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ABSTRACT: The presence of redox innocent metal ions has been proposed to modulate the reactivity of metal ligand multiple
bonds, however insight from structure/function relationships is limited. Here, alkali metal reduction of the Fe(II) imido complex
[Ph,B(‘Bulm),Fe=NDipp] (1) provides the series of structurally characterized Fe(Il) imido complexes
[Ph,B(‘Bulm),Fe=NDippLi(THF),] (2), [Ph,B(‘Bulm),Fe=NDippNa(THF);] (3), and [Ph,B(‘Bulm),Fe=NDippK], (4), in which the
alkali metal cations coordinate the imido ligand. Structural investigations demonstrate that the alkali metal ions modestly lengthen
the Fe=N bond distance from that in the charge separated complex [Ph,B(‘Bulm),Fe=NDipp][K(18-C-6)THF,] (5), with the longest
bond observed for the smallest alkali metal ion. In contrast to 5, the imido ligands in 2-4 can be protonated and alkylated to afford
Fe(II) amido complexes. Combined experimental and computational studies reveal that the alkali metal polarizes the Fe=N bond,
with the basicity of imido ligand increases according to 5 <4 = 3 < 2. The basicity of the imido ligands influences the relative rates
of reaction with 1,4-cyclohexadiene, specifically by gating access to complex 5, which is the species that is active for HAT. All
complexes 2-4 react with benzophenone form metastable Fe(II) intermediates (11-13) that subsequently eliminate the metathesis
product Ph,C=NDipp, with relative rates 11 ~ 12 > 13. By contrast, the same reaction with 5 does not lead to the formation of
Ph,C=NDipp. These results demonstrate that the coordination of alkali metal ions dictate both the structure and reactivity of the imido

ligand, and moreover can direct the reactivity of reaction intermediates.

Introduction

Redox-innocent metal ions have been proposed to modulate
the reactivity of intermediates that are at the heart of many
biological and chemical oxidation reactions.> For example,
the Ca?" ion is an essential cofactor for water oxidation at the
oxygen-evolving center (OEC) of Photosystem I1.3-° Here,
seminal work by Agapie and coworkers on structurally relevant
manganese-oxo cubane clusters [MMn;04] (M = Ca?*, Sr?,
Zn**, Sc**, Y3') has demonstrated that these metal ions
dramatically impact the redox potentials of the cluster,
suggesting a similar role for Ca?* in the OEC.%?

Likewise, studies of model complexes for nonheme iron
dioxygenases suggest that the properties of high valent iron
oxos are also sensitive to the presence of redox-innocent metal
ions.'” Most notably, Fukuzumi, Nam and coworkers have
shown that metal ions such as Mg?*, Zn?", Sc** and Ca?*
significantly enhance the rate of electron transfer to the model
complex [(N4Py)FeVO]** (N4Py = N,N-bis(2-pyridylmethyl)-
N-bis(2-pyridyl)methylamine).!! Moreover, the rate of
oxidative dimerization and N-demethylation of N,N-
dimethylanilines is enhanced by Sc**, while the mechanism of
thioanisole oxidation is changed.'>!* Although the binding of
these metal ions to the Fe=O unit is supported by spectroscopic
and computational evidence, definitive structural information
regarding these interactions is still lacking.!* While initial
crystallographic evidence suggested that Sc3* coordinates to the
oxo ligand in [(TMC)FeVO]** (TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane),'® subsequent computational
and experimental studies reveal a more nuanced outcome, with

Sc3* coordination accompanied by reduction to Fe3*.16-17
Moreover, it has also been suggested that redox-innocent metal
ions can function as Bronsted acids [M(H,0),]™" in the presence
of adventitious water, protonating the oxo ligand.'®! In the
absence of definitive structural characterization, attributing
changes in reactivity to the coordination of the redox innocent
metal ions can be ambiguous.

While similar effects may be anticipated for imido
complexes, even less is known about the impact of redox-
innocent metal ions on their reactivity and properties. In one
study, Ray and coworkers trapped the transient species
LCu!N-Ts (L = 3,3'-iminobis(N,N-dimethylpropylamine), Ts =
tosyl) with Sc¢?", affording LCu"N-(Sc**)Ts, where it was
proposed that Sc3* coordinates to Cu™-N unit on the basis of
spectroscopic and computational investigations.”’ Whereas
ferrocene mediates two electron reduction of LCu™N+(Sc**)Ts,
in the absence of Sc* spontaneous one electron reduction of
LCu'N-Ts to LCu"™NHTs is observed. Subsequent work for the
series LCu'N-.(M)Ts (M = Sc**, Y*', Eu?', Ce*", Zn?*, Ca?")
shows that the spectroscopic properties and nitrene transfer
reactions with PPh; are independent of M.?! Thus, the structural
effect of the metal cation as well as its relationship to the
reactivity of the complex is unclear. While there are scattered
examples of structurally characterized metal imido complexes
in which a redox innocent metal coordinates the imido ligand,?*-
28 the Ce(IV) imidos [(TriNOy)CeN(3,5-(CF;),CsH3)(M(solv),)]
(TriNO4 = Tris(hydroxylaminato) ligand) (M = Li, solv =
THF/Et,0O or TMEDA; M = K, Rb, Cs, solv = DME)) are the
only complexes for which there is a systematic change in the

kali metal ion.?-3° However, the impact of the redox-innocent
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metal on the reactivity of the imido ligand has not been reported,
including comparisons with the chargeseparated imido complex.

We previously reported the synthesis and characterization of
the three-coordinate high spin (S = 2) Fe(II) imido complex
[Ph,B(‘Bulm),Fe=NDipp][K(18-C-6)THF,].3! Unusually for a
late transition metal complex, the imido ligand is nucleophilic,
which enables the catalytic guanylation of carbodiimides under
mild conditions. Since this complex is prepared by reduction of
the corresponding Fe(IIl) imido complex, we recognized an
opportunity to investigate the properties of congeners with
different alkali metal ions. In this contribution, we report the
synthesis and characterization of a series of “ate” S = 2 Fe(II)
imido complexes [Ph,B(‘Bulm),Fe=NDippLi(THF),] 2,
[Ph,B(‘Bulm),Fe=NDippNa(THF);] 3, and
[Ph,B(‘Bulm),Fe=NDippK], 4, in which the alkali metal
cations coordinate the imido ligand. Although structural
characterization shows modest changes in the bond metrics,
both computational and experimental studies reveal that the
alkali metal cation can have a dramatic impact on the reactivity
of the imido ligand. The cation affects protonation, alkylation,
hydrogen atom transfer reactions of the imido complex, as well
as the outcome of nucleophilic reactions with benzophenone.

Results and Discussion

Synthesis and Characterization of Imido Complexes with
Coordinated Alkali Metals

The green Fe(Ill) imido complex [Ph,B(‘Bulm),Fe=NDipp]
(1) reacts with 1.2 eq. Li, Na or KCg in THF at -78 °C, affording
the series of red “ate” high spin (S = 2) Fe(II) imido complexes
[Ph,B(‘Bulm),Fe=NDippLi(THF),] ),
[Ph,B(‘Bulm),Fe=NDippNa(THF);] 3) and
[Ph,B(‘Bulm),Fe=NDippK], (4) in 72-81 % yields. Addition of
18-crown-6 sequesters the potassium cation from 4 to provide
the previously reported charge separated high spin Fe(Il) imido
complex [Ph,B("Bulm),Fe=NDipp][K(18-C-6)THF,] (5) in 79
% yield (Scheme 1).3!

Complexes 2-4 have been characterized by single crystal X-
ray diffraction. While 2 and 3 are monomeric, with the alkali
metal ions coordinated by THF solvent, 4 is a dimer®? where the
softer potassium cations interact with the BPh group of the
bis(carbene)borate ligand and the Dipp group of the
neighboring imido ligand (K---C distances are ca. 3.048 to 3.364
A) (Figure 1). The molecular structures of 2-4 reveal that the
imido N atoms are all capped by the respective alkali cations
with the M-N distances increasing according to Li < Na < K
(Table 1), as expected for their relative ionic radii.’* By
contrast, the Fe-N bond distances follow the order Li > Na > K.
These distances are all longer than in 5 (1.777(2) A), but still
0.1 A shorter than in three-coordinate Fe(I) amido complexes
(ca. 1.9 A).34 Similar observations are made for the Ce-N bond
distance in [(TriNOy)CeN(3,5-(CF5),CsH3)(M(solv),)]
complexes.’® Together, these Fe-N bond distances suggest that
the interaction between alkali cations and imido nitrogen atoms
weaken the Fe-N bond, but not at the complete expense of
double bond character. Moreover, the relative bond distances

indicate that the smaller lithium and sodium cations have a
stronger interaction with the imido nitrogen atom than does the
potassium cation. In addition to the changes in Fe-N bond
distances, the Fe-N-C angles in 2-4 show greater deviation from
linearity than for 5 (172.64(19)°), which is in part due to the
interaction between the alkali metal ions and the nitrogen atom
of the imido ligand. While the iron imido linkage is perturbed
by the alkali metal ions, the Fe-C(carbene) bond distances are
the same for 2-4 (ca. 2.1 A, see Table 1), although these are
slightly longer than for 5. These distances are comparable with
other high spin (S = 2) Fe(Il) bis(carbene)borate complexes,>
37 suggesting that the high spin state in 5 is maintained in 2-4.

Scheme 1. Synthesis of alkali iron(II) imido complexes 2-4 and
charge separated complex 5.
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Figure 1. Molecular structures of complexes 2-4, as determined
by single crystal X-ray diffraction. Thermal ellipsoids are
shown at 50% probability level, bis(carbene)borate ligands
(except for carbene carbon atoms) and coordinating
tetrahydrofuran molecules represented as wireframes. Solvent
molecules and hydrogen atoms are omitted for clarity. Dark
gray, orange, purple and blue ellipsoids represent carbon, iron,
alkali metals and nitrogen atoms, respectively.
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Table 1. Selected experimental and calculated (B3LYP/def2-SVP/TZVP) parameters for 2-5.

2 3 4 5
Exp. Calcd.© Exp. Calcd. © Exp. Calcd. ¢ Exp. Calced. 3!
Fe-N (imido) (A)  1.8167(17) 1.829 1.812(2) 1.809 1.793(3) 1.807 1.7772) 1779
M-N (imido) (&)« 1.950(4) 1.869 2.440(3) 2.279 2.803(3) 2.644 - -
Fe-C (A)? 2.110(2) 2.085 2.097(3) 2.081 2.099(4) 2.097 2.084(2) 2.072
Fe-N-C (°) 143.6(1) 132.7 141.5(2) 135.2 145.9(3) 131.6  172.64(19)  147.6

@M = Li, Na, or K; » Average of the Fe-C(carbene) bond distances; ¢ Calculated for the monomeric, solvent free model complexes

[Ph,B(‘Bulm),Fe=NDipp(M)].

The high spin state assignment is supported by zero-field ’Fe
Mossbauer spectroscopy. The 80 K spectra of 2-4 show one
doublet with J = 0.46-0.49 mm/s and |AEg| = 1.14-1.45 mm/s.
The similarity of these spectral metrics, both with each other
and with those for 5 (6 = 0.46 mm/s and |AEg| = 1.45 mm/s at
80 K) support the high spin nature of 2-4. In addition, the
similarity of the S’Fe Mgssbauer spectral parameters suggests
that 2-4 and 5 have similar electronic structures. It is worth
noting that the Mossbauer spectrum of 2 has an asymmetric
quadrupole doublet at 80 K. This asymmetry is reduced at 220
K, suggesting the onset of slow paramagnetic relaxation at
lower temperature.

The '"H NMR spectra of 2-4 are consistent with the structures
observed in the solid state. Specifically, ten paramagnetically
shifted resonances are observed between -120 and 140 ppm,
whose relative integrations allow them to be assigned to protons
from the bis(carbene)borate and imido ligands. The chemical
shifts for each complex are distinct from each other and from
those for the ion-separated complex 5 (Figure S9). The solution
magnetic moments, as determined by Evans’ method, support
the S = 2 formulation for 2 and 3 (ca. 5.1 pg). In the case of 4,
the magnetic moment (Ll = 6.3(1) pp) is less than the sum of
the magnetic moments of two isolated spin-only high spin Fe(II)
centers (Uoir = 9.8 up), likely due to antiferromagnetic coupling
between the two iron centers. While we cannot definitively
exclude the possibility that 4 forms a monomeric structure (akin
to 2 and 3), the distinct 'H NMR spectrum, together the solution
magnetic moment and lack of evidence for potassium ion
exchange (Figures S10-S11) suggest that the integrity of the
solid-state structure is maintained in solution.

Unlike the "H NMR spectra, the UV-vis spectra of 2-5 are not
greatly affected by the alkali cations and show similar
absorptions at ca. 300 and 320 nm in THF solution (Figure
S50). In addition, their electrochemical properties are also
similar. The cyclic voltammograms of complexes 3-5 exhibit a
reversible anodic wave with E1, = ca. -1.90 V vs Fc¢*/Fc (Figure
S53). In the case of 2, a reversible anodic wave is observed at a
more negative potential (E,, =-2.03 V), likely due to a greater
negative charge on the imido ligand in this complex (see
below).

It is notable that complexes 2-4 have greater stability in
solution than the charge separated complex 5. Complete
decomposition of 2-4 occurs over 10 days at room temperature
in THF-dg (0.06 mol/L), compared with only 5 days for 5.

Similarly, 2-4 are stable for over one week in the solid state, by
which time 5 has completely decomposed.

Electronic Structure Calculations

Electronic structure calculations were used to assess the
impact of the alkali metal ions on the electronic structure of
imido complex 5. To directly compare the effects of the alkali
metal ions, a series of THF-free model complexes
[Ph,B(‘Bulm),Fe=NDipp(M)] M =Li, 2°; M=Na, 3’; M=K,
4°)* were investigated using the electronic structure software
ORCA? (structural optimization of the full complexes 2 and 3
reveals that the major structural difference is the Fe-N-M angle,
see Table Sl1). Structural optimization (B3LYP/def2-
SVP/TZVP) of 2°-4’ provides bond metrics that are similar to
those observed for the solid-state structures 2-4 (Table 1),
suggesting that solvent and arene interactions involving the
alkali metal ions in 2-4 have little effect on the properties of the
imido ligand. Furthermore, a series of linear synchronous transit
calculations reveal that the longer Fe=N bond lengths and larger
Fe-N-C bond angles for 2-4 are due to the alkali metal ions
coordinating to the imido ligand (Figures S56 and S57). The
Fe=N bond length in 2°-4’ increases according to K < Na < Li,
following the trend observed for the solid-state structures 2-4.
This suggests that lithium most strongly perturbs the Fe=N
bond. However, there is no trend in the calculated Fe-N-C bond
angle, and differences with the solid-state structures are likely
due to packing forces.

The electronic structures of 2°-4” are qualitatively similar to
that determined for 5, as reflected by their frontier molecular
orbitals (Figures S58-S61). In addition, the Mulliken spin
densities on the iron and imido nitrogen atoms in 2’-4’ are
similar to those observed for 5 (ca. +3.60 and ca. +0.20,
respectively, see Figures S62-S65). However, the Lowdin Fe=N
bond orders in 2°-4’ (1.14-1.19) are lower than in 5 (1.33), as
expected for the longer Fe=N bond distances. These bond
orders suggest the bond order is close to one, which is also
supported by the calculated Wiberg bond indices for these
complexes (~0.5, Table S3). Alkali metal ion also decreases the
Wiberg bond indices.

The electronic structure calculations provide insight into the
impact of the alkali metal ion on the chemical properties of the
imido ligand. Analysis of the Fe 3d and N 2p character in the
Fe=N m-bond for 2°-4’ reveals that this orbital is polarized by
the alkali metal ion, with the degree of polarization toward
imido ligand increasing 2* > 3’ = 4’ (Figure S66), which is
further supported by an NBO analysis, which reveals ~80 %
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nitrogen 2p orbital character in the Fe=N r bond (Table S3). By
comparison, this bond has ~75 % nitrogen 2p orbital character
in the charge separated complex 5. Consequently, the Mulliken
atomic charges decrease in the order 2” (-0.99) >3 = 4 (-0.90)
> 5 (-0.71). These changes can be rationalized according to a
simple molecular orbital interaction diagram for the Fe=NR
bond (Figure 2a). Firstly, the alkali metal ions decrease the
negative charge on the imido ligand, thereby lowering the
energy of imido-based orbitals. Consequently, there is a larger
energy difference between this orbital and the appropriate iron-
based orbital, which increases the polarization of the resulting
molecular orbitals. This polarization is expected to increase the
basicity of the imido ligand because the filled imido-based
orbitals are at higher energy in the presence of the alkali metal
ion (Figure 2b). Secondly, as the Fe-N distance increases in the
order 2° > 3’ ~ 4°, the extent of overlap between the iron- and
imido-based orbitals decreases. This increases the relative
energy of the filled imido-based orbitals. Thus, the basicity of
the imido ligand is expected to increase in the order 2> >3’ = 4’
(Figure 2b).

(@) (b)

Increasing Fe=N distance

s

[Fe]  [Fe]=NR  NR*

R
’
[Fe]=N,

/R
[Fe]=N
Figure 2. Qualitative MO diagrams illustrating the effect of the
alkali metal ion on the Fe=N orbital interaction.

In summary, the electronic structure calculations reveal that
coordination of the alkali metal ions perturbs the iron-imido
orbital interaction by both polarizing the Fe=N bond and
decreasing orbital overlap. Based on the combination of these
factors, the basicity of the imido ligands is expected to decrease
in the order 2 >3~ 4> 5.

Protonation and Alkylation Reactions

Protonation and alkylation reactions support the basic
character of the imido ligand in 2-4, as suggested by the
electronic structure calculations. Moreover, these experiments
reveal that the alkali metal ions provide access to reaction
pathways that are inaccessible in their absence.

Complexes 2-4 react smoothly with 1 eq. [LutH][CI] (relative
to Fe) in THF at -78 °C, yielding the yellow Fe(Il) amido
complex [Ph,B(‘Bulm),FeNHDipp] (6) in 79-82 % yields
(Scheme 2). The molecular structure of 6 (Figure 3), as
determined by single crystal X-ray diffraction, reveals a
trigonal-planar iron center (sum of angles = 359°) with an Fe-N
bond distance (1.917(1) A) that is comparable to other three-
coordinate Fe(Il) amido complexes.>* The complex was also
characterized in solution 'H NMR spectroscopy and
magnetometry, confirming 6 as a high spin (S = 2) Fe(II) amido
complex. The spin state assignment was further supported by
zero-field 3'Fe Mossbauer spectroscopy, with spectral
parameters (6 = 0.47 mm/s and |AE| = 1.39 mm/s at 80 K) that

are consistent with other three-coordinate high spin Fe(Il)
complexes.37-40-41

The imido nitrogen atom in 2-4 can also be alkylated. As with
protonation, complexes 2-4 react smoothly with 1 eq. PhnCH,Br
(relative to Fe) at -78 °C to afford the yellow Fe(II) amido
complex [Ph,B('Bulm),FeN(CH,Ph)Dipp] (7) in 77-86% yields
(Scheme 2). The molecular structure of 7 has also been
determined by single crystal X-ray diffraction (Figure 3). As
with 6, the iron center is trigonal-planar (sum of angles = 360 ©)
with a similar Fe-N bond distance (1.901(3) A). The complex
has been characterized in solution by 'H NMR spectroscopy and
magnetometry, with the S = 2 spin state further supported by
zero-field 3’Fe Maossbauer spectroscopy (8 = 0.52 mm/s and
|AEq| = 1.14 mm/s at 80 K).

Scheme 2. Reactions of 2-4 with [LutH][Cl] and PhCH,Br.

By, i
o N N e
_ + [LutH][CI] + PhCH,Br Ph N /
Fe*l\{ Pr 2-4 B fe
H

'Pr
/ \
PH N:( THF THF PH @ \\Ph
"Bu
7

Mg, 78 °C-r.t. -78°C-r.t.
6

Although nucleophilic iron imido complexes have been
isolated,*>*7 to the best of our knowledge, reactions with
Bronsted acids have not been previously reported. Similarly, we
are unaware of alkylation reactions using organic halides for
any transition metal imido complex.

Interestingly, divergent results are obtained for analogous
reactions with the charge separated complex 5. Reaction with
[LutH][CT] is intractable, and no detectable concentrations of
amido complex 6 are formed. While the reduction potential of
[LutH][CI] does not definitively exclude an alternate
mechanism involving outer-sphere electron transfer (Figures
S54), it is notable that complex 1 and H, are not observed.
Similarly, the reaction of 5 with PhCH,Br provides a multitude
of unknown products, although trace 7 is observed. In this case,
outer sphere electron transfer is unlikely due to the significantly
more cathodic reduction potential for PhCH,Br (Figure S55).
The difference in reaction outcomes for complexes 2-4 and 5
points to critical role for the alkali cation in controlling the
reactivity of the imido ligand. The ability to protonate and
alkylate the imido ligand in complexes 2-4 but not 5 may have
relevance in the context of N, functionalization. It is worth
noting that that alkali metal additives are important in industrial
NHj; synthesis.*
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Figure 3. Molecular structures of complexes 6 and 7, as
determined by single crystal X-ray diffraction. Thermal
ellipsoids are shown at 50% probability level,
bis(carbene)borate ligands (except for carbene carbon atoms)
represented as wireframes. Solvent molecules and most
hydrogen atoms are omitted for clarity. Dark gray, light gray,
orange, and blue ellipsoids represent carbon, hydrogen, iron and
nitrogen atoms, respectively.

While protonation of 2-4 with [LutH][C1] is irreversible, the
weaker acid H,NDipp establishes an equilibrium with the
previously reported bis(anilido) complex 8 (Scheme 3).3! Here
K., is observed to gradually decrease in the order 5>4 >3 ~ 2.
Importantly, the formulation of 8 is independent of the alkali
metal ion, as demonstrated by spectroscopic properties that are
identical in all cases (Figures S14-S16). These results
experimentally validate the computational predictions of the
relative basicities for the imido ligand in 2-5.

Scheme 3. Equilibrium reaction involving 8 with 2-5 and
DippNH,.

T m
F’h\ N_{l NH Pr Keq

Pr w NH;
Pr. iPr
+

A Bu
P ol
F

- B e N
) InTHFE-dy P N
d/N(BU @Dr n 8 @%Bu Pr
8 25
M [K(18-C-6)] K Na L
Keq (x10°% mol/L) 8.0(3) 6.2(3) 2.3(6) 1.9(1)

Hydrogen Atom Transfer

Iron imido complexes are known to participate in hydrogen
atom transfer (HAT) reactions, although this reactivity has only
been reported for complexes in the Fe(II1)#-44 4937,  Fe(IV)*
3859 and Fe(V)® oxidation states, and not for Fe(I[)*" 61-63,
Nonetheless, since the electronic structures of 2-4 (and 5) reveal
radical character on the imido nitrogen (Figures S62-S65), we
hypothesized that these complexes may be active in HAT
reactions.

The room temperature reaction of 5 with 0.5 eq. 1,4-
cyclohexadiene (gas phase BDFE = 67.8 kcal/mol)®* in THF-dy
results in the stoichiometric formation of benzene over the
course of a few minutes, along a spectroscopically-
characterized iron complex that we tentatively propose to be the
three-coordinate high spin (S = 3/2) Fe(I) anilido complex
[Ph,B(‘Bulm),FeNHDipp][K(18-C-6)THF,] (9-[K(18-C-6)])
(Scheme 4). Although the thermal instability of 9-[K(18-C-6)]

prevented its characterization by single crystal X-ray diffraction,

its 7Fe Mossbauer spectral parameters (8 = 0.64 mm/s and |AE )|
=2.95 mm/s at 80 K) are similar to those reported for other S =

Journal of the American Chemical Society

3/2 three-coordinate Fe(I) complexes.®-%¢ Complex 9-[K(18-C-
6)] decomposes over the course of a few hours to afford the
previously reported bis(anilido) Fe(Il) complex
[Ph,B(‘Bulm),Fe(NHDipp),][K(18-C-6)THF,]  (8-[K(18-C-
6)]),’! as characterized by '"H NMR spectroscopy (Scheme 4).
The fate of the remaining iron is unknown. No other
paramagnetic complexes are observed by 'H NMR
spectroscopy and attempts to trap the Fe(0) complex expected
from the disproportionation of 9-[K(18-C-6)] were
unsuccessful.

Scheme 4. Reactions of 2-5 with 1,4-cyclohexadiene.

* @,r.t.

25 FeN

- benzene F’h/ A H
~ N+,
5 10 min Bu
4 15h
3 4 h 9
2 16 h (no reaction)

disproportionation

or o\ FéH - "Fe(0)"
SoNBu W Pr
Pr
8

HAT reactivity:
[K(18-C-6)THF ]
Bu
f ) “ON
Ph, (\,\/JiN'Bu Pr BN )" /\
B Fe'*@@ Pr
s Ph/ N—( §
PH N=( S
\/N-tBu ipf %/N"fBu @
5 M =K (4), Na (3), Li (2)
rate order: 5> 4,3 >>2
Reactive Less reactive Inert

The outcome of the reactions between 2-4 and 1,4-
cyclohexadiene depends on the nature of the alkali metal.
Complexes 3 and 4 also react with 1,4-cyclohexadiene,
ultimately yielding the Fe(Il) bis(anilido) complex
[Ph,B(‘Bulm),Fe(NHDipp),]- (8) along with stoichiometric
benzene (Scheme 4). However, these reactions are significantly
slower than for 5, requiring 1.5 and 4 hours for the full
consumption of 4 and 3, respectively (Figures S21-S22). By
contrast, complex 2 shows no evidence for reaction with 1,4-
cyclohexadiene, even after 16 hours under the same conditions
(Figure S23). While the reaction with 5 was too fast to measure,
we were able to determine the kinetic isotope effect for the
reactions of 3 and 4 with 1,4-cyclohexadiene (see SI for details).
It is notable that the same KIE is observed for these two imido
complexes (kuy/kp = 4.8). This supports a mechanism in which
HAT from the 1,4-cyclohexadiene to 3 or 4 involves the same
iron imido intermediate.

The alkali metal ion also dictates the ability of the imido
ligand to abstract hydrogen atoms from C-H bonds, as
determined by the C-H bond strength. Thus, 5 reacts with
toluene (gas phase BDFE = 81.6 kcal/mol)®* over the course of
several hours (Figure S24) to afford 8-[K(18-C-6)]. By contrast,
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complexes 2-4 are inert towards toluene, with only a minor
conversion observed over 2 d for the most reactive complex 4
(Figure S25). The KIE for the reaction of § with toluene (ku/kp
= 6.4) is also consistent with a mechanism involving HAT.

The differences in reactivity demonstrate the profound
impact of the alkali metal on the activity of the Fe=N unit in
HAT. Thus, the rate of reaction with 1,4-cyclohexadiene is
fastest for the alkali free imido complex 5, with the rate for 2-4
decreasing in the order 4 > 3 >> 2. In addition, only complex 5
shows appreciable reactivity towards toluene. These rate
differences are unlikely to stem from thermodynamic factors.
Notably, the relative rates are opposite to the basicity trends for
2-5 (see above). Moreover, DFT estimates for the gas phase
BDFEy y in 9 show that this value is largely insensitive to the
alkali metal ion (62-65 kcal/mol in the presence of alkali metal
ions and 66 kcal/mol in their absence).®” Additionally, since the
rate decreases as the ionic radius of the alkali metal ion
decreases, the relative rates are unlikely to result from steric
effects. We note that steric effects have been invoked in the
context of N, cleavage by low coordinate iron complexes,
specifically by controlling access to the N, ligand.®® Together,
this suggests that HAT from 1,4-cyclohexadiene to 2-5 is
largely kinetically controlled. To account for the observed
relative rates, we propose that only complex 5 is capable of
HAT. The coordinating alkali metal ions in 2-4 render the imido
nitrogen atom inaccessible. Therefore, cleavage of the
M:-*N(imido) bond in 2-4 is required for the HAT reaction to
occur (Scheme 5, shown for 1,4-cyclohexadiene). More basic
imido ligands will have stronger interactions with the alkali
metal ion in 2-4, reducing the concentration of active complex
5, as measured by K.,’ in Scheme 5. Thus, the relative basicity
of the imido ligand in 2-4 is important for the relative rate of
HAT since it determines the magnitude of K.;’. Reaction of 2
with 1,4-cyclohexadiene is inhibited due to the very strong
interaction between the small Li* ion and basic imido ligand.
This hypothesis is supported by the calculated gas phase
interaction energies between the imido ligand and alkali cations
which follow the order Li > Na > K (Scheme 5).

Scheme 5. Proposed pathway for HAT requires cleavage of the
M:-‘N(imido) bond in 2-4. Calculated gas phase interaction
energies between the imido complex and alkali cations (298 K).
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M = K, AG = -75 kcal/mol
M = Na, AG = -108 kcal/mol
M = Li, AG = -162 kcal/mol

Nucleophilic Reactions with Benzophenone: Double Bond
Metathesis

While less common than for early metal imido complexes, a
number of iron imido complexes have been reported to react as
nucleophiles with unsaturated substrates in [2+2] reactions.3! 46
We previously reported on [2+2] reactions between 5 and
carbodiimides, which provides the basis for the catalytic
guanylation of carbodiimides.?! Since ketones are known to be
substrates for [2+2] reactions,’* ¢ we hypothesized that alkali
cations would impact the reactivity of Fe(Il) imido complexes
2-4 and 5 with benzophenone, specifically by interactions with
the oxygen atom.

Scheme 6. Reactions of 2-5 with benzophenone.

+ Ph,CO . [K(18-C-6)] decomposition . " .
[LFe(N(Dipp)C(Ph),0)] — > Unidentified Fe species
THF
10 No Ph,CNDipp
+Ph,CO decomposition PN __ Dipp
4 — 27+ [LFeN(Dipp)C(Ph),OMTHF,] —22omposition_ =N+ reor
THF PH

11, M =K;12, M = Na; 13, M = Li

L = bis(carbene)borate ligand

Reaction of 5 with 1 eq. benzophenone quickly forms a new
purple paramagnetic species. This is tentatively proposed to be
the intermediate that results from nucleophilic attack on Ph,CO,
[PhyB(‘Bulm),Fe(N(Dipp)C(Ph),0)][K(18-C-6)] (10) on the
basis of spectroscopic characterization (Scheme 6, Figures S26
and S42). A single iron-containing species is observed in ’Fe
Mossbauer spectrum, with parameters (6 = 0.46 mm/s and |AE)
=2.13 mm/s at 80 K) that are consistent with S =2 Fe(Il). We
note that similar reaction of 5 with the carbodiimide
PrN=C=NPr provides the structurally and spectroscopically
guanidinate product that is formed via a [2+2] cycloaddition
reaction.’! Complex 10 decomposes over several hours to afford
multiple unknown iron products, along with trace amounts of
the imine Ph,C=NDipp (Figure S26). This thermal instability
has hindered attempts to characterize this complex by single
crystal X-ray diffraction.

By contrast, reaction of 1 eq. benzophenone (relative to Fe)
with 4 results in the immediate formation of a brown solution.
The resulting "H NMR spectrum reveals the formation of a new
paramagnetic  species, which is proposed to be
[Ph,B(‘Bulm),FeN(Dipp)C(Ph),OK(THF),] (11) (Figure S27).
However, the spectrum of 11 differs from that observed for 10.
The 3’Fe Mgssbauer spectrum of 11 also reveals a single iron-
containing complex that has similar spectral parameters to those
observed for 10 (8 = 0.44 mm/s and |AEq| = 1.38 mm/s at 80 K).
It is worth nothing that these spectral parameters are the same
as three-coordinate amido complexes 6 and 7. Addition of 18-
crown-6 to 11 provides 10, revealing that these complexes are
structurally related. Complexes 3 and 2 also react with 1 eq.
benzophenone to produce new paramagnetic iron complexes 12
and 13, respectively. Interestingly, the isomer shift for these
complexes decreases in the order 11 > 12 > 13, suggesting that
the alkali metal ions withdraw electron density from iron
according to their relative electronegativities. As with 10, the
thermal instability of these complexes has hindered attempts to
obtain single crystal X-ray diffraction data.
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In contrast to 10, complexes 11-13 decompose over hours to
provide the imine Ph,C=NDipp (62 % isolated yield, Figures
S27-S29). Based on a combination of spectroscopic and
reactivity studies, we tentatively suggest the concomitant
formation of iron oxo complex(es) (See SI for details).
Therefore, complexes 2-4 react with benzophenone to afford the
double bond metathesis product Ph,C=NDipp. A similar double
bond metathesis has also been observed in the reaction of “ate”
phosphinidene complex [(PNP)Sc(u,-P[DMP])(u,-Br)Li] (PNP
= N[2-P(CHMe,),-4-methylphenyl]*) (DMP = 2,6-Mes,CsH;)
with benzophenone, which provides the phosphaalkene
Ph,C=P[DMP] along with putative “(PNP)ScO”.%

Interestingly, 11-13 decompose with rates that depend on the
alkali metal ion. Kinetic measurements reveal first-order
decomposition for 11-13, with ks (11) = kops(12) > kops(13)
(Figure 4). Thus, the alkali metal ion plays a critical role in
stabilizing the intermediates 11-13. Together with the fact that
imine elimination is not a major decomposition pathway for 10,
our observations reveal that the imine elimination step is
dictated by electrostatic interactions. Thus, the most Lewis
acidic lithium cation is the best at intermediate 13, leading to a
slower rate of imine elimination for 13. All three alkali metal
cations provide a driving force for the reaction by stabilizing
the proposed iron oxo complex. In the case of complex 10,
Ph,C=NDipp is not formed as the sequestered alkali metal
cation cannot stabilize the iron oxo coproduct.

-0.12 4

-0.14

-0.16 4
-0.18 4

-0.20

In (C/Cy)

-0.22

-0.24
-0.26

-0.28
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Figure 4. Kinetic traces for the decomposition of 11-13. For 11
(M =K), 12 (M = Na) and 13 (M = Li), the kg, are 0.090 h-!,
0.115 h'! and 0.016 h'!, respectively. C, represents the initial
concentration of 11-13.

Conclusions

The series of structurally and spectroscopically characterized
complexes 2-4 provide insight into effect of the alkali metal ion
on both the structure and reactivity of the iron imido unit.
Structurally, the alkali metal ions lead to a modest elongation
of the Fe-N bond distance in the order 2 > 3 =~ 4. These distances
are all longer than in the charge separated imido complex 5.

Despite the modest changes in bond metrics, the alkali metal
ion has an impact on the reactivity of the imido ligand.
Computational and experimental results reveal that the alkali
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metal ion modifies the basicity of the imido nitrogen atom by
further polarizing the Fe=N bond. The imido ligand in the
charge separated complex 5 is the least basic, with the basicity
gradually increasing in the order 5 <4 = 3 < 2. Increasing the
Fe-N bond length increases the negative charge density on the
imido nitrogen atom.

The interaction between the basic imido ligand and the alkali
metal controls the relative rate of HAT from 1,4-
cyclohexadiene. The rate of reaction decreases in the order 5 >
4 ~ 3 >>2, with complete inhibition of the reaction for 2. Here,
the alkali metal ions kinetically control the reaction by gating
access to the imido complex that is active for HAT.

Although all the imido complexes 2-5 react rapidly with
benzophenone afford metastable Fe(Il) amido intermediates 10
and 11-13, respectively, the alkali metal ions are key to the
subsequent chemistry. Thus, the rate of decomposition for 11-
13 follows the order 11 = 12 > 13, in all cases providing the
metathesis product Ph,C=NDipp along with a putative iron oxo
species. By contrast, only trace Ph,C=NDipp is formed from 10,
demonstrating the importance of the alkali metal in directing the
reactivity of the intermediate species. The different outcomes
for the protonation and alkylation 2-4 and S similarly
demonstrate the ability of the alkali metal ion to direct the
course of the reaction.

In summary, we find that coordinated alkali metal ions direct
the reactivity of imido complexes through impacts on both the
ground state and reaction intermediates. While the structural
impact on the iron imido unit appears to be relatively modest,
as quantified by metrical changes, the alkali metal ions have a
dramatic effect on the rates and pathways of reaction. The alkali
metal ions therefore provide a mechanism for tuning the
reactivity of the imido ligand, where the extremes of reactivity
are observed for 2, which contains the most Lewis acidic alkali
metal ion, and the charge separated complex 5.
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