
Hemilabile Proton Relays and Redox Activity Lead to {FeNO}x and
Significant Rate Enhancements in NO2

− Reduction

Pui Man Cheung,† Kyle T. Burns,† Yubin M. Kwon,† Megan Y. Deshaye,† Kristopher J. Aguayo,†

Victoria F. Oswald,§ Takele Seda,⊥ Lev N. Zakharov,‡ Tim Kowalczyk,*,† and John D. Gilbertson*,†

†Department of Chemistry and ⊥Physics, Western Washington University, Bellingham, Washington 98225, United States
‡Department of Chemistry, University of Oregon, Eugene, Oregon 97403, United States
§Department of Chemistry, University of California, Irvine, Irvine, California 92697, United States

*S Supporting Information

ABSTRACT: Incorporation of the triad of redox activity, hemilability, and proton responsivity into a single ligand scaffold is
reported. Due to this triad, the complexes Fe(PyrrPDI)(CO)2 (3) and Fe(MorPDI)(CO)2 (4) display 40-fold enhancements in
the initial rate of NO2

− reduction, with respect to Fe(MeOPDI)(CO)2 (7). Utilizing the proper sterics and pKa of the pendant
base(s) to introduce hemilability into our ligand scaffolds, we report unusual {FeNO}x mononitrosyl iron complexes (MNICs)
as intermediates in the NO2

− reduction reaction. The {FeNO}x species behave spectroscopically and computationally similar to
{FeNO}7, an unusual intermediate-spin Fe(III) coupled to triplet NO− and a singly reduced PDI ligand. These {FeNO}x

MNICs facilitate enhancements in the initial rate.

■ INTRODUCTION

In addition to the physiological role in the regulation of nitric
oxide (NO) in mammalian blood flow,1,2 nitrite (NO2

−) plays
an integral role in the global nitrogen cycle.3,4 While NO3

−

composes the majority of species in water runoff, the two-
proton, one-electron reduction of NO2

− to NO is a vital step in
the removal of nitrogen oxides in the treatment of municipal
water,5 as the overuse of fertilizers rich in nitrogen is
responsible for the presence of toxic levels of NO2

− (and
NO3

−) in water runoff.4,6 Biological NO2
− reduction (NO2

− +
2H+ + e− → NO + H2O) occurs in nitrite reductase (NiR)
enzymes3 and also hemoglobin,7,8 myoglobin,9,10 cytochrome
P450, cytochrome c, and nitric oxide synthase.11,12 Addition-
ally, postulated mechanisms of nitrite reduction by cytochrome
cd1 NiRs include the formation of weakly bound {FeNO}x

species.2,13−17

As in the case of NO2
− reduction, many important biological

reactions occur by managing the proton and electron flow at
the enzyme active site.18−20 To this end, there has been a
resurgence into redox-active,,21,22 hemilabile,23−27 and so-
called proton-responsive ligand scaffolds.28−40 However,
studies that incorporate the triad of redox activity, hemilability,
and proton responsivity, all in a single ligand scaffold, are
exceedingly limited.41−47 Our group has been active in
developing methodologies that control the movement of

both protons and electrons for biologically relevant reactions
by utilizing the redox-active pyridinediimine (PDI) scaffold
merged with a proton-responsive secondary coordination
sphere.48−50 Those preliminary studies successfully showed
(1) the PDI scaffold can be tailored to facilitate NO2

−

reduction and (2) the NO2
− reduction is dependent on the

protonation state of the secondary coordination sphere
(proton responsivity). Furthermore, given the revelations of
the role ligand hemilability plays in biomimicry,51−53 we
reasoned that the pendant base(s) could be utilized to
introduce hemilability into the PDI, yielding ligand scaffolds
that increase activity even further. We describe here our efforts
toward encompassing the triad, utilizing the proper sterics and
pKa of the pendant base(s) to introduce hemilability into our
ligand scaffolds. Through the isolation of novel mononitrosyl
{FeNO}x species, we demonstrate that ligand hemilability,
when integrated with redox activity and proton responsivity, is
responsible for significant enhancements in the initial rate of
NO2

− reduction (∼40×) compared to the systems that are not
integrated.
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Fe(PDI) Com-
plexes. The target PDI ligands in this study were the
pyrrolidine (PyrrPDI) and morpholine (MorPDI) analogues,
given their minimal steric bulk and favorable pKa range in
CH3CN (free pyrrolidine = 19.6 and free morpholine =
16.6).54,55 As shown in eq 1, the direduced Fe(PDI)(CO)2

complexes, Fe(PyrrPDI)(CO)2 (3) and Fe(MorPDI)(CO)2 (4),
were synthesized from the NaHg reduction of the dihalide
precursosrs Fe(PyrrPDI)Br2 (1) and Fe(MorPDI)Br2 (2) in
CH2Cl2 under an atmosphere of CO.
Evaporation of saturated diethyl ether solutions of either 3

or 4 yields green, diamagnetic crystalline solids, which display
νCO stretches in the ATR-FTIR spectra at 1942 and 1876 cm−1

for 3 and 1934 and 1871 cm−1 for 4. The solid-state structures
of 3 and 4 are shown in Figure 1. The iron center in both

complexes is five coordinate with square pyramidal geometry
(τ = 0.01 in 3 and 0.05 in 4).56 The Cimine−Nimine bond lengths
in 3 (1.332(2) and 1.324(2) Å) and 4 (1.332(2) and 1.323(2)
Å), coupled with the Cimine−Cipso bond lengths (1.426(2) and
1.438(2) Å in 3 and 1.423(2) and 1.434(2) Å in 4), are
indicative of a doubly reduced PDI ligand bound to an S = 0
Fe(II) center. The room-temperature zero-field Mössbauer
parameters (δ = −0.089(3), ΔEQ = 1.197(3) mm/s in 3 and δ
= −0.08(1), ΔEQ = 1.46(2) mm/s in 4) support these
assignments.
Similar to the previously reported Fe(didpa)(CO)2 (didpa =

[(2,6- iPrC6H3)(NCMe)(N( iPr)2C2H4)(NCMe)-
C5H3N]) complex,50 3 and 4 both react with two equivalents
of NO2

− and four equivalents of H+ yielding the representative
dinitrosyl iron complexes (DNICs) [Fe(PyrrPDI)(NO)2]

+ (5)
and [Fe(MorPDI)(NO)2]

+ (6). The solid-state structures of 5
and 6 are shown in Figure 2. The iron center in each complex
is five-coordinate, distorted square pyramidal (τ = 0.24 in 5
and τ = 0.32 in 6). The PDI backbone is in the neutral form,

confirming the ligand-based reduction of NO2
−, as evidenced

by the contracted Cimine−Nimine bonds (1.283(2) and 1.285(2)
Å in 5; 1.280(3) and 1.290(3) Å in 6) and the elongated
Cimine−Cipso bonds (1.488(3) and 1.488(3) Å in 5; 1.486(4)
and 1.483(5) Å in 6). The average Fe−N(O) bond lengths in
both 5 and 6 are 1.695 Å, and the average N−O bond lengths
are 1.172 Å in 5 and 1.167 Å in 6. The Fe−N−O units are
slightly bent in both complexes in an “attracto” conformation57

with average Fe−N−O angles of 161.1° in 5 and 161.5° in 6.
As in our previously reported DNICs on the PDI scaffold, the
Enemark−Feltham notation58 that best describes both 5 and 6
is {Fe(NO)2}

9. Both complexes exhibit νNO stretches in the
ATR-FTIR spectra at 1785 and 1716 cm−1 for 5 and 1783 and
1709 cm−1 for 6 (Figures S10 and S11). These stretches shift
to 1752 and 1682 cm−1 and 1749 and 1677 cm−1, respectively,
upon isotopic substitution with 15NO. Both 5 and 6 exhibit the
characteristic S = 1/2 EPR signal at g = 2.01 (Figure S20)
observed for {Fe(NO)2}

9 DNICs.59

Proton Responsivity and Kinetics of NO2
− Reduction.

Previously we have shown that the pendant base in
Fe(PDI)(CO)2 complexes plays a crucial role in facilitating
NO2

− reduction.49,50 In order to probe the role of the pendant
base in the NO2

− reduction reaction in depth, we performed a
series of kinetic experiments comparing the initial rates.60 All
nitrite reductions were run in CH3CN with TBANO2 as the
source of soluble NO2

−. We chose Fe(MeOPDI)(CO)2 (7)
(where MeOPDI = [(2,6-iPrC6H3)NCMe)(2-MeO-6-
MeC6H3)NCMe)C5H3N])

61 as the control compound to
compare initial rates, as it does not contain a pendant base but
is active in NO2

− reduction.62 The pKa of the pendant
pyrrolidine in 3 was measured to be 18.3 (CH3CN), and the
pendant morpholine in 4 was measured to be 17.1 (CH3CN).
These values mirror the values for pyrrolidine (19.6)54 and
morpholine (16.6).55 We also included Fe(didpa)(CO)2 (8) in
the kinetic analysis, given its bulkier diisopropylamine pendant
base with a similar pKa (19.2)

48 to 3.
As shown in the top plot in Figure 3 when [HNEt3]

+ (pKa =
18.8 in CH3CN)

54 is used as the acid source, the initial rate of
2.11 × 10−8 M s−1 is observed for the control compound, 7
(Table 1). An increase in initial rate of ∼2× (3.97 × 10−8

Ms1−) is observed for 8 and ∼3× (7.07 × 10−8 M s−1) is

Figure 1. Solid-state structures (30% probability) of Fe(PyrrPDI)-
(CO)2 (3, left) and Fe(MorPDI)(CO)2 (4, right). The H atoms have
been omitted for clarity. Selected bond lengths (Å) and angles (deg)
for 1: Fe(1)−C(28) 1.784(1), Fe(1)−C(29) 1.782(2), Fe(1)−N(1)
1.944(1), Fe(1)−N(2) 1.849(1), Fe(1)−N(3) 1.948(2), C(2)−N(1)
1.332(2), C(8)−N(3) 1.324(2) and C(28)Fe(1)C(29) 95.65(7),
N(2)Fe(1)C(28) 153.81(7), N(1)Fe(1)N(3) 154.16(6). Selected
bond lengths (Å) and angles (deg) for 2: Fe(1)−C(28) 1.780(2),
Fe(1)−C(29) 1.769(2), Fe(1)−N(1) 1.954(1), Fe(1)−N(2)
1.851(1), Fe(1)−N(3) 1.953(1), C(2)−N(1) 1.332(2), C(8)−
N(3) 1.332(2) and C(28)Fe(1)C(29) 97.62(9), N(2)Fe(1)C(29)
156.22(7), N(1)Fe(1)N(3) 153.42(5).

Figure 2. Solid-state structures (30% probability) of [Fe(PyrrPDI)-
(NO)2]

+ (5, left) and [Fe(MorPDI)(NO)2]
+ (6, right). The H atoms

and the BPh4
− counterion have been omitted for clarity. Selected

bond lengths (Å) and angles (deg) for 5: Fe(1)−N(1) 2.216(2),
Fe(1)−N(2) 2.080(1), Fe(1)−N(3) 2.138(2), Fe(1)−N(5)
1.693(2), Fe(1)−N(6) 1.696(2), N(1)−C(2) 1.285(2), N(3)−
C(8) 1.283(2) and N(5)−Fe(1)−N(6) 108.7(1), N(2)−Fe(1)−
N(6) 132.85(8), N(1)−Fe(1)−N(3) 147.38(6). Selected bond
lengths (Å) and angles (deg) for 6: Fe(1)−N(1) 2.233(3), Fe(1)−
N(2) 2.065(2), Fe(1)−N(3) 2.171(3), Fe(1)−N(4) 1.694(2),
Fe(1)−N(5) 1.696(3), N(1)−C(2) 1.280(3), N(3)−C(8) 1.290(3)
and N(4)−Fe(1)−N(5) 108.6(1), N(2)−Fe(1)−N(4) 128.9(1),
N(1)−Fe(1)−N(3) 148.23(9).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b08520
J. Am. Chem. Soc. 2018, 140, 17040−17050

17041



observed for 3. However, virtually no increase (2.30 × 10−8 M
s−1) is observed for 4. These results can be explained, in part,
by examination of the pKa of the pendant base, which in the
case of both 8 and 3 are both in the range for proton transfer
from [HNEt3]

+. Compound 4’s pKa is too low to be
protonated by [HNEt3]

+ to any appreciable extent, effectively
eliminating the proton shuttling capability of the pendant base.
As shown in Figure 3 (bottom), when the acid source is
changed to [HLut]+ (where Lut = 2,6-dimethylpyridine),
which has a pKa = 14.1 in CH3CN,

54 the rates observed for
both 3 and 4 are virtually identical (8.11 × 10−7 M s−1 and
8.45 × 10−7 M s−1, respectively), illustrating that [HLut]+ is a
strong enough acid to protonate the pendant morpholine
group in 4 for proton shuttling. Furthermore, that corresponds
to a ∼40-fold rate enhancement for these compounds compared
to 7, whose initial rate is unaffected by utilization of the
stronger acid (2.52 × 10−8 M s−1).
Role of Hemilability and the Isolation of {FeNO}x

MNICs. This begs the question, why then does 8 not display a
similar rate enhancement? As shown in Table 1, NO2

−

reduction by 8 with [HLut]+ does result in a rate enhancement
(as would be expected given the stronger acid source), but
only a 10-fold increase in initial rate is observed, significantly

less than the ∼40-fold enhancement exhibited by both 3 and 4.
The answer lies in the fact that the diisopropylamine of 8 is not
hemilabile (due to the sterics of the isopropyl groups on the
amine). The hemilability of the pendant pyrrolidine and
morpholine groups is clearly illustrated by the isolation of the
mononitrosyl intermediates [Fe(PyrrPDI)(NO)]+ (9) and
[Fe(MorPDI)(NO)]+ (10), in which the pendant base of
each complex is coordinated to the iron center. These
mononitrosyl iron complexes (MNICs) can be synthesized
independently from either 3 or 4 with only one equivalent of
NO2

− and two equivalents of H+ (eq 2):

+ +

→ [ ] + +

− +

+

Fe(PDI)(CO) NO 2H

Fe(PDI)(NO) H O 2CO

2 2

2 (2)

As shown in Figure 4, the iron center in each complex is five-
coordinate, square pyramidal (τ = 0.09 in 9 and τ = 0.12 in 10)

with the hemilabile pendant group now part of the primary
coordination sphere of the iron center. The PDI backbone in
both complexes is still in a reduced form, as evidenced by the
Cimine−Nimine bonds (1.315(2) and 1.313(2) Å in 9; 1.314(1)
and 1.313(2) Å in 10) and the Cimine−Cipso bonds (1.453(2)
and 1.439(2) Å in 9; 1.446(2) and 1.440(2) Å in 10). The
Fe−N(O) bond lengths in 9 and 10 are 1.677(2) and 1.679(1)
Å, respectively, where the N−O bond length in 9 is 1.182(2) Å
and in 10 is 1.183(2) Å. The Fe−N−O angle in 9 is 150.9(2)°
and in 10 is 154.4(1)°. Both complexes are diamagnetic in the
solid state and solution (Evan’s method) and exhibit a single
νNO stretch in the ATR-FTIR spectrum at 1667 cm−1 for 9 and
1687 cm−1 for 10 (Figures S15 and S19) that shifts to 1635
and 1654 cm−1, respectively, upon isotopic substitution with
15NO.
The MNIC 9 (and also 10) is an isolated intermediate along

the nitrite reduction reaction coordinate (Figure S26),
evidenced by the fact that the DNIC 5 can be produced in
quantitative yield from the addition of one equivalent of NO2

−

and two equivalents of H+ to solutions of 9. Inspection of the
solution FTIR spectra (Figure S27) of the reaction mixtures

Figure 3. Initial rate plots for the reduction of TBANO2 by selected
Fe(PDI)(CO) species and 4 equiv of [HNEt3]

+(top) and [HLut]+

(bottom). Black circles = 7, red triangles = 8, blue diamonds = 3, and
green squares = 4.

Table 1. Selected Initial Rates of TBANO2 Reduction
a

compound
(pKa)

rate 1b (×10−8 M
s−1)

rate 2c (×10−8 M
s−1)

rated relative
to 7

7 () 2.11 2.52 1.00 (1.19)

3 (18.3) 7.07 81.1 3.35 (38.42)

4 (17.1) 2.30 84.5 1.09 (40.01)

8 (19.2) 3.97 21.2 1.88 (10.06)

a25 °C, 2 equiv of TBANO2, 4 equiv of H+, CH3CN.
bAverage,

[HNEt3]
+. cAverage, [HLut]+. dRate 1 (rate 2).

Figure 4. Solid-state structures (30% probability) of [Fe(PyrrPDI)-
(NO)]+ (9, left) and [Fe(MorPDI)(NO)]+ (10, right). The H atoms
and the BPh4

− counterion have been omitted for clarity. Selected
bond lengths (Å) and angles (deg) for 9: Fe(1)−N(1) 2.031(1),
Fe(1)−N(2) 1.830(2), Fe(1)−N(3) 1.894(1), Fe(1)−N(4)
2.066(1), Fe(1)−N(5) 1.677(2), N(1)−C(2) 1.315(2), N(3)−
C(8) 1.313(2) and N(5)−Fe(1)−N(4) 104.09(7), N(2)−Fe(1)−
N(4) 152.92(7), N(1)−Fe(1)−N(3) 147.66(6). Selected bond
lengths (Å) and angles (deg) for 10: Fe(1)−N(1) 2.035(1),
Fe(1)−N(2) 1.836(1), Fe(1)−N(3) 1.894(1), Fe(1)−N(4)
2.076(1), Fe(1)−N(5) 1.679(1), N(1)−C(2) 1.314(1), N(3)−
C(8) 1.313(2) and N(4)−Fe(1)−N(5) 104.59(5), N(2)−Fe(1)−
N(4) 144.87(4), N(1)−Fe(1)−N(3) 151.92(4).
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reveals the disappearance of the νNO band at 1667 cm−1 for 9
and the appearance of the νNO bands at 1785 and 1716 cm−1

for 5. Additionally, the UV−vis spectrum of independently
prepared 9 is identical to the spectrum obtained at the
inflection point in the global kinetic trace of the reaction of 3
with two equivalents of NO2

− and four equivalents of H+

(Figure S21). There are also well-anchored isosbestic points at
522 and 650 nm in the stacked UV−vis reaction plots,
indicating clean formation of one product (9). From these data
it is clear that formation of the MNIC intermediate is essential
and that these hemilablile ligands facilitate the propensity of
NO2

− reduction (Scheme 1).

Redox Activity and the {FeNO}x Enemark−Feltham
Notation. The Enemark−Feltham notation that best describes
9 (and also 10) is somewhat ambiguous. The PDI ligand in 9
is in a reduced form (see above), and the room-temperature
zero-field Mössbauer parameters (δ = 0.094(3), ΔEQ =
0.489(5) mm/s) in 9 suggest that the iron center in 9 is
more oxidized than the Fe(II) center in the DNIC, 5 (δ =
0.32(3), ΔEQ = 0.82(9) mm/s).63 Given that 9 is diamagnetic,
one could assign the oxidation state(s) as Fe(III),
antiferromagnetically coupled to a NO• radical ligand
(confirmed by the Fe−N−O angle of 150.9(2)°)64 and
PDI2−. This would result in an Enemark−Feltham notation
of {FeNO}6.
If the MNIC 9 (and also 10) is {FeNO}6, then the bent NO

is very unusual. To the best of our knowledge, there are no
reported examples of five-coordinate S=0 {FeNO}6 species
with a bent NO ligand. Typically, the Fe−N−O linkage found
in {FeNO}6 species is linear.65,66 Virtually all iron nitrosyls
reported to date obey this rule, with the exception of the six-
coordinate {FeNO}6 ferric complex (OEP)Fe(NO)(p-
C6H4F)

67 (where OEP = octaethylporphyrinato dianion),
which displays an Fe−N−O angle of 157.4° and a νNO stretch
of 1791 cm−1, and nitrophorin 4, a salivary protein of the
blood-sucking insect Rhodnius prolixus (Fe−N−O angle =
156°).68

The νNO stretch observed for 9 (1667 cm−1) and 10 (1687
cm−1) is also significantly lower than the characteristic range
for six- and even five-coordinate {Fe(NO)}6 complexes.69−72

In addition, the especially low Fe−N−O angles (150.9(2)° in
9 and154.4(1)° in 10) are closer to the range of the more
electron rich {Fe(NO)}7 complexes,73 where either the Fe(II)-
NO• radical or Fe(III)-NO− description would be more
appropriate. This description, coupled with the fact that both
complexes are diamagnetic, suggests that the PDI ligand is also
likely a monoradical (see computations below). As stated
above, the PDI ligand in 9 (and 10) is in the reduced form, but
it is difficult to distinguish between PDI2− and/or the PDI−

(monoradical) state using crystallographic data. For example,
the Cimine−Nimine bonds in 9 are slightly shorter (0.017 Å) than
3, and the Cimine−Cipso bonds are slightly longer (0.027 Å),
suggesting it may be more oxidized (Table 2). If 9 had more

Fe(II)-PDI− character, with only one electron-withdrawing
NO ligand, this could account for both the slight differences in
bond lengths and higher isomer shift (0.094(3) for 9 and
−0.089(3) for 3), given the strongly electron withdrawing CO
ligands in 3. However, it should be noted that there are no
reported diamagnetic {Fe(NO)}7 complexes.
Lastly, given that in some direduced FePDI complexes74,75

the PDI ligand can be described as a resonance hybrid between
a PDI0 and PDI2−, an ambiguous electronic structure with
contributions from both {FeNO}6 and {FeNO}8 configura-
tions may be appropriate (see electronic structure calculations
below). This would result in some contribution from the
Fe(I)-NO• radical nature of the NO ligand in 9. {FeNO}8

complexes are S = 0, but typically possess an NO− ligand with
a much lower Fe−N−O bond angle and νNO stretch than
observed in 9 and 10.65

Depending on the {FeNO}x description, the first NO2
−

reduction in Scheme 1 can be described as either a one-
electron metal-based event yielding {FeNO}6 (Scheme 1,
bottom) or a ligand-based event yielding {FeNO}7 (Scheme 1,
top). The second NO2

− reduction in either case is then ligand-
based, yielding the {Fe(NO)2}

9 DNIC. If the intermediate
MNIC is {FeNO}6, then the second, ligand-based event would
include two electrons from the PDI, one to reduce the iron
center and the other to reduce the second NO2

−, forming the

Scheme 1. Reduction of NO2
−, Illustrating the Role of the

Hemilabile Pendant Base Table 2. Selected Spectroscopic and Crystallographic Data
for Fe(PDI) Complexesa

3 9 5 9(2,2)b

C(2)−N(1) 1.332(2) 1.315(2) 1.285(2) 1.302

C(8)−N(3) 1.32(4) 1.313(2) 1.283(2) 1.314

C(2)−C(3) 1.426(2) 1.453(2) 1.488(3) 1.450

C(7)−C(8) 1.438(2) 1.439(2) 1.488(3) 1.432

Fe(1)−N(1) 1.944(1) 2.031(1) 2.216(2) 2.060

Fe(1)−N(2) 1.849(1) 1.830(2) 2.080(1) 1.839

Fe(1)−N(3) 1.948(2) 1.894(1) 2.138(2) 1.899

Fe(1)−Npyrr(4) 2.066(1) 2.101

Fe(1)−N(5)(O) 1.677(2) 1.693(2) 1.747

Fe(1)−N(6)(O) 1.696(2)

N(5)−O(1) 1.182(2) 1.170(3) 1.167

N(6)−O(2) 1.173(3)

Fe−N(5)−O(1) 150.9(2) 161.9(2) 147.5

Fe−N(6)−O(2) 160.4(2)

νNO(cm
−1) 1667 1785, 1716

S 0 0 1/2 0

δ (mm/s) −0.089(3) 0.094(3) 0.32(3)

ΔEQ (mm/s) 1.197(3) 0.489(5) 0.82(9)
aBond lengths (Å) and angles (deg). bBS(2,2) solution.
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corresponding Fe(II)PDI0 DNIC.76 Regardless of the elec-
tronic description of 9 and 10, the hemilabile, proton-
responsive secondary coordination sphere is absolutely vital
for the rate accelerations.
Electronic Structure Calculations. In order to comple-

ment experiment, 3, 5, and 9 were investigated computation-
ally. Specifically, broken-symmetry density functional theory
(BS-DFT) energies and optimized geometries were evaluated.
Initial guess wave functions for BS calculations were prepared
through a spin-flip on iron from a high-spin reference Kohn−
Sham (KS) determinant. The notation BS(m,n) was adopted
to represent a broken-symmetry solution with m unpaired
electrons on iron antiferromagnetically coupled to n unpaired
electrons on the ligands. The unpaired spin-down electron
density was not forced to localize on the PDI or NO ligand
specifically.
The electronic structure of 3 was initially computed, given

that previous analyses of the closed-shell frontier orbitals of
direduced Fe(PDI)(CO)2 complexes suggest that they are best
represented as a resonance hybrid of a PDI0 ligand on a Fe(0)
d8 center and a PDI2− ligand on a low-spin Fe(II) center.74,75

We computed the closed-shell BS(0,0) wave function for 3,
and the results are in agreement with the previous studies. The
HOMO, shown in Figure S28, is distributed across both the
iron center and the PDI ligand, reinforcing the notion that the
ground-state electronic structure is a hybrid of Fe(0) and
Fe(II) with significant metal−ligand covalent character. We
also obtained a BS(2,2) wave function for 3, which yielded an
electronic energy 1.8 kcal/mol below that of the BS(0,0)
solution at the BS(2,2)-optimized geometry. This gap
decreases to 0.8 kcal/mol at the BS(0,0)-optimized geometry.
The BS(2,2) solution qualitatively resembles an intermediate-
spin Fe(II) center antiferromagnetically coupled to a triplet
PDI2− ligand. However, with such a small energy gap, both
states are expected to be thermally accessible at room
temperature.
The lowest-energy electronic configuration computed for

the DNIC, 5, was the S = 1/2 configuration; our efforts toward
the S = 3/2 configuration failed to converge. The S = 1/2
configuration can be considered a resonance hybrid in which
each resonance form consists of one formal NO anion and one
formal NO radical antiferromagnetically coupled to an
intermediate-spin Fe(II) center; the PDI ligand is formally
neutral in this configuration.77 The frontier orbitals of 5 in
Figure S29 show that none of the highest-occupied MOs have
a significant contribution from the PDI ligand, supporting a
neutral assignment for PDI in this complex and an overall
assignment of {Fe(NO)2}

9PDI0. The spin density (Figure S30)
is mostly localized to the nitrosyl ligands and iron center.
These results are in agreement with previously reported
{Fe(NO)2}

9 DNICs.78,79

For 9, the redox noninnocence of both the NO and PDI
ligand results in a range of plausible oxidation and spin states
for the complex. Assignments ranging from {FeNO}6 through
{FeNO}8 are possible depending on whether the PDI ligand is
formally doubly, singly, or not reduced, respectively.
Furthermore, the multireference character observed in other
Fe-PDI complexes80 hints at the possibility that a single
electronic configuration may not completely characterize this
complex.
From a high-spin initial guess wave function, optimized

geometries were obtained for two stable solutions: the closed-
shell BS(0,0) solution and an open-shell BS(2,2) solution with

electronic energy 10.1 kcal/mol below that of BS(0,0). This
significant gap indicates that the BS(2,2) solution is likely a
closer single-determinant approximation to the electronic
structure of this MNIC than the closed-shell solution. The
Mulliken spin population on NO (−1.07) in the BS(2,2)
solution (Figure 5) is consistent with that observed for triplet

NO anion in other FeNO complexes,71 where the deviation
from a formal spin population of −2 arises in part from the
metal−ligand covalency, which also reduces the spin
population assigned to Fe (1.76). Together with the Mulliken
spin populations on PDI (−0.65), this calculation suggests
{FeNO}7 character with intermediate-spin Fe, a triplet NO−

ligand, and a singly reduced PDI ligand, Fe(III)(↑↑↑)NO− (↓
↓)PDI•−(↓). We did not locate any BS solution corresponding
to a {FeNO}6 complex with a doubly reduced PDI ligand,
Fe(III)(↑)NO•(↓)PDI2−(↑↓); however, the calculations pre-
sented here cannot rule out the possibility that such a
configuration plays a role in the complete description of the
complex. The Fe−N−O angle in the BS(2,2)-optimized
structure is within the realm typical of NO radical in FeNO
complexes at 147.5° (Table 2). This angle is close to the
experimentally observed angle of 150.9°. PBE0 predicts a
similar Fe−N−O angle for the BS(0,0) structure at 147.3°; in
contrast, the ωB97X-D3 functional predicts the NO ligand in
the BS(0,0)-optimized structure is bent at 143.3°, intermediate
between the angles typically observed for the neutral NO•

radical and NO−. Given the strong sensitivity of the Fe−N−O
angle to the choice of functional for this and other complexes
with {FeNO}7 character,81 we turned to molecular orbital
analysis for further insight into the electronic structure.
To further probe the electronic character of the ligands and

metal in the BS(2,2) configuration, we performed a
corresponding orbital (CO) transformation which rotates the
orbitals into a basis in which their overlap matrix is diagonal.
Employed more generally to compute matrix elements
between nonorthogonal spin orbitals,82,83 the CO trans-
formation is used here to identify COs with αβ orbital
overlaps (Sαβ) significantly less than 1. We identified three CO
pairs with overlaps significantly less than 1, depicted in the
qualitative orbital diagram in Figure 6. The three highest-
energy occupied β COs are dominated by Fe d character. In
contrast, the highest-energy α CO extends significantly onto
the PDI ligand, indicating partial radical character on PDI. The
other two α COs with αβ overlap significantly less than 1 have
substantial π*(NO) character but are also delocalized over the
FeNO system, indicating metal−ligand covalent bonding
character and reinforcing the redox noninnocence of the NO
unit in 9. The occupation of two COs with π*(NO) character
and a third CO delocalized over the PDI π system supports the
assignment of an unusual intermediate-spin Fe(III) coupled to

Figure 5. Mulliken spin populations (left) and spin density (right) of
MNIC 9.
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triplet NO− and a singly reduced PDI ligand. However, the
well-documented challenge of accurately predicting spin
densities of FeNO complexes with BS-DFT84 suggests that a
multireference treatment would be necessary to confirm this
assignment.
Optimized PDI bond lengths for the BS(2,2) solutions of

MNIC are summarized in Table 2. The imine Cimine−Nimine

and Cimine−Cipso bond lengths from the BS(2,2) optimization
are more consistent with experiment, although the distinction
from the BS(0,0) solution is small (Table S1). We conclude
from the Fe−N−O angle, PDI bond lengths, and BS-DFT
calculations that 9 likely possesses {FeNO}7 character with an
unusual intermediate-spin Fe(III) coupled to triplet NO− and
a singly reduced PDI ligand. Nevertheless, the existence of two
BS-DFT solutions with similar energies and different orbital
character suggests that a fully multireference electronic
structure analysis, which lies beyond the scope of the present
work, may be required to fully characterize this complex.

■ CONCLUSION

In conclusion, we have demonstrated that by utilizing the
proper sterics and pKa of pendant base(s) located in the
secondary coordination sphere we are able to introduce
hemilability into redox-active PDI ligand scaffolds. Through
the integration of the triad of redox activity, hemilability, and
proton responsivity, into a single ligand scaffold, we have
shown that the complexes Fe(PyrrPDI)(CO)2 (3) and Fe-
(MorPDI)(CO)2 (4) display >40-fold enhancements in the
initial rate of NO2

− reduction. These significant enhancements
in the initial rate are facilitated by the hemilability of the
pendant base, as illustrated by the isolation of the MNIC
intermediates [Fe(PyrrPDI)(NO)]+ (9) and [Fe(MorPDI)-
(NO)]+ (10). 9 and 10 are unusual examples of nonheme
MNICs. The Enemark−Feltham notation that best describes 9
and 10 is somewhat ambiguous: spectroscopic and computa-
tional studies suggest that 9 and 10 both have {FeNO}7

character, but the noninnocence of both the NO and PDI hints
at the possibility that a single electronic configuration may not
completely characterize this complex.

■ EXPERIMENTAL SECTION

All reagents were purchased from commercial sources and used as
received. The asymmetric ligand [(ArNC(CH3))C2H3N((CH3)-
CO)]85 (Ar = 2,6-iPr-C6H3), Fe(MeOPDI)(CO)2 (7),60 and
Fe(didpa)(CO)2 (8)48 were synthesized according to literature
procedures. [HNEt3][BPh4] and [HLut][BPh4] were prepared by
adding NaBPh4 in MeOH to an aqueous solution of NEt3 or lutidine,
where the product precipitated as a white solid and was washed with
deionized water and dried under high vacuum before use. Solvents
were dried and deoxygenated with a Pure-Solv solvent purification
system. Deuterated solvents, chloroform-d1 (D, 99.8%) and
methylene chloride-d2 (D, 99.8%), were purchased from Cambridge
Isotope Laboratories, Inc. Carbon monoxide (99.3%) was purchased
from Airgas, Inc. Unless otherwise noted, air-sensitive materials were
handled and stored on a Schlenk line or in a glovebox under a N2

atmosphere. Infrared spectra were recorded on a Thermo Scientific
Nicolet iS10 FT-IR spectrometer equipped with an ATR accessory.
1H and 13C{1H} NMR spectra were recorded on a Bruker 500 MHz
FT-NMR spectrometer. Data are reported in ppm from the solvent
resonance as the internal standard unless otherwise noted. UV−vis
absorbance data were acquired using a Jasco UV−vis/NIR
spectrometer equipped with a Peltier-controlled six-cell linear
autosampler. All data were obtained at 298 K in 1 cm quartz cuvettes
(Starna Cells). Elemental analyses were performed by ALS Environ-
mental in Tuscon, AZ. Mass spectra were collected using an Agilent
GC-MS EI system equipped with an HP-5MS column (30 m × 0.25
mm × 0.25 μm). X-band EPR spectra were recorded on a Bruker
EMX spectrometer equipped with an Oxford ESR-900 liquid helium
cryostat and a dual-mode microwave cavity. All the samples were
prepared in CH2Cl2, and perpendicular mode spectra were collected
at 11 K with the following parameters: frequency = 9.64 GHz;
attenuator = 35.0 dB; modulation frequency = 100.00 kHz;
modulation amplitude = 10.02; time constant = 81.92 ms; conversion
time = 40.96 ms; number of scans = 4. pKa values were determined as
reported previously.48 Solution magnetic susceptibilities were
calculated from Evan’s method NMR measurements.86 Solid-phase
magnetic susceptibilities were recorded on a Johnson Matthey MSB-1
magnetic susceptibility balance that was calibrated with HgCo-
(SCN)4. Diamagnetic correction factors were calculated from Pascal’s
constants.87

[(2,6- iPr-C6H3)NCMe)(C4H8NC2H4)NCMe)C5H3N]
(PyrrPDI). In a dry 25 mL pressure vial, [(2,6-iPr-C6H3)N
CMe)(OCMe)C5H3N] (2.02 g, 5.42 mmol) was added with
excess 1-(2-aminoethyl)pyrrolidine (3.00 g, 26.3 mmol) and sealed
with a pressure lid. The vial was heated in a silicon-based oil bath at
90 °C for 36 h. Methanol was added to the resulting oil to precipitate

Figure 6. Highest-occupied corresponding orbitals (COs) and αβ

overlaps from the BS(2,2) solution for 9.
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the product, yielding 1.609 g (72%) of a pale yellow powder. FTIR
(ATR): 1640 cm−1 (CN). 1H NMR (CDCl3): δ 8.35 (d, 1H), 8.19
(d, 1H), 7.81 (t, 1H), 7.17−7.08 (m, 3H), 3.74 (t, 2H), 2.93 (t, 2H),
2.75 (m, 2H), 2.65 (m, 4H), 2.45 (s, 3H), 2.24 (s, 3H), 1.82 (m, 4H),
1.15 (dd, 12H). GC-MS (EI) [M•+]: m/z calcd for C27H38N4 418.31
(100.0%), 419.31 (29.2%), 420.32 (2.7%), found 418.300 (100%),
419.300 (30%), 420.300 (3.5%).
Fe(PyrrPDI)(CO)2 (3). In a multistep synthesis, PyrrPDI (0.500 g,

1.20 mmol) was first metalated with FeBr2 (0.270 g, 1.25 mmol) in 10
mL of THF overnight. The solvent was removed in vacuo, and the
resulting purple material was redissolved in methanol and filtered
through Celite. Et2O was added to precipitate the product, yielding
0.620 g (82%) of the bluish-purple solid Fe(PyrrPDI)Br2(1), which
was directly used without further purification. FTIR (ATR): 1615,
1580 cm−1 (CN).
Under a N2 atmosphere, 1 (0.6195 g, 0.9767 mmol), NaHg (1.49

g, 5% Na), and 20 mL of CH2Cl2 were added to an 88 mL F−P tube.
The tube was sealed with a pressure gauge and charged with 40 psi of
CO. The mixture was stirred for 36 h, resulting in a color change from
bluish-purple to dark green. The solvent was removed in vacuo.
Under N2, the green material was extracted by Et2O, and the
remaining NaHg mixture was removed by filtration through Celite.
The filtered Et2O solution was left to evaporate overnight to yield
dark green crystals of Fe(PyrrPDI)(CO)2 (3) (0.2937 g, 57%). FTIR
(ATR): 1942, 1876 cm−1 (CO). 1H NMR (CD2Cl2): δ 8.05 (d,
1H), 8.01 (d, 1H), 7.49 (t, 1H), 7.29−7.20 (m, 3H), 4.37 (m, 2H),
2.85 (m, 2H), 2.68 (s, 3H), 2.59 (br, 4H), 2.47 (m, 2H), 2.32 (s, 3H),
1.75 (br, 4H), 1.22 (d, 6H), 0.99 (d, 6H). 13C{1H} NMR (125 MHz,
CD2Cl2): δ 215.24 (CO), 156.40 (C1N1), 155.85 (C2N2),
150.19, 146.03, 144.91, 140.71, 126.50, 123.85, 121.25, 120.49,
117.65, 60.46, 58.64, 54.76, 27.67, 24.79, 24.45, 24.01, 16.74, 14.52.
57Fe Mössbauer: δ = −0.089(3) mm s−1; ΔE = 1.197(3) mm s−1.
Anal. Calcd for C29H38FeN4O2: C, 65.66; H, 7.22; N, 10.56. Found:
C, 65.44; H, 6.98; N, 10.31.
Fe(MorPDI)(CO)2 (4). In a multistep synthesis, Fe(MorPDI)Br2 (2)

was first synthesized by dissolving the asymmetric ligand [(ArN
C(CH3))C2H3N((CH3)CO] (0.500 g, 1.55 mmol) and FeBr2
(0.334 g, 1.55 mmol) in approximately 40 mL of ethanol into a
100 mL round-bottom Schlenk flask with a stir bar. The solution was
heated to 50 °C for 20 min under N2 gas and stirred. A solution of 4-
(2-aminoethyl)morpholine (0.202 g, 1.55 mmol) in 5 mL of ethanol
was slowly syringed into the flask, and the solution was left to heat at
78 °C for 12 h under N2 gas. The solvent was removed in vacuo and a
dark blue solid was obtained. Inside the glovebox, the solid was
redissolved in 40 mL of CH2Cl2 and filtered through Celite. The
solvent was again removed in vacuo. The resulting dark blue solid 2
was used in the next step without further purification.
Under a N2 atmosphere, 2 (0.200 g, 0.308 mmol), NaHg (0.570 g,

5%Na), a stir bar, and approximately 10 mL of CH2Cl2 were added to
an 88 mL F−P tube. The tube was sealed with a pressure gauge and
charged with 40 psi of CO. The mixture was stirred for 36 h, resulting
in a color change from bluish-purple to dark green. The solvent was
removed in vacuo. Under N2, the green material was extracted by
Et2O, and the remaining NaHg mixture was removed by filtration
through Celite. The filtered Et2O solution was left to evaporate
overnight to yield dark green crystals of Fe(MorPDI)(CO)2 (4) (63%).
IR (solid): 1934, 1871 cm−1 (CO). 1H NMR (500 mHz, CD2Cl2):
δ 8.08 (d, 1H), 8.04 (d, 1H), 7.52 (t, 1H), 7.25 (m, 3H), 3.69 (t, 4H),
2.80 (t, 2H), 2.71 (s, 3H), 2.57 (s, 4H), 2.50 (sept, 2H), 2.36 (s, 3H),
1.26 (d, 6H), 1.03 (d, 6H). 13C{1H} NMR (125 MHz, CD2Cl2): δ
214.8 (CO), 155.9, 155.5, 149.7, 145.5, 144.5, 140.2, 126.1, 123.4,
120.9, 120.1, 117.3, 66.9, 60.9, 58.0, 27.3, 24.4, 24.0, 16.3, 14.2. 57Fe
Mössbauer: δ = −0.10(1) mm s−1; ΔE = 1.46(2) mm s−1. Anal. Calcd
for C29H38FeN4O3: C, 63.74; H, 7.01; N, 10.25. Found: C, 63.34; H,
7.09; N, 10.07.
[Fe(PyrrPDI)(NO)2][BPh4] (5). To a solution of 3 (0.172 g, 0.325

mmol) in THF was added a solution of NaNO2 (0.0454 g, 0.65
mmol) containing a minimal amount of MeOH. The mixture was
allowed to equilibrate for about 5 min. While stirring, [HNEt3][BPh4]
(1.3 mmol) was added to the reaction mixture. With continuous

stirring, a color change from green to brown was observed within a
few hours. The solvents in the brown reaction mixture were removed
via vacuum. The crude product was extracted with CHCl3 and filtered
through Celite, which was then layered with Et2O to yield brown 5
(204 mg, 74%). Vapor diffusion of Et2O into CHCl3 solutions of 5
resulted in fine needles for X-ray analysis. The 15NO analogue was
synthesized as described above utilizing Na15NO2 in place of NaNO2.
FTIR (ATR): 1785/1716, 1752/1682 cm−1 (14NO/15NO); 732,
702 cm−1 (BPh4).

57Fe Mössbauer: δ = 0.032(3) mm s−1; ΔE =
0.82(9) mm s−1. EPR (X-band, CH2Cl2, 11 K): g = 2.01. Anal. Calcd
for C51H58BFeN6O2: C, 71.75; H, 6.85; N, 9.84. Found: C, 71.56; H,
6.84; N, 8.99.

[Fe(PyrrPDI)(NO)2][BPh4] (6). The procedure described above for
synthesis of the DNIC 5 was followed, replacing 4 with 3 (32% yield).
FTIR (ATR): 1783/1749, 1709/1677 cm−1 (14NO/15NO); 734,
705 cm−1 (BPh4). EPR (X-band, CH2Cl2, 11 K): g = 2.01. Anal. Calcd
for C51H58BFeN6O3: C, 70.43; H, 6.72; N, 9.66. Found: C, 69.97; H,
6.92; N, 9.48.

[Fe(PyrrPDI)(NO)][BPh4] (9). To a suspension of 3 (0.158 g, 0.297
mmol) in THF/MeOH (approximately 1:4 by volume) was added a
MeOH solution of NaNO2 (2.46 mL, 0.297 mmol). The mixture was
allowed to equilibrate for about 5 min. While stirring, [HEt3N][BPh4]
(0.50 g, 1.2 mmol) was added to the reaction mixture, which shortly
led to the disappearance of the dark green color and eventually the
formation of a blue precipitate. The solvent was then decanted into a
Celite filter to isolate the precipitate, followed by treating the dried
Celite mixture with CH2Cl2 to redissolve the blue product. After
filtering through a fresh Celite plug, the blue CH2Cl2 solution was
layered with an equal volume of Et2O and left undisturbed for 3 days
to afford blue crystals of [Fe(PyrrPDI)(NO)][BPh4] (9) that were
suitable for X-ray diffraction (0.1728 g, 71%). The 15NO analogue was
synthesized as described above utilizing Na15NO2 in place of NaNO2.
FTIR (ATR): 1666/1635 cm−1 (14NO/15NO); 729, 702 cm−1

(BPh4).
1H NMR (500 MHz, CD2Cl2, δ): 7.80 (d, 1H), 7.79 (d, 1H),

7.69 (t, 1H), 7.40−7.26 (m, 3H), 7.31 (br, 8H), 6.99 (t, 8H), 6.83 (t,
4H), 3.45−3.32 (m, 2H), 2.91 (dd, 1H), 2.84−2.81 (m, 2H), 2.55−
2.46 (m, 2H), 2.42 (s, 3H), 2.39 (s, 3H), 2.13 (dd, 1H), 1.86−1.71
(m, 2H), 1.60 (br, 1H), 1.43 (d, 3H), 1.38 (br, 1H), 1.18 (d, 3H),
1.12 (d, 3H), 0.91 (d, 3H). 13C{1H} NMR (125 MHz, CD2Cl2): δ
170.99, 165.03, 164.64, 164.25, 163.86, 163.00, 153.21, 152.60,
143.23, 141.19, 139.87, 136.33, 128.76, 126.79, 126.31, 126.02,
125.79, 125.13, 124.80, 122.14, 63.03, 60.27, 51.50, 29.21, 27.83,
25.76, 24.75, 24.67, 22.99, 22.61, 22.17, 18.72, 15.56. 57Fe Mössbauer:
δ = 0.094(3) mm s−1; ΔE = 0.489(5) mm s−1. Anal. Calcd for
C51H58BFeN5O: C, 74.37; H, 7.10; N, 8.50. Found: C, 73.92; H, 6.96;
N, 8.40.

[Fe(MorPDI)(NO)][BPh4] (10). The procedure described above for
synthesis of the MNIC 9 was followed, replacing 4 with 3. The blue-
green crystalline solid of 10 was isolated (0.0759 g, 35%). Crystals
suitable for X-ray diffraction were grown by vapor diffusion of Et2O
into a THF solution of 10. The 15NO analogue was synthesized as
described above utilizing Na15NO2 in place of NaNO2. FTIR (ATR):
1686/1654 cm−1 (14NO/15NO); 734, 705 cm−1 (BPh4).

1H
NMR (500 MHz, CD2Cl2): δ 7.82 (t, 2H), 7.72 (t, 1H), 7.46−7.37
(m, 3H), 7.31 (br, 8H), 6.99 (t, 8H), 6.83 (t, 4H), 3.68 (q, 2H),
3.64−3.60 (m, 1H), 3.42−3.25 (m, 2H), 3.33 (dd, 1H), 3.21 (dd,
1H), 3.08 (td, 1H), 2.78 (d, 1H), 2.57 (d, 1H), 2.57−2.46 (m, 2H),
2.41 (s, 3H), 2.40 (s, 3H), 2.34 (dd, 2H), 1.55 (br, 2H), 1.40 (d, 3H),
1.32 (d, 3H), 1.13 (d, 3H), 0.99 (d, 3H). 13C{1H} NMR (125 MHz,
CD2Cl2): δ 171.65, 165.07, 164.68, 164.28, 163.89, 163.48, 153.12,
152.73, 143.15, 141.42, 139.92, 136.35, 129.04, 126.98, 126.53,
126.07, 125.93, 125.28, 122.18, 61.26, 60.43, 59.63, 50.42, 29.27,
27.81, 25.84, 24.92, 24.79, 22.97, 18.83, 15.69. 57Fe Mössbauer: δ =
0.095(5) mm s−1; ΔE = 0.415(9) mm s−1. Anal. Calcd for
C51H58BFeN5O2: C, 72.95; H, 6.96; N, 8.34. Found: C, 72.95; H,
6.93; N, 8.24.

Mo ̈ssbauer 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 0.200 g of sample was crushed in a
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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 to analyze. The velocity scale was normalized with respect to
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.
UV−Vis Kinetics. All samples were prepared under an N2

atmosphere inside a glovebox. A typical kinetics experiment was
performed by preparing an acetonitrile solution consisting of 225 μM
3 and 550 μM tetrabutylammonium nitrite. A 3.0 mL amount of this
solution was added to a quartz cuvette equipped with a stir bar and
sealed with a pierceable septum. Into a syringe equipped with a
needle, an excess of either a 9 mM [HNEt3][BPh4] or a 9 mM
[HLut][BPh4] solution was drawn, and the needle was pierced into a
scintillation vial equipped with a septum to keep the solution under an
N2 atmosphere. The cuvette and syringe were brought outside of the
box where the cuvette was placed into the spectrometer to equilibrate
at 25 °C for 10 min before injection of 0.3 mL of the acid solution
into the cuvette while starting the spectrometer.
Computational Methods. The electronic structures were studied

through BS-DFT calculations. This approach breaks spin-symmetry in
the initial guess wave function to converge an electronic state with
quasi-localized spins on different sites in the complex.88 The resulting
spin density is unphysically asymmetric, but the procedure yields a
qualitatively correct total electron density and energy for an
antiferromagnetically coupled electronic ground state within a
single-determinant KS-DFT framework.89 We adopt the notation
BS(m,n) to represent a broken-symmetry solution with m unpaired
electrons on Fe antiferromagnetically coupled to n unpaired electrons
on the ligands. The unpaired spin-down electron density was not
forced to localize on the PDI or NO ligand specifically. Following the
DFT functional benchmarking procedure described in the Supporting
Information, the BP86 functional was selected for analysis of 5, while
the hybrid PBE0 functional was selected for the final electronic
structure analysis of 9. All reported BS-DFT single-point energy
evaluations, geometry optimizations, and Mulliken charge/spin
analyses were performed with the functionals indicated above and
the def2-TZVP(-f) basis set with the RIJCOSX approximation90 in
ORCA 4.0.1.2.91

X-ray Crystallography. Single-crystal X-ray diffraction data for 3
and 10 were collected on a Rigaku Oxford Diffraction XtaLABPRO X-
ray diffractometer equipped with a Pilatus P200 K hybrid photon
counting detector. Reflections were collected at 100(2) K using
graphite-monochromated Mo Kα1 radiation using a data collection
strategy calculated within CrystalClear to ensure maximum data
redundancy and percent completeness.92 Data processing, including
frame integration, Lorentz−polarization corrections, and final cell
parameter calculations, was completed using CrysAlisPro.93 A
multiscan absorption correction was applied using the SCALE3
ABSPACK scaling algorithm integrated into CrysAlisPro.94 The
crystal structure was solved via intrinsic phasing using ShelXT and
refined with least-squares minimization with ShelXL in the Olex2
graphical user interface.95−97 The space group was unambiguously
verified by PLATON.98 The final structural refinement included
anisotropic temperature factors on all non-hydrogen atoms, and
hydrogen atoms were attached via the riding model at calculated
positions using appropriate HFIX commands.
Diffraction intensities for 4, 5, 9, and 6 were collected at 150 (4)

and 173 K on a Bruker Apex2 DUO CCD diffractometer using Mo Kα

(4) and Cu Kα radiation, λ = 0.710 73 and 1.541 78 Å, respectively.
Absorption corrections were applied by SADABS.99 Space groups
were determined based on systematic absences (4) and intensity
statistics (5, 9, 6). 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. H atoms in 5, 9, and 6 were refined in calculated positions

in a rigid group model. Positions of H atoms in 4 were found on the
residual density map and refined with isotropic thermal parameters.
All calculations were performed by the Bruker SHELXL-2014/7
package.96
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