2]

+ (3 DFT-PBE rotated) (right). In 3
DFT-PBE rotated, the protonated pendant base has been rotated away from the chloride ligands. The H-bond is denoted by the dashed line.
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similar magnitude have been observed for DFT-PBE
calculations of molecules and molecular crystals64 (especially
in proximity to hydrogen bonds)40 due to their relatively flat
potential energy surfaces. For comparison, the analogous
N−H···X-M H-bond strengths of the protonated [Zn(Hdidpa)-
Br2]

+ (4.9 kcal/mol) and [Zn(Hdidpa)I2]
+ (3.8 kcal/mol)

complexes were also computed (see Supporting Information).
The data are in excellent qualitative agreement with the observed
trend in N−H···X-M H-bond strengths, where N−H···Cl-M >
N−H···Br-M > N−H···I-M.55 Lastly, the computed N−H···Cl
value of 5.9 kcal/mol in 3 is consistent with other recently
published H···Cl-M bond strengths.8,65

pH Coupled Ligand-Based Redox Activity. Metal-
loenzymes are recognized for their propensity to tune the
redox state(s) of the active site(s), as well as the protonation
state of the surronding residues in the secondary coordination
sphere.1,16 In order to probe the synergy between the redox
activity and the protonation state of the didpa scaffold, 2
was reduced under a CO atmosphere with NaHg amalgam
producing the doubly reduced Fe(didpa)(CO)2 complex, 7.
The ORTEP diagram of the diamagnetic green complex (7)
is shown in Figure 7 (left). The iron center is five coordinate,
square pyramidal (τ = 0.12). The Cimine-Nimine bonds are elongated
from a value of 1.283(5) and 1.280(6) Å in 2 to 1.3330(7) and
1.329(7) Å. The Cimine−Cipso bonds are contracted from 1.489(6)
and 1.491(6) Å in 2 to 1.433(8) and 1.430(8) Å. These data,
taken in conjunction with the zero-field Mössbauer parameters
(ΔEQ = 1.43, δ = −0.06 mm/s), suggest that complex 7 is best
described as an iron(II) center with a doubly reduced didpa
ligand (Figure S21, Supporting Information). Previous reports
by us,29,66 and others,67 have suggested that iron com-
pounds in the doubly reduced PDI to be in the diradical
dianionic form.68 The FTIR spectrum of 7 displays two νCO
values at 1940 and 1871 cm−1, respectively, in the range of
FePDI(CO)2 complexes best described as having diradical
dianionic ligands with a S = 0 Fe(II) center.67 Inspection of the
pKa (acetonitrile) of the pendant base reveals a value of 19.2.
This value is similar (albeit higher) to the Zn(didpa)Cl2
compound (18.4) and free Hünigs base (18.8). The increase
in the observed pKa value could be attributed to the ligand
being more electron rich in the doubly reduced state.
Regardless, the ethylene bridge prevents wild deviation in the
pKa of the pendant base, similar to that of other systems where

the acidic/basic sites are separated from the redox active sites of
the complex.19

Reaction of 7 with NH4PF6 produces the protonated,
reduced complex [Fe(Hdidpa)(CO)2][PF6], 8. The ORTEP
diagram of the diamagnetic green complex (8) is also shown in
Figure 7 (right). The iron center is five coordinate, square
pyramidal (τ = 0.06). The Cimine−Nimine bonds are 1.317(2) and
1.329(3) Å, whereas the Cimine−Cipso are 1.430(3) and 1.431(3) Å,
suggesting no change in the oxidation state upon protonation
of the didpa scaffold. The zero-field Mössbauer parameters
(ΔEQ = 1.435(8), δ = −0.075(5) mm/s) confirm this observa-
tion (Figure S25, Supporting Information). The FTIR spec-
trum of 8 displays two νCO at 1946 and 1879 cm−1, respectively.
These values are shifted to slightly higher wavenumber from 7,
suggesting less electron density at the Fe(II) center upon
protonation of pendant diisopropylamine.69

To investigate how the protonation state of the ligand affects
the redox-active sites in the scaffold, we examined the cyclic
voltammetry of both 7 and 8 in CH2Cl2. Previous work

29,66,70

has shown that the PDI ligand scaffold in FePDI(CO)2 com-
plexes is capable of undergoing a reversible (or quasi-reversible)
one electron oxidation to form [FePDI(CO)2]

+, where the
redox-active ligand is involved in the electron transfer (not the
metal center, eq 3).

As seen in Figure 8, in CH2Cl2 both complexes 7 and 8
undergo the quasi-reversible one electron oxidation of the
didpa ligand scaffold, albeit at different potentials.71 For the
neutral form, 7, the oxidation of the ligand occurs at E1/2 =
−0.590 V. Upon protonation to 8, the event occurs at E1/2 =
−0.485 V. The ligand becomes more difficult to oxidize upon
protonation, which is to be expected, but only a modest
105 mV shift in potential is observed. For comparison, an
approximate shift of ∼500 mV in potential is observed for
transition metal complexes upon protonation/deprotonation
of a ligand bound directly to the metal center.72,73 In other systems
where the protonation site and redox active site are separated, the

Figure 7. Solid-state structure (30% probability) of Fe(didpa)CO2 (7) (left) and [Fe(Hdidpa)(CO)2][PF6] (8) (right). Only the H atom of the
protonated diisopropylamine is shown, and the PF6

− counterion has been omitted for clarity. Selected bond lengths (Å) and angles (deg) for 7:
Fe(1)−C(31) 1.774(6), Fe(1)−C(30) 1.788(7), Fe(1)−N(1) 1.961(5), Fe(1)−N(2) 1.846(4), Fe(1)−N(3) 1.960(5), C(2)−N(1) 1.330(7),
C(8)−N(3) 1.329(7), and C(31)Fe(1)C(30) 98.9(3), N(2)Fe(1)C(31) 149.2(3), and N(1)Fe(1)N(3) 156.99(19). Selected bond lengths (Å) and
angles (deg) for 8: Fe(1)−C(1) 1.779(2), Fe(1)−C(2) 1.7821(18), Fe(1)−N(1) 1.9617(15), Fe(1)−N(2) 1.8452(15), Fe(1)−N(3) 1.9461(16),
N4-(H4N) 0.74(3), C(4)−N(1) 1.317(2), C(10)−N(3) 1.329(3), and C(1)Fe(1)C(2) 94.29(9), N(2)Fe(1)C(1) 151.19(8), and N(1)Fe(1)N(3)
154.70(6).
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redox and acid/base chemistry are still strongly coupled. For
example, the tetraphenylporphyrin (TPP) 4-methylimidazole
(ImH) derivatives [(TPP)FeII(ImH)2] and [(TPP)FeIII(ImH)2]-
[PF6] have EIM = −0.95 V and EIMH = −0.585 V for the FeIII/II

couple in the protonated (IMH) and unprotonated (IM)
4-methylimidazole ligand.19 A similar effect is seen in the well
explored FeII(tris(2,2′biimdazoline)2+ (FeIIH2bim) and
FeII(tris(2,2′-tetyrahydropyrimidine)2+ (FeIIH2bip) systems.72

Lastly, H-bonding ligands have also been invoked as a method
to tune the redox potential of metal centers.65,74 One explana-
tion as to why the redox activity in the systems compared above
is more pronounced than in 7 and 8 is that those redox events
are metal-centered. In 7 and 8, the redox events are ligand-
centered. In both 7 and 8, the electronics at the iron center seem
to be insulated from the protonation state of the ligand, as
judged by the slight shift (∼6 cm−1) in the FTIR spectrum and
virtually no shift in the Mössbauer spectra. However, the one
electron oxidation/reduction of the ligand scaffold is clearly
affected by the pH state of the pendant base.

■ CONCLUSIONS
In summary, we have synthesized and characterized a series of
zinc(II) and iron(II) complexes based on the pyridinediimine
core. These complexes contain a pendant diisopropylamine
capable of forming secondary coordination sphere MHHBs
upon protonation with the weak acid, NH4PF6. The pKa
(acetonitrile) of the pendant diisopropylamine group was found
to be 18.4 in the zinc complex, Zn(didpa)Cl2, which showed
that the basicity of the pendant group was not attenuated once
the free ligand was coordinated to the metal ion. The solution
behavior of the MHHBs was probed via 1H NMR titrations
of [Zn(Hdidpa)Cl2][PF6] and [Zn(Hdidpa)Br2][PF6] with
solvents of varying H-bond accepting strength. The H-bond
strength in [Zn(Hdidpa)Cl2][PF6] and [Zn(Hdidpa)Br2][PF6]
was calculated in silico to be 5.9 and 4.9 kcal/mol, respectively.
The intimacy of the secondary coordination sphere acidic/basic
sites and the ligand-based redox-active sites were probed
through the synthesis and characterization of Fe(didpa)(CO)2
and [Fe(Hdidpa)(CO)2][PF6]. The pKa (acetonitrile) of the

pendant diisopropylamine group was found to be 19.2 in
Fe(didpa)(CO)2. The electronics of the metal center are only
modestly affected by changing the protonation state of the
ligand, whereas the ligand-based redox-activity is coupled to the
pH of the ligand.
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