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We report the syntheses of a family of tetrahedral iron complexes bearing a bulky redox active o-phenylenediamide ligand.
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measurements, and X-ray crystallography.

Introduction

Within the last decade, redox-active ligands have attracted
considerable attention, owing to their unusual and intriguing
electronic structures.! ligands
energetically accessible levels for reduction or oxidation.! Their

Redox-active have more
coordination to metal centres induces radical reactivity and
electron reservoir behaviour, which is often utilized to develop
exciting catalytic activities.!-3 The oxidation level of the redox-
active ligands in complexes can be determined by high-quality
X-ray crystallography, a broad set of spectroscopic methods,
and density functional theory (DFT) calculations. A combination
of a redox active metal, such as iron, with redox-active ligands
can lead to unique chemical and magnetochemical properties.
In these cases, the determination of the oxidation state of the
transition-metal ion is not straightforward. For instance, a ferric
ion in such species may adopt a high-, intermediate-, or low-spin
electronic configuration (Sge = 5/2, 3/2, or 1/2, respectively; S is
the total spin quantum number), whereas a ferrous ion may also
have high-, intermediate-, and low-spin electronic
configurations (See = 2, 1, or 0, respectively). Strong
intramolecular antiferromagnetic coupling of a radical ligand or
a second metal centre may yield a large variety of different spin
ground states.

a-Diimines and o-phenylenediamides (pda) are classic
examples of redox-active ligands that form five-membered
chelate rings with a large variety of transition and main-group
elements.*% It has been clearly established that a-diimines and
pda ligands each exist in three different redox forms in
coordination compounds, including a closed-shell dianion (S =
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The electronic structures of these complexes have been investigated by Mdssbauer spectroscopy, magnetic susceptibility

0), an open-shell it radical monoanion (S = 1/2), and a closed-
shell neutral (S = 0) form (Scheme 1).#Iron complexes based on
a-diimine ligands including 1,4-diaza-1,3-butadiene (dad) and
bis(imino)acenaphthene (BIAN) were widely investigated.”®
Furthermore, iron complexes of a-diimine ligands are efficient
catalysts for the hydrogenation of alkenes,8292 hydrovinylation
of dienes,8® (cyclo)dimerization of dienes,8<¢ cyclotrimerization
of alkynes,®f Diels-Alder type cycloaddition of dienes with
alkynes,8®  dehydrogenation of
hydrosilylation of carbonyls.%b.c

amine-boranes,38 and
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Scheme 1. Different redox states of a-diimine and o-phenylenediamide (pda) derived
ligands.

In contrast to iron a-diimine complexes, iron pda complexes
are relatively less studied. Wieghardt and co-workers have
reported several homoleptic pda iron complexes and dad—pda
heteroleptic iron complexes, which displayed sophisticated
electronic structures.” Hernan-Gémez and Costas have recently
reported the reactivity of [Fe(%F>pda)(THF)]> (“¢F*pda = N,N’-
bis(pentafluorophenyl)-o-phenylenediamido-) toward the
intramolecular C(sp3)—-H activation of diazoesters in the
presence of LIAI[OC(CFs)s]a under mild reaction conditions,
yielding a variety of carbocyclic cyclopentanes as well as bicyclic
spiro and fused ring compounds.”f Our group has reported the
[Fe'(Prrpda*-)(toluene)] (PPPpda = N,N’-bis(2,6-diisopropylphen-
yl)-o-phenylenediamido-) and [Fe?(PPPpda®)(CO)s] complexes.’s
We herein report the synthesis of a series of iron compounds
supported by the PiPrpda ligand platform at various oxidation
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states. Spectroscopic data as well as X-ray crystallographic
analysis are used to characterize this series of new complexes.
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Scheme 2. Synthesis of compound 2.
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Figure 1. Molecular structure of 2 (30% probability thermal ellipsoids). All hydrogen

atoms are omitted for clarity.

Results and Discussion

Reacting PrPpdaH, (1) with [FeCI(HMDS),(THF)] (HMDS =
hexamethyldisilazide) in toluene at 120 °C gives complex 2 in
good yields (Scheme 2). The use of bulky Dipp substituents is
important, as smaller pda ligands tend to form [Fe(pda).].” The
IH NMR spectrum of complex 2 in C¢Dg at 25 °C shows
paramagnetically shifted and broadened resonances between
+159 and -15 ppm. X-ray crystallographic analysis of 2 revealed
a dinuclear structure with a crystallographically imposed
inversion centre (Figure 1). The bond lengths within the PiPPpda
ligands reveal a quinoid-type distortion. The C(1)-N(1) and
C(6)-N(2) bond lengths are 1.341(2) and 1.346(2) A (Table 1),
respectively, in between the typical C—N single and double bond
lengths. The Co—Cy and C,—C, bond lengths are 1.452(2) and
1.405(3) A, respectively, while the other four bonds of the
phenylene backbone feature the long Co—Cg and Cy—Cg' bonds
(1.419(2) and 1.421(2) A) and short Cg—C, and Cg—C, bonds
(1.363(3) and 1.361(3) A). The pattern
parameters suggests that the pda ligands are open-shell nt
radical anions, i.e., PPPpda*- (S = 1/2).% As such, the iron centres
are Fe(ll) to balance the charge. The Fe(1)—-N(1) and Fe(1)—-N(2)
bond lengths are 1.979(2) and 1.977(1) A, respectively,
suggesting that the Fe'' centres are high-spin, i.e., Sre = 2. The
intramolecular Fe—Fe distance of 3.0255(4) A in 2 is considerably
longer than the sum of the covalent radii (2.50 A), making it
outside of the range of Fe—Fe bonds.1° The Fe—Fe distance is
slightly longer than that found in [Fe(u>-Cl)(PPPdad)]. (2.9764(6)
A, Pierdad = N,N’-bis-(2,6-diisopropylphenyl)-2,3-dimethyl-1,4-
diaza-1,3-butadiene),’2P suggesting an even weaker exchange

in these metric
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coupling between the two iron centres. The solution magnetic
moment of 2 is 5.4 ug in CgDg at 25 °C (Table 2), while [Fe(ua-
Cl)(Pirrdad)], was reported to have solution’? magnetic moment
of 3.86 ug. The greater solution magnetic moment of compound
2 compared to that of [Fe(u>-Cl)(PPrdad)]; is likely due to a
weaker antiferromagnetic coupling between the two iron
centres in 2.

Zero-field >’Fe Mdssbauer spectroscopy was used to
examine the oxidation state and spin state of the iron centres
of complex 2 (Table 2). The M&ssbauer spectrum of complex 2
at 80 K features one doublet with an isomer shift (8) of 0.84
mm/s and a quadruple splitting (| AEq|) of 3.64 mm/s (Figure
S$10), typical for high-spin Fe" species.’=11 Such a spectrum
suggests that the two high-spin ferrous centres are equivalent,
consistent with the crystallographic data. Overall, the
experimental data are consistent with an electronic structure
with strong antiferromagnetic coupling within each Pirrpda®—
Fe' pair and weak coupling between the two iron centres across
the bridging chloride ligands.?

With complex 2 in hand, we set to reduce the metal centre
to low valence, hoping for dinitrogen binding. Compound 2 can
be reduced with two equivalents of 0.5% sodium amalgam to
afford the diamagnetic complex 3 (Scheme 3), featuring a low-
spin Fe(l) centre and a PPrpda*- ligand with strong
antiferromagnetic coupling in between.”’® Attempts to reduce
complex 2 in non-arene solvents were not fruitful. The reduced
product is able to capture the trace amount of arene vapour in
the glovebox atmosphere to give [Fe(PPPpda)(n®-arene)], which
prevents dinitrogen from binding. The Mdssbauer spectrum of
3 (Table 2) features a doublet with an isomer shift of 0.37 mm/s,
typical for a low spin (Sre = 1/2) Fe(l) centre,'! and a quadrupole
splitting of 0.79 mm/s (Figure S11). While the isomer shift is
similar to the analogous Fe(*'dad)(n®-toluene) (6 = 0.44 mm/s,
|AEq|] = 0.41 mm/s)" and Fe(PPPBIAN)(n®-toluene) (6 = 0.45
mm/s, |AEq| = 0.41 mm/s),% the quadruple splitting is slightly
larger.

Previously we showed that replacing the n®-toluene ligand
in 3 with three stronger charge-neutral m-acceptor CO ligands
resulted in the formation of the [Fe(pda)(CO)s] where pda is in
its charge neutral form and oxidation state of the iron centre is
zero, i.e., shift from (Prrpda*-)Fe' to (PPPpda®)Fe?.7e We reason
that if we replace the n®-toluene ligand with charge-neutral o-
donor ligands instead, we may be able to achieve the opposite,

e., shift from (PiPPpda-)Fe! to (PPPpda?-)Fe!l. The addition of
two or more equivalents of pyridine to a THF solution of 3
affords a four-coordinate complex 4 (Scheme 3). The X-ray
crystal structure of 4 shows a distorted tetrahedral coordination
geometry of the iron centre (Figure 2). The C(1)-N(1) and C(6)—
N(2) bond lengths are 1.392(3) and 1.399(3) A (Table 1),
respectively, which are close to a typical C—N single bond length.
The Co—Cy and C,—Cy bond lengths are 1.430(3) and 1.367(4) A,
respectively, while the other bond lengths of the phenylene
backbone are more even, i.e., within the range of 1.388(4)—
1.397(4) A. Although a crystal structure with a higher resolution
is preferable (i.e., to see whether the C,—C, bond length is
significantly different from the Cpg—C, and Cg—C, bonds), the
current metric parameters suggest that the N,N-chelating ligand

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Molecular structure of 4, 5 and 7 (30% probability thermal ellipsoids). All hydrogen atoms are omitted for clarity

is a closed-shell dianion PiPPpda?- (S = 0). To balance the overall
charge, the iron centre is a ferrous ion. The solution magnetic
moment of 4 is 5.2 g in THF-dgat 25 °C (Table 2), suggesting a
high-spin Fe''. Complex 4 exhibits isomer shift of 0.72 mm/s and
large quadrupole splitting of 4.02 mm/s (Table 2, Figure S12).
These values are characteristic for high-spin ferrous species (Sre
= 2),7<11 corroborating with the crystallographic data and
solution magnetic moment. The dissolution of 4 in arene
solvents results the immediate formation of [Fe(PPPpda)(n®-
arene)] complexes accompanied by a colour change from blue—
purple to intense red—purple. The nature of the auxiliary ligand
oniron clearly plays a key role on the electronic structure of the
pda-Fe moiety.

In comparison, we examined the ligand substitution
reactions of 2, which has a (PPrpda*~)Fe(ll) moiety to find out
whether we could achieve the electron shift between the pda

ligand and the iron centre by using different auxiliary ligands.
The reaction of 2.5 equivalents of pyridine with 2 in toluene
affords the four-coordinate complex 5 (Scheme 3). The X-ray
crystal structure of 5 revels a distorted tetrahedral coordination
geometry at the iron centre. The Fe(1)-N(1) and Fe(1)-N(2)
bond lengths of 1.995(3) and 2.018(3) A (Table 1) suggest a high-
spin Fe'' (Sge = 2) centre. The C—C and C—N bond lengths of the
pda ligand of 5 and the M&ssbauer parameters (6 = 0.81 mm/s,
|AEq| =2.05 mm/s, Table 2) are similar to those of 2, suggesting
a 1t radical anion PPrpda*- (S = 1/2). The solution magnetic
moment of 5 is 4.2 ug in CsDs at 25 °C (Table 2), suggesting
strong antiferromagnetic coupling between the high-spin
ferrous centre (See = 2) and the nt radical anionic ligand (S = 1/2).

Unable to push an electron from Fe(ll) into PPPpda*~ with the
charge-neutral pyridine ligand, we turned to the anionic m-donor
chloride ligand. The addition of excess tetrabutylammonium chloride

Please do not adjust margins
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(5 equiv.) to a toluene solution of 2 at room temperature affords the
four-coordinate ferrous salt 6 (Scheme 3). In the solid-state structure
of 6, the C—C and C—N bond lengths of the pda ligand are similar to
those of 2, i.e., a m-radical anion PPPpda*~ (S = 1/2). Therefore, the
iron centre is assigned as Fe' to balance the charge. The long Fe—-N
bonds (2.018(2) and 2.003(2) A) suggest that the Fe! centre in 6 is
high-spin. The Méssbauer parameters (6 = 0.80 mm/s, |AEq| = 3.04
mm/s, Table 2) are similar to those of 2 and 5. The solution magnetic
moment of 6 is 4.1 ug in CeDe at 25 °C (Table 2), suggesting strong
antiferromagnetic coupling between the PPPpda*- ligand and high-
spin Fe'' centre.

The anionic m-donor chloride ligand is unable to push an electron
from Fe(ll) into PPPpda*-, presumably because the PPPpda*- ligand is
not reducing enough. We are curious to know what product we will
get if we oxidize complex 6 by 1le-, i.e., [Fe'(PPrpda®)Cl,] or
[Fe"'(Pirrpda©-)Cl,]. The reaction of 6 with one equivalent of silver
tetrafluoroborate at room temperature in toluene results in a colour
change from dark blue—purple to dark green. Compound 7 can be
isolated from the reaction mixture as the major product (Scheme 3).
The solid-state structure of 7 reveals a C; symmetry and a distorted
tetrahedral coordination geometry at the iron centre (Figure 2). The
metric parameters of the pda ligand in 7 are similar to those in 2, 5,
and 6, i.e., PPPpda*-, whereas the Fe—N bonds (1.967(2) A) in 7 (Table
1) are slightly shorter than those in 2, 5, and 6. The solution
magneticmoment of 7 is 5.1 ug in CgDg at 25 °C (Table 2). The
electronic structure of 7 can be described as [Fe''Cly(PPPpda*-)], with
strong antiferromagnetic coupling between the m-radical anion
Pipppda*- (S = 1/2) ligand and high-spin ferric ion (S = 5/2). The isomer
shift and the quadrupole splitting of 7 are 0.39 mm/s and 2.12 mm/s
(Table 2, Figure S15), respectively. The reduced isomer shift is
consistent with a more oxidized iron centre. In contrast,
[FeCly(dad)]’2t and [Fe(PPPBIAN)X,]%k were found to contain Fe'
centres and neutral N,N-chelate ligands. It appears that the PiPPpda®-
is less reducing than the corresponding PPPBIAN*- and dad*- ligands.
The minor impurity in the sample of 7 displays similar isomer shift
and quadruple splitting to those of 3, whose formation from the
reaction of 6 and AgBF, in toluene could be rationalized as the initial
chloride abstraction from 6 by Ag* followed by toluene coordination
to the iron centre.

As mentioned above, the bulky Dipp groups are crucial to
the synthesis of 2 in minimizing the formation of [Fe(PPPpda),].
In order to prepare the homoleptic complex [Fe(PiPPdpa),], 8, we
adopted Wieghardt’s synthetic procedures (Scheme 4),7¢ i.e.,
reacting the doubly deprotonated 1 with FeCl, followed by
oxidation with FeCls. The molecular structure of 8 consists of
two chelating PPPpda ligands bound to a distorted tetrahedral
iron centre (Figure 3). The metric parameters of the pda ligands
in 8 (Table 1) are in between those of the PiPPpda*- and PirPpdaZ?-
ligands. For example, the C(1)—N(1) and C(6)—N(2) bond lengths
are 1.372(3) and 1.376(3) A, respectively, whereas the
corresponding C—N bond lengths in the lithium salts of the
birrpda®- and PPPpda?- are 1.341(3) and 1.395(2) A, respectively.
The solution magnetic moment of 8 is 2.7 ug in CgDg at 25 °C
(Table 2). The crystallographically imposed 2-fold axis relating
the two PiPPpda ligands suggests two identical ligands within one
molecule of 8. The electronic structure of a closely related
complex [Fe(%®F>pda),] was studied in detail by Wieghardt and

4| J. Name., 2012, 00, 1-3

co-workers and reported as [Fe'!(“®F5pda°~)(“¢F>pda2-)] with an
intermediate-spin Fe'' (Sge = 3/2) antiferromagneticaly coupled
to a ligand-based radical.’c Based on the literature precedence
and the available data, we tentatively rationalize the overall
electronic structure of 8 using the following major resonance
structures [Fe"(Pirrpda*-)(PirPpda)] &~
[Fe"(Pirrpdaz-)(PiPPpda*-)] in a 1:1 ratio, i.e., a fully delocalized
radical over two chelate ligands is antiferromagnetically
coupled to an intermediate-spin ferric centre (S = 3/2). The Fe—
N bond lengths in 8 (1.950(2) and 1.973(2) A) are longer than
those in [Fe'(¢6FSpda*)(c6FSpda?)] (avg. 1.897(3) A), which
could be due to the significantly increased steric congestion
associated with the two PiPPpda ligands. Unfortunately, the
Mossbauer data for 8 (6 =0.42 mm/s, | AEq| =2.51 mm/s, Table
2, Figure S16) fall in a range for which an unambiguous oxidation
state and spin state assignment for the iron centre is not
possible.11

Dipp 2 €4 nBuli, -80 °C-RT, Dipp pipp
NH then0.5eq. FeCly,-80 °C-R.T, N }\l
@ then 1 eq. FeCly . Fe‘: D
- VAL
NH THF N
Dipp Dipp DiPP
1 8,78%

Scheme 4. Synthesis of complex 8.
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Figure 3. Molecular structure of 8 (30% probability thermal ellipsoids). All hydrogen
atoms are omitted for clarity.

The structure of 8 was also examined with broken symmetry
DFT calculations. The full structure of 8 was optimized into the
same triplet ground state starting from various broken
symmetry guesses, using PBEPBE?!3 functionals and TZVP4 basis
set with Gaussian 16 software.!> The optimized geometry
closely resembles that of the crystal structure, as evidenced by
the bond length data shown in Table 1. As shown in Figure 4,
the spin density on Fe is 2.442, slightly lower than the expected
value of an intermediate spin Fe(lll), whereas the spin density
of -0.442 is fully delocalized over the two dpa ligands with
significant spin density on the nitrogen donor atoms. Such a spin
density distribution is consistent with the proposed electronic
structure above, i.e., an intermediate spin Fe(lll) with significant

This journal is © The Royal Society of Chemistry 20xx
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covalency and antiferromagnetic coupling between the metal
centre and the two pda ligands.

TDDFT calculation was performed using PBEPB functionals
and def2svpl® basis set on the optimized structure from broken
symmetry DFT calculation using the same functionals and basis
set. The TDDFT simulated UV-Vis-NIR spectrum matches well
with the experimental spectrum in terms of the wavelength of
the absorption but not the intensity (Figure S21), which is
expected. The frontier orbitals (Figures S22 and S23) and
electronic transitions responsible for the low energy absorption
bands are listed in Table S3. Due to the involvement of multiple
transitions in each excited state and the mixed metal and ligand
contribution to each frontier orbital, it is difficult to classify the
nature of the low-energy absorption bands.

1 rar

Actions) ¢=1y

Figure 4. Computed spin density map for complex 8. The Dipp groups on the dpa ligands
are omitted from this plot for clarity, although they were included in the calculation.
Colour key: orange for Fe, blue for N, grey for C, and white for H.
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In an effort to prepare mononuclear low coordinate iron
complexes for small molecule activation, we set to substitute the
bridging chloride ligand in 2 with a bulky anionic ligand and break the
dimeric structure of 2. The addition of two equivalents of KOBu to a
toluene solution of 2 at room temperature affords the dinuclear
complex 9 with two bridging tert-butoxide ligands (Scheme 5). The
observed solution magnetic moment 6.1 g at 25 °Cin CgDg (Table 2).
Interestingly, the metric parameters (Table 1) of the two DiPPpda
ligands are different in the X-ray structure of 9 (Figure 5). One of the
Pirppda ligands resembles that in complex 8 (C,—N bond lengths:
1.370(3) and 1.374(3) A), while the other resembles that in complex
4 (Co—N bond lengths: 1.394(3) and 1.395(3) A). These metric
parameters suggest that one of the two PPPpda ligands is in a slightly
higher oxidation state than the other. The ligand at a higher oxidation
state makes longer Fe-N bonds (1.984(2) and 1.985(2) A) than the
other (1.958(2) and 1.959(2) A). The Mdssbauer spectrum of a solid
sample of 9 at 80 K displays two doublets in a 1:1 ratio (6 = 0.66 and
0.54 mm/s; |AEq| = 2.81 and 2.59 mm/s, respectively, Table 2, Figure
S17) with large quadruple splitting values. Such Mdssbauer data
suggest that one iron centre is in a slightly higher oxidation state than
the other and the valence is not fully delocalized on Méssbauer time

Table 1. Selected bond distances of complexes.

scale, consistent with the crystallographic data. Unfortunately, the
Moéssbauer data are in the range that does not allow for an
unambiguous assignment of the oxidation state and spin state of the
iron centres.!!

Obtaining a dinuclear structure with four-coordinate iron
centres when reacting complex 2 with tert-butoxide, we turned
to a bulkier anionic HMDS ligand. The addition of one equivalent
of LIHMDS to 2 in a toluene solution at room temperature
affords the three-coordinate complex 10 (Scheme 5). The solid-
state molecular structure has a C; symmetry, with a trigonal
planar geometry at iron (Figure 5). The metric parameters
(Table 1) suggest a Pirrpda*- ligand coordinated to the iron
centre. The zero-field Méssbauer spectrum of a solid sample of
10 shows an unsymmetrical doublet with & = 0.48 mm/s and
| AEq| = 1.25 mm/s (Table 2, Figure S18). The isomer shift and
quadruple splitting are typical for a three-coordinate high-spin
ferrous center.l” The unsymmetrical broadening is presumably
due to intermediate rates of spin relaxation.!? The observed
solution magnetic moment of 10 is 4.1 ug at 25 °C in C¢De (Table
2), suggesting a strong antiferromagnetic coupling between the
radical ligand and a high-spin Fe' centre.

Page 6 of 12

cB Dipp
Cy Ca ,\i\
ny@: /Fe
Ca' N
CF \Dipp
2 4 5 6 7 8 8 (DFT) 9 10 11 12
1.984(2) 1.992(2) 2.015(3)
1.979(2) 1.934(2) 1.995(3) 2.018(2) 1.950(2) 1.931 1.985(2) 1.982(2) 2.016(3)
Fe-N 1.967(2) 1.995(2)
1.977(1) 1.941(2) 2.018(3) 2.003(2) 1.973(2) 1.960 1.958(2) 1.961(2) 1.955(3)
1.959(2) 1.957(2) 1.952(3)
1.370(3) 1.368(3) 1.338(5)
1.341(2) 1.392(3) 1.345(5) 1.351(3) 1.372(3) 1.377 1.374(3) 1.364(4) 1.335(5)
N—Cq 1.328(3) 1.341(3)
1.346(2) 1.399(3) 1.333(5) 1.355(3) 1.376(3) 1.380 1.394(3) 1.393(4) 1.379(5)
1.395(3) 1.375(3) 1.378(5)
, 1.443(4) 1.448(4) 1.457(6)
Co—Cd 1.452(2) 1.430(3) 1.442(5) 1.445(3) 1.464(3) 1.437(3) 1.439 1.430(4) 1.453(4) 1.435(4) 1.433(6)
1.414(3) 1.413(4) 1.414(6)
1.419(2) 1.388(4) 1.425(6) 1.419(3) 1.406(3) 1.416 1.411(4) 1.400(4) 1.423(6)
Co—Cp 1.419(3) 1.416(4)
1.421(2) 1.389(3) 1.431(6) 1.413(3) 1.398(3) 1.413 1.407(4) 1.390(4) 1.397(6)
1.406(3) 1.409(4) 1.391(5)
1.373(4) 1.362(4) 1.366(6)
1.363(3) 1.397(4) 1.367(6) 1.366(3) 1.373(4) 1.389 1.378(4) 1.369(4) 1.342(7)
Cs—C, 1.356(3) 1.356(4)
1.361(3) 1.393(4) 1.355(6) 1.367(4) 1.373(3) 1.389 1.381(3) 1.383(4) 1.375(6)
1.375(4) 1.377(4) 1.381(6)
, 1.401(4) 1.403(4) 1.403(7)
C,—C, 1.405(3) 1.367(4) 1.401(7) 1.408(4) 1.430(3) 1.398(4) 1.408 1391(4) 1.414(6) 1398(4) 1.395(7)
Fe—Fe 3.0255(4) - - - - - - 2.9729(6) - 2.9246(5) 3.2620(8)
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Exposing a toluene solution of 10 to 1 atm of CO, at room
temperature results in the formation of TMS—-NCO in a
quantitative spectroscopic yield (with respect to complex 10)
within 30 minutes along with a mixture of new paramagnetic
species, from which complex 11 can be isolated via
recrystallization (Scheme 5). Metal silylamides have been
reported to react with CO, to give isocyanates,18-20
carbodiimides?! and metal isocyanato complexes?? along with
the corresponding silyl ethers, metal siloxides or unidentified
species. However, only a few reports show high selectivity
towards the isocyanate under mild conditions,? as the resulting
metal silyloxide species can further react with CO, or isocyanate
product (isoelectronic with CO;) to carbodiimide or metal
isocyanate and silyl ether.

In the solid-state, complex 11 has a dinuclear structure with two
bridging trimethylsiloxide ligands between two PPPpda—Fe fragments
(Figure 5), resembling the structure of 9. One of the Pirrpda ligands
in 11 displays two Co—N distances of 1.368(3) and 1.364(4) A,
respectively, whereas the other displays two C,—N distances of
1.393(4) and 1.375(3) A, respectively (Table 1). The trend in the Fe—
N bond lengths of 11 is also similar to that of 9. The observed solution
magnetic moment 5.9 ug at 25 °C in CgDg (Table 2). The Mdssbauer
spectrum of 11 at 80 K displays similar pattern as that of 9 (Table 2,
Figure S19), suggesting a slight difference in the oxidation states of
the two iron centres. Once again, the Mossbauer data for 11 are in
the range that does not allow for an unambiguous assignment of the
oxidation state and spin state of the iron centres.1!

When a saturated hexanes solution of 10 is exposed to 1
atm. of CO, at -35 °C, a few crystals of complex 12 were
obtained (Scheme 5). The molecular structure of 12 features
two iron centres bridged by a trimethylsilyl carbonate and a
trimethylsiloxide. One PPPpda ligand in complex 12 displays two
Co—N distances of 1.338(5) and 1.335(5) A, respectively,
whereas the other 1.379(5) and 1.378(5) A, respectively. The
Fe—N bond lengths in 12 also have the same pattern asin 9 and
11. A better quality X-ray structure is needed to elucidate the
oxidation state of the PiPPpda ligand. Complex 12 has the longest
intramolecular Fe—Fe distance (3.2620(8) A) among all the
dinuclear complexes in this work. Unfortunately, complex 12
readily loses CO, to form complex 11 under vacuum, which
hampers the isolation and further characterizations. The
formation of 12 can be rationalized as the insertion of CO; into
the Fe—O bond of the in situ formed 11. Although isocyanates
tend to show similar reactivity as CO,, we observed no reaction
between TMS—NCO and complex 11 produced in the reaction of
10 and CO;. The lack of reactivity is presumably due to the steric
congestion around the iron centres.

Dalton Transactions

Table 2. Solution Magnetic Moment at 298 K and Mdssbauer data at 80 K.

Complex Ueft” 5, mm/s |AEq|, mm/s
2 5.4 0.84 3.64
3 - 0.37 0.79
4 5.2 0.72 4.02
5 4.2 0.81 2.05
6 4.1 0.80 3.04
7 5.1 0.39 2.12
8 2.7 0.42 2.51
9 6.1 0.66 2.81

0.54 2.59
10 4.1 0.55 0.79

0.76 2.28
11 5.9

0.60 2.61

9 Solution magnetic moment by Evans method.

Conclusions

In summary, a series of iron o-phenylenediamide complexes
were synthesized. Their electronic structures were investigated
through spectroscopic methods, and X-ray crystallography. The
dimeric complex 2 contains two high-spin ferrous ions and two
n-radical monoanionic  ligands DPPPpda*-  with  strong
antiferromagnetic coupling within each Fe-PPPdpa pair.
Complex 3 features a low-spin Fe(l) centre and a PPPpda*- ligand,
where the electronic structure of the Fe'-PiPrdpa*~ moiety can
be manipulated with different auxiliary ligands on iron. On the
other hand, the Fe'-Pirrdpa*- moiety in complexes 2, 5 and 6 is
persistent with various combinations of chloride and pyridine
ligand. Such a phenomenon can be attributed to the low
reducing power of the PiPpdpa*~ ligand. This hypothesis is
consistent with the fact that 1e~ oxidation of complex 6 gives
Felll-Dierdpa*- (rather than Fe''-PiPPdpa®) moiety in 7. Complex 8
with two bulky PiPPpda ligands on one iron centre is tentatively
assigned as [Fe"(Pirrpda*-)(PiPPpda?)] &~
[Fe"(Pirppda?)(PirPpda*)], where the metal is
antiferromagnetically coupled to the fully delocalized ligand-
based radical based on literature precedence and available
data. Using a bulky anionic ligand HMDS to replace the bridging
chloride in 2, we were able to obtain a mononuclear three-
coordinate iron complex 9, which shows reactivity toward CO;
to give the trimethylsiloxide-bridge dimeric complex 11 and
TMS-NCO selectively. Complex 11 can selectively react with CO,
over the bulkier TMS-NCO in a reversible fashion to give
complex 12. Further investigation of the potential catalytic
activities of these iron complexes are underway in our
laboratories.
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Experimental Section

General considerations

All reactions were carried out in a dinitrogen-filled glovebox or
using the standard Schlenk techniques under dinitrogen.
Glassware was dried in a 180 °C oven overnight. Diethyl ether,
hexanes, pentane, and toluene solvents were dried by a
Grubbs-type solvent purification system manufactured by
Innovative Technology and degassed prior to use. THF solvent
was dried by refluxing and distilling over sodium benzophenone
ketyl under dinitrogen. Pyridine and hexamethyldisiloxane
(HMDSO) were dried by refluxing and distilling over calcium
hydride under dinitrogen. C¢Ds, and THF-dg were degassed
through three consecutive freeze-pump-thaw cycles. All
solvents were stored over 3 A molecular sieves prior to use.
Unless otherwise noted, all NMR spectra were recorded on an
Agilent DD2 600 MHz spectrometer at 25 °C. Chemical shifts are
referenced to the solvent signals. Solution magnetic moments
were measured at 25 °C by the method originally described by
Evans with stock and experimental solutions containing a
known amount of a cyclohexane standard.?3 Elemental analyses
were carried out by ANALEST at the University of Toronto.
Electronic spectra were recorded with a Perkin-ElImer double-
beam UV-VIS-NIR spectrometer Lambda 1050. All commercially
available chemicals were used as received. Fe(HMDS),CI(THF),24
and 125 were prepared according to literature procedures. The
1H NMR data are reported as chemical shift with the peak width
at half-height in Hz, integration value, and partial assignment
based on integration given in parentheses sequentially.

57Fe Mossbauer Spectroscopy. All measurements for 57Fe
Mossbauer spectroscopy were performed using non-enriched
solids of the as-isolated complexes. All samples were prepared
inaninert atmosphere glovebox equipped with a liquid nitrogen
fill port to enable sample freezing to 77 K within the glovebox.
Each sample was loaded into a Delrin Mossbauer sample cup for
measurements and loaded under liquid nitrogen. Low
temperature 5’Fe Md&ssbauer measurements were performed
using a See Co. MS4 Mdssbauer spectrometer integrated with a
Janis SVT-400T He/N, cryostat for measurements at 80 K.
Isomer shifts were determined relative to a-Fe at 298 K. All
Mossbauer spectra were fit using the program WMoss (SeeCo).
Errors of the fit analyses were the following: 6 + 0.02 mm/s and
AEq + 3%. For multicomponent fits, the quantitation errors were
+3% (e.g., 50 + 3%).

2: To the mixture of 1 (857.3 mg, 2.00 mmol) and
Fe(HMDS),CI(THF) (968.3 mg, 2.00 mmol) was added 10 mL of
toluene. The reaction mixture was allowed to stir at 120 °C
overnight. The reaction mixture changed from dark red to dark
green. After cooling to room temperature, the reaction mixture
was filtered through Celite. Volatiles were removed under
vacuum, leaving a dark green solid. The solid was stirred with 10
mL of hexanes for 1 hour then collected on a frit, which was
washed with hexanes (3 x 1 mL) and dried under high vacuum
(882.4 mg, 85%). Crystals suitable for X-ray crystallography
were obtained by cooling a concentrated diethyl ether solution
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at -35 °C. 'H NMR (600 MHz, CsDg) & 158.25 (33.53, 4H), 67.20
(36.53, 4H), 2.02 (13.48, 24H, Dipp-CHs), -5.17 (207.12, 8H),
-8.44 (8.85, 4H), -8.46 (7.39, 4H), -11.35 (9.73, 4H), -14.63
(28.63, 24H, Dipp-CHs). Evans method (298 K, CeDs): uets = 5.4
MB. Anal. Calcd for C60H76N4CI2Fe2-(C4H100): C, 69.25; H, 7.81; N,
5.05. Found: C, 68.85; H, 7.48; N, 5.41.

3: To a 20 mL vial containing Hg (1.45 g) and 5 mL of toluene
was added sodium metal (7.2 mg, 0.31 mmol). After stirring the
resulting amalgam for 30 min, a solution of 2 (147.5 mg, 0.14
mmol) in 5 mL of toluene was added. The reaction mixture was
stirred for 24 hours, then decanted and filtered through Celite.
The filtrate was concentrated to dryness under vacuum. The
solid residue was recrystallized from hexanes to afford metallic
green crystals of 3 (132.7 mg, 82%). NMR data obtained are
identical to those previously reported.’s

4: To a stirring solution of 3 (287.3 mg, 0.50 mmol) in 10 mL of
THF was added pyridine (89 pL, 1.10 mmol). The reaction
mixture was allowed to stir at room temperature overnight, and
then filtered over Celite. The filtrate was concentrated to ~1
mL, top-layered with 5 mL of pentane and cooled to -35 °C
overnight to yield dark blue purple crystals. The supernatant
was decanted off, and the solid was washed with cold pentane
(3 x 1 mL) and then dried under vacuum (212.3 mg, 66%).
Crystals suitable for X-ray crystallography were obtained from
cooling a concentrated diethyl ether solution at =35 °C. 1H NMR
(600 MHz, THF-ds) & 118.39 (3921.27, 2H), 42.13 (31.48, 4H),
29.07 (238.34, 4H), 14.76 (156.00, 4H), 14.05 (710.18, 2H), 5.29
(37.32, 12H, Dipp-CHs), 0.28 (114.16, 12H, Dipp-CHs), -17.90
(40.82, 2H), -32.56 (123.98, 2H), -36.47 (26.66, 2H). Evans
method (298 K, THF-dg): uesr = 5.2 uB. Anal. Calcd for
CaoHagN4Fe:(C4Hg0): C, 74.14; H, 7.92; N, 7.86. Found: C, 74.52;
H, 7.70; N, 8.13.

5: To a stirring solution of 2 (259.0 mg, 0.25 mmol) in 10 mL of
toluene was added pyridine (50 uL, 0.63 mmol). The reaction
mixture was allowed to stir at room temperature overnight, and
then concentrated to dryness under vacuum. The residue was
extracted into diethyl ether, filtered over Celite and slowly
concentrated to ~2 mL. Top-layering with 5 mL of pentane and
cooling to -35 °C overnight yielded green microcrystalline solid.
The supernatant was decanted off, and the solid was washed
with cold pentane (3 x 1 mL) and then dried under vacuum
(218.4 mg, 73%). 'H NMR (600 MHz, CsD¢) 6 162.94 (1558.36,
1H), 104.68 (1394.75, 1H), 59.36 (1711.85, 1H), 34.19 (148.48,
2H), 2.63 (637.74, 12H, Dipp-CHs), -8.42 (96.38, 1H), -15.24
(290.19, 12H, Dipp-CH3), —28.15 (684.49, 2H). Evans method
(298 K, CgDsg): et = 4.2 ug. Anal. Calcd for CssHasNsFeCl: C, 70.41;
H, 7.26; N, 7.04. Found: C, 70.07; H, 7.61; N, 7.20.

6: To a solid mixture of 2 (259.0 mg, 0.25 mmol) and
tetrabutylammonium chloride (347.4 mg, 1.25 mmol) was
added 10 mL of toluene. The reaction mixture was allowed to
stir at room temperature overnight, and then filter through
Celite. The filtrate was concentrated to ~1 mL, top-layered with
5 mL of hexanes and cooled to —35 °C overnight to afford blue

This journal is © The Royal Society of Chemistry 20xx
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purple crystals. The supernatant was decanted off, and the solid
was washed with hexanes (3 x 1 mL) and then dried under
(319.2 mg, 80%). Crystals suitable for X-ray
crystallography were obtained from vapor diffusion of pentane
into its toluene solution at room temperature. 1TH NMR (600
MHz, CsD¢) 6 161.99 (165.36, 1H), 70.63 (138.71, 1H), 12.70
(103.26, 8H), 7.37 (57.54, 8H), 2.44 (43.08, 8H), 1.14 (30.45,
12H), 0.58 (20.98, 12H, Dipp-CHs), 0.05 (34.41, 8H), -7.76
(69.52, 12H, Dipp-CHs), —25.24 (22.36, 2H). Evans method (298
K, CGDS)I Meff = 4.1 MUs. Anal. Calcd for C46H74N3C|2F62 C, 69.42; H,
9.37; N, 5.28. Found: C, 69.82; H, 9.62; N, 5.17.

vacuum

7: In the absence of light, silver tetrafluoroborate (53.5 mg, 0.28
mmol) was added to a stirring solution of 6 (199.0 mg, 0.25
mmol) in 10 mL of toluene. The reaction mixture was allowed to
stir at room temperature overnight, and then filter through
Celite. The filtrate was concentrated to dryness. The residue
was dissolved in toluene and filtered through Celite again, then
concentrated ~1 mL, top-layered with 5 mL of pentane and
cooled to —-35 °C overnight to afford dark green microcrystalline
solid. The supernatant was decanted off, and the solid was
washed with pentane (3 x 1 mL) and then dried under vacuum
(99.2 mg, 72%). Crystals suitable for X-ray crystallography were
obtained from cooling a concentrated diethyl ether solution at
—-35 °C. 'H NMR (600 MHz, CsD¢) 6 218.94 (1083.40, 1H), 17.12
(175.98, 4H), 6.85 (570.77, 2H, overlap with C¢Ds), 0.95 (566.66,
12H, Dipp-CHs), -1.30 (212.26, 12H, Dipp-CHs), -37.18 (176.00,
2H). Evans method (298 K, C¢De): Uetf = 5.1 us. Anal. Calcd for
C30H33N2C|2F8'0.6(C7H8)1 C, 67.49; H, 7.09; N, 4.60. Found: C,
67.55; H, 7.10; N, 4.66.

8: To a solution of 1 (535.8 mg, 1.25 mmol) in 5 mL of THF was
slowly added "Buli (2.5 M in hexanes, 1.00 mL, 2.50 mmol) at
—-80 °C. The resulting mixture was allowed to warm to room
temperature slowly and further stirred for 2 h. The resulting
suspension was cooled to -80 °C and a pre-cooled (-80 °C) slurry
of anhydrous FeCl; (79.2 mg, 0.63 mmol, in 10 mL of THF) was
added. The resulting mixture was allowed to warm to room
temperature slowly and further stirred for 2 h, during which
time the colour changed to dark purple. The mixture was cooled
to -35 °C and a pre-cooled (-35 °C) solution of FeCl; (202.8 mg,
1.25 mmol, in 10 mL of THF) was added. The reaction mixture
was stirred overnight, with a colour changed from dark purple
to dark green. All volatiles were removed under vacuum, the
residue was extracted into pentane and filtered through Celite.
The filtrated was concentrated to ~5 mL, top-layered with 3 mL
of HMDSO and cooled to —35 °C overnight to yield X-ray quality
dark green crystals. The supernatant was decanted off, and the
solid was washed with HMDSO (3 x 1 mL) and then dried under
vacuum (445.6 mg, 78%). 'H NMR (600 MHz, C¢D¢) 6 66.12
(117.84, 4H), 22.44 (36.62, 4H), 14.40 (25.23, 4H), 9.21 (223.83,
4H), 6.15 (531.51, 2H), 4.27 (23.57, 12H, Dipp-CHs), 3.92 (19.07,
12H, Dipp-CHs), -0.63 (22.96, 12H, Dipp-CHs), -2.82 (46.64,
12H, Dipp-CHs), -3.70 (124,70, 4H), -12.45 (35.67, 4H). Evans
method (298 K, CeDe): perr = 2.7 ug. Anal. Caled for
CeoH76N4Fe-0.13(CgH15Si20): C, 78.48; H, 8.49; N, 6.02. Found: C,
78.89; H, 8.65; N, 5.61.

This journal is © The Royal Society of Chemistry 20xx
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9: To a stirring solution of 2 (259.0 mg, 0.25 mmol) in toluene
was added KO®Bu (56.1 mg, 0.50 mmol) in toluene. The reaction
mixture was allowed to stir at room temperature overnight, and
then filtered through Celite. The filtrate was concentrated to ~1
mL, top-layered with 3 mL of pentane and cooled to -35 °C
overnight to yield X-ray quality dark blue purple crystals. which
was washed with pentane (5 x 1 mL) and dried under high
vacuum (162.2 mg, 58%). 'H NMR (600 MHz, C¢D¢) 6 45.56
(277.82, 4H), 40.71 (268.15, 4H), 26.80 (522.61, 4H), 13.94
(282.00, 12H, Dipp-CHs), 8.72 (442.06, 18H, OC(CHs)3), 3.54
(311.05, 12H), 1.26 (135.57, 12H, Dipp-CH3), —4.40 (909.99, 2H),
-9.30 (314.89, 12H, Dipp-CHs), —-19.68 (89.56, 4H), -31.60
(50.38, 4H), -35.93 (136.64, 4H). Evans method (298 K, CsDs):
Meft = 6.1 MB. Anal. Calcd for C58H94N402F62'(C7Hg)2 C, 7486, H,
8.54; N, 4.66. Found: C, 74.74; H, 8.56; N, 4.56.

10: To a stirring solution of 2 (259.0 mg, 0.25 mmol) in toluene
was added LiHMDS (83.7 mg, 0.5mmol) in toluene. The reaction
mixture was allowed to stir at room temperature overnight, and
then concentrated to dryness under vacuum. The residue was
extracted into pentane, filtered over Celite and slowly
concentrated to dryness to afford a green brown
microcrystalline solid, which was washed with cold pentane (3
x 0.5 mL) and dried under high vacuum (266.0 mg, 83%).
Crystals suitable for X-ray crystallography were obtained from
top-layering the pentane solution with HMDSO at -35 °C. 1H
NMR (600 MHz, CsDs) 6 266.68 (450.23, 1H), 130.82 (406.15,
2H), 11.91 (403.82, 18H, HMDS-CHs), 2.64 (105.35, 12H, Dipp-
CHs), —20.20 (24.83, 2H), -27.94 (44.09, 4H), -38.61 (145.59,
12H), -88.02 (1824.32, 2H). Evans method (298 K, CeDs): Hefr =
4.1 ug. Anal. Calcd for C36HsgN3sSizFe: C, 67.26; H, 8.78; N, 6.54.
Found: C, 66.70; H, 8.81; N, 6.44.

11: A solution of 10 (160.7 mg, 0.25 mmol) in 10 mL of toluene
was subjected to a freeze—-pump-thaw cycle before 1 atm of
CO; was introduced into the flask. The mixture was allowed to
stir for 1 hour at room temperature, where the colour changed
from green brown to dark blue. The reaction mixture was
filtered through Celite. The filtrate was concentrated to ~1 mL,
top-layered with 3 mL of pentane and cooled to -35 °C
overnight to yield dark blue purple crystalline solid, which was
washed with pentane (5 x 1 mL) and dried under high vacuum
(89.8 mg, 63%). Crystals suitable for X-ray crystallography were
obtained from cooling a concentrated diethyl ether solution at
-35 °C. 'H NMR (600 MHz, C¢D¢) 6 49.40 (279.92, 4H), 34.03
(43.46, 4H), 28.04 (42.69, 4H), 23.95 (69.80, 4H), 19.92 (43.02,
12H, Dipp-CHs), —0.50 (47.15, 12H, Dipp-CHs), —-6.97 (7.63, 4H),
-12.00 (390.53, 18H, OSi(CHs)3), —21.34 (74.98, 12H, Dipp-CHs),
-27.06 (30.93, 4H), -31.35 (283.53, 4H). Evans method (298 K,
CsD6): Uefr = 5.9 up. Anal. Calcd for CggHoaN4O3SizoFe;: C, 69.33; H,
8.29; N, 4.90. Found: C, 69.44; H, 8.78; N, 4.63.
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We report the reactivity of the iron complexes of a bulky phenylenediamide ligand.



