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Synthesis, structure and reactivity of FeII/III-NH3 complexes
bearing a tripodal sulfonamido ligand†

Nathaniel S. Sickerman, Sonja M. Peterson, Joseph W. Ziller, and A.S. Borovik
aDepartment of Chemistry, University of California-Irvine, 1102 Natural Sciences II, Irvine, CA,
92697, USA.
A.S. Borovik: aborovik@uci.edu

Abstract
Complexes [MnMST(NH3)]n-3 (Mn = FeII, FeIII, GaIII) were prepared and each contains a
intramolecular hydrogen bonding network involving the ammonia ligand. Deprotonation of the
FeIII–NH3 complex afforded a putative [FeIIIMST(NH2)]− species whose reactivity has been
explored.

Monomeric Fe–NHn (n = 2,3) complexes have been targeted as key intermediates in a
variety of chemical transformations. They have potential use as precursors for N-atom
transfer reactions, including those that activate C–H bonds. Terminal Fe–NH2 or Fe–NH3
species are also proposed to be significant in biological nitrogen fixation, whereby release of
NH3 represents the final step in the reduction of N2.1–5 Such amido and ammine complexes
have been proposed as intermediates in this process, and have been studied in various
synthetic small molecule systems.6–14 However, few of these have been structurally
characterized, with only a single example of a complex containing a FeIII–NH3 center. In
this report we describe the preparation and properties of a redox-pair of FeII/III–NH3
complexes and a related GaIII–NH3 species. We demonstrate that these complexes contain
an intramolecular hydrogen bonding (H-bonding) network surrounding the M–NH3 unit that
persists in both solution and the solid state. Preliminary evidence has provided that
deprotonation of the FeIII–NH3 complex produces a putative amido analog, which has
moderate activity to cleave N–H bonds from an external substrate.

Our group investigates the influences of the secondary coordination sphere on metal-
mediated processes. We have developed several multidentate ligands that incorporate
intramolecular H-bonds within the secondary coordination sphere. One example is the
sulfonamide-based tripodal ligand N,N′N″ -[2,2′,2″ nitrilotris(ethane-2,1-diyl)]tris(2,4,6-
trimethyl-benzenesulfonamido) ([MST]3−) that upon binding a metal ion forms a C3-
symmetric cavity proximal to the metal center. The [MST]3− ligand can also form up to
three intramolecular H-bonds with an external ligand (Fig. 1).15–19 Because of these
structural features, we reasoned that complexes of [MST]3− should be ideally suited to
stabilize species with a terminal ammonia ligand.

The iron complex, [FeIIMST]−, was prepared by treating a solution of H3MST in N, N-
dimethylacetamide (DMA) with three equivalents of NaH followed by metallation with
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Fe(OAc)2. After work up and removal of two equivalents NaOAc, Na[FeIIMST] was
obtained as a white powder. Treating a suspension of Na[FeIIMST] in THF with one equiv
of NH3 in THF resulted in a clear, colorless solution of [FeIIMST(NH3)]− (Scheme 1).
Parallel mode EPR spectroscopy of the complex at 4K displayed a sharp signal at g= 9.4,
indicative of a new high-spin FeII species with an S = 2 spin state (Fig. S1). FTIR studies
showed two distinct ν(NH) vibrations at 3382 and 3408 cm−1 in the solid state, suggesting
the possibility of an unsymmetrically H-bonding network involving the ammine ligand.

The redox properties of [FeIIMST(NH3)]− were investigated using cyclic voltammetry. A
reversible one-electron redox event at −0.645 V versus [FeCp2]+/0 was observed, which was
assigned to the FeII/FeIII couple. (Fig. 2A). This analysis suggested that the analogous FeIII–
NH3 complex could be prepared in bulk. Thus, treating the colorless [FeIIMST(NH3)]−

complex with either [FeCp2]+ or [C7H7]+ in THF resulted in an immediate color change to
afford a red-orange species having a λmax (εM) = 398 nm (8000) (Fig. 2B). FTIR analysis of
the isolated solid showed a single ν(NH) peak at 3348 cm−1. According to perpendicular
mode EPR spectroscopy performed at 77 K, the new species is a high-spin FeIII species
having axial symmetry with g-values at 5.59 and 1.99 (Fig. S2).

The molecular structures of the Fe–NH3 complexes were determined using X-ray diffraction
(XRD) methods. According to the solid-state structure of [FeIIMST(NH3)]−, the FeII center
possesses an N5 primary coordination sphere with distorted trigonal-bipyramidal geometry
(Fig. S3, Table S4). The nitrogen atoms of the [MST]3− ligand coordinate to the FeII ion
with an apical Fe1—N1 bond length of 2.224(1)Å and an average Fe1—Neq bond distance
of 2.099(3) Å. The primary sphere of the FeII center is completed by an ammonia ligand
having a Fe1—NH3 bond distance of 2.145(1)Å and a N5—Fe1—N1 bond angle of
177.58(5)°. The solid-state structure also supports our FTIR findings that the FeII–NH3 unit
is involved in an unsymmetrical H-bonding network with the SO2Mes groups of [MST]3−.
We observed two relatively long H-bonds having O3⋯N5 and O5⋯N5 distances of
2.914(2) and 2.918(2) Å; the third H-bond was statistically shorter with an O1⋯N5 distance
of 2.810(2) Å. Note that Peters has also prepared a trigonal bipyramidal FeII–NH3 complex,
[FeIISi(PR)3(NH3)]+ that contains a significantly shorter Fe–NH3 bond of 2.063(2) Å.12, ‡

The 0.082 Å difference between the Fe–NH3 bond distances in the two complexes is caused,
in part, by the intramolecular H-bonding network surrounding the Fe–NH3 unit in
[FeIIMST(NH3)]−.

[FeIIIMST(NH3)] crystallized in the space group hexagonal P, which requires the complex
to have a C3 center of rotation about the N1–Fe1–N3 axis (Fig. 3). The ferric complex also
has a trigonal bipyramidal coordination geometry, yet there are significant differences in the
metrical parameters between the two Fe–NH3 complexes. In [FeIIIMST(NH3)], an Fe1–N1
bond distance of 2.295(3) Å was observed, a lengthening of 0.071 Å compared to that found
in [FeIIMST(NH3)]−. In contrast, the Fe1–Neq and Fe–NH3 bond lengths of 1.979(2) and
2.080(3) Å are shorter compared to those observed in [FeIIMST(NH3)]−. These observations
are consistent with oxidation of [FeIIMST(NH3)]− to [FeIIIMST(NH3)]. The intramolecular
H-bonds involving the FeIII–NH3 and SO2R groups remain intact upon oxidation, and a C3-
symmetric H-bonding network is present in [FeIIIMST(NH3)] with an O1⋯NH3 distance of
2.881(15) Å.

The analogous [GaIIIMST(NH3)] complex was prepared by treating a dichloromethane
(DCM) solution of [GaIIIMST] complex18 with 0.5 M NH3 in THF. The molecular structure
of [GaIIIMST(NH3)] determined by XRD is isostructural to that of [FeIIIMST(NH3)], with

‡[Si(PR)3]−, tris(2-(diisopropylphosphanyl)phenyl)silanato, R = i-Pr, or tris(2-(diphenylphosphanyl)phenyl)silanato, R = Ph; [TBP]−,
tris(2-(diisopropylphosphanyl)phenyl)boranato.
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nearly identical crystallographic and metrical parameters (Fig. S5, Table S5). For instance,
in [GaIIIMST(NH3)] the bond distances for Ga1–N1 (2.261 Å) and Ga1–NH3 (2.022 Å) are
slightly shorter than those of the FeIII analog. These findings agree with the 0.03 Å
difference in ionic radii between the FeIII and GaIII ions.20 In addition, a symmetric
intramolecular H-bonding network is present in [GaIIIMST(NH3)] with an O1⋯N3 distance
of 2.837(15) Å, which is supported by a vibrational study showing a single NH vibration at
3339 cm−1.

Our results showed that the solid-state properties of the [MIIIMST(NH3)] complexes (MIII =
Fe, Ga) are nearly identical. Since [GaIIIMST(NH3)] is diamagnetic, we were also able to
evaluate its molecular structure in solution using nuclear magnetic resonance (NMR)
spectroscopy. The complex possesses C3 symmetry in CDCl3 at 298 K, with a singlet at 4.76
ppm attributed to the ammine protons (Fig. S6). Nuclear Overhauser Effect (NOE)
spectroscopy was used to assess the spatial relationship of the Ga–NH3 unit to the rest of the
complex. The protons at the o-methyl positions of the mesityl units showed a 1% NOE
enhancement with the ammine protons (Fig. S7). This result is indicative of a ~4 Å distance
between these groups as was observed in the solid-state structure of [GaIIIMST(NH3)],
suggesting that the NH3 ligand remains coordinated to the GaIII center in solution on the
NMR timescale. Similar structural properties should be operative for the FeIII–NH3 analog
in solution.

The relative acidity of the ammine ligand in [FeIIIMST(NH3)] was assessed by treatment of
the complex with various organic bases in THF at room temperature. No reaction was
observed between the complex and either pyrrolidine (pKaTHF = 13.5) or 2-phenyl-1,1,3,3-
tetramethylguanidine (pKaTHF = 14). In contrast, reactions were observed when
[FeIIIMST(NH3)] was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, pKaTHF =
16.8), 1,5,7-triazobicyclo[4.4.0]dec-5-ene (TBD, pKaTHF = 21.0) or sodium
hexamethyldisilazide (NaHMDS, pKaTHF = 26) to produce a new ferric species that we
assign as [FeIIIMST(NH2)]− (see below). These experiments allowed the pKa(NH3) to be
bracketed between 14.0 and 16.8 in THF, representing a decrease in pKa value of greater
than 30 orders of magnitude compared to that of free ammonia.□

The properties of the deprotonated product were further examined for the reaction of
[FeIIIMST(NH3)] and TBD, which at room temperature in THF resulted in clean generation
of a yellow-orange species with a λmax = 368 nm (Fig. 4A). Solution FTIR studies of the
new species in 1:1 DCM:THF displayed a new broad ν(NH) peak at 3422 cm−1,
representing a major shift from the ν(NH) peaks at 3339 and 3309 cm−1 found for
[FeIIIMST(NH3)] in solution (Fig. S10). Monitoring the deprotonation using perpendicular-
mode EPR spectroscopy, new features at g = 9.37 and 4.21 were observed at 77 K (Fig. 4B).
The rhombic spectrum is consistent with the formation of a new high-spin ferric complex
but one that does not have C3-symmetry as was found in the original [FeIIIMST(NH3)]
complex. Furthermore, treatment of the deprotonated species with an acid, such as
HNEt3BF4 (pKaTHF = 12.5) rapidly regenerated [FeIIIMST(NH3)] (Fig. S11). Taken
together, these findings suggest that the deprotonated species is the FeIII–amido complex,
[FeIIIMST(NH2)]−.

Preliminary results showed that the putative FeIII–amido complex reacts poorly with
substrates containing X–H bonds. The [FeIII–NH2]− species obtained from the deprotonation
with TBD did not react with 9,10-dihydroanthracene (DHA, BDEC–H = 78 kcal/mol)21 or
2,6-di-t-butyl-p-cresol (BHT, BDEO–H = 81 kcal/mol).22 In the presence of
diphenylhydrazine (DPH, BDEN–H = 69 kcal/mol)23 a small amount of azobenzene was

□This value is based on a pKa = 47 in THF, which was estimated from the extrapolation of the pKa of NH3 in DMSO.27,28
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detected but the yield was less than 10%. Using NaHMDS to prepare [FeIIIMST(NH2)]−

gave similar results but the reaction with DPH was qualitatively more rapid. It is possible
that the presence of the Na(I) ion in this reaction could affect the rate of the reaction. Note
that non-redox active metal ions have been shown to affect the rates in other complexes
containing the [MST]3− ligand.18

The two [FeII/IIIMST(NH3)]n complexes represent the first example of a pair of Fe–NH3
complexes differing by only one electron. Other reported Fe–NH3 complexes do not display
a reversible redox couple; rather, some systems such as [FeIITPB(NH3)]+‡ release NH3
upon reduction.14 The intramolecular H-bonding networks surrounding the Fe–NH3 units in
these complexes undoubtedly influence their overall stability, an effect that is comparable to
those found in related Fe–O(H) complexes.24–26 Deprotonation of [FeIIIMST(NH3)] to form
a putative FeIII–NH2 species, and its subsequent ability to cleave N–H bonds, demonstrates
the potential reactivity of these systems toward external substrates. The scope of their
reactivity is currently under investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
General diagram of the [MnMST(NH3)]n–3 complexes.
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Fig. 2.
(A) Cyclic voltammogram of [FeIIIMST(NH3)] recorded in THF at a scan velocity of 0.01 V
s−1. (B) Electronic absorption spectra of [FeIIMST(NH3)]− (dashed line) and
[FeIIIMST(NH3)] (solid line), collected in THF at 298 K.
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Fig. 3.
Thermal ellipsoid diagram depicting the molecular structure of [FeIIIMST(NH3)]. Ellipsoids
are drawn at the 50% probability level, and for clarity only the ammine hydrogen atoms are
shown. Selected bond lengths (Å) and angles (°): Fe1—N3, 2.080(3); Fe1—N2, 1.979(2);
Fe1—N1, 2.295(3); N3⋯O1, 2.881(15); N2—Fe1—N2, 117.33(3); N2—Fe1—N3,
99.51(5); N2—Fe1—N1, 80.49(5); N3—Fe1—N1, 180.00(1).
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Fig. 4.
(A) Electronic absorption spectrum of 0.125 mM [FeIIIMST(NH3)] in THF treated with 1
equiv. TBD at 298 K. (B) Titration of TBD into 9.8 mM [FeIIIMST(NH3)] in 1:1
DCM:THF. Perpendicular-mode X-band EPR spectra collected as a frozen glass at 77K.
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Scheme 1.
Synthesis of Fe-NH3 Complexes
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