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Fe-mediated biological nitrogen fixation is thought to proceed via either a sequence of proton and
electron transfer steps, concerted H atom transfer steps, or some combination thereof. Regardless
of the specifics and whether the intimate mechanism for N2-to-NH3 conversion involves a distal
pathway, an alternating pathway, or some hybrid of these limiting scenarios, Fe–NxHy
intermediates are implicated that feature reactive N–H bonds. Thermodynamic knowledge of the
N–H bond strengths of such species is scant, and is especially difficult to obtain for the most
reactive early stage candidate intermediates (e.g., Fe–N=NH, Fe=N–NH2, Fe–NH=NH). Such
knowledge is essential to considering various mechanistic hypotheses for biological (and
synthetic) nitrogen fixation and to the rational design of improved synthetic N2 fixation catalysts.
We recently reported several reactive complexes derived from the direct protonation of Fe–N2 and
Fe–CN species at the terminal N atom (e.g., Fe=N–NH2, Fe–C≡NH, Fe≡C–NH2). These same
Fe–N2 and Fe–CN systems are functionally active for N2-to-NH3 and CN-to-CH4/NH3
conversion, respectively, when subjected to protons and electrons, and hence provide an excellent
opportunity for obtaining meaningful N–H bond strength data. We report here a combined
synthetic, structural, and spectroscopic/analytic study to estimate the N–H bond strengths of
several species of interest. We assess the reactivity profiles of species featuring reactive N–H
bonds and estimate their homolytic N–H bond enthalpies via redox and acidity titrations. Very low
N–H bond dissociation enthalpies (BDEN–H), ranging from 65 (e.g., Fe–C≡NH) to ≤37 kcal/mol
(Fe–N=NH), are determined. The collective data presented herein provides insight into the facile
reactivity profiles of early stage protonated Fe–N2 and Fe–CN species.
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The conversion of N2 to NH3 via reductive protonation by six electrons and protons is a
fascinating transformation that is distinct from the Haber–Bosch process1 and may offer a
conceptual pathway for direct, distributed solar-driven ammonia synthesis.2 Free N2 exhibits
a low electron affinity (−1.9 eV) and proton affinity (118 kcal/mol),3 and activation by a
suitable catalyst is hence required. While growing in number,4 few well-defined molecular
systems mediate catalytic N2-to-NH3 conversion; those that do use a combination of
inorganic reductant and acid rather than H2. Nitrogenase enzymes represent the most
efficient and well-studied non-Haber–Bosch catalysts and are collectively responsible for the
generation of ∼50% of the global fixed nitrogen pool.5 These enzymes sustain life and
provide proof-of-concept that reductive protonation of N2 can be carried-out under ambient
conditions on a grand scale. But we do not as yet have a clear mechanistic picture of this
biological transformation.
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Well-defined inorganic model complexes that catalyze N2-to-NH3 conversion are
particularly well suited to mechanistic investigations and a number of synthetic systems
featuring early transition metals (especially Mo) have been studied in the context of N2
activation6 and catalytic N2-to-NH3 conversion.4 An early hallmark of the Mo model
systems, noteworthy owing to the presence of Mo in the FeMo-cofactor of MoFenitrogenase, has been the ability to independently prepare many of the intermediate Mo–
NxHy species thought to be relevant to N2-to-NH3 conversion.7

Author Manuscript

Fe is an essential element in all known nitrogenases, and there is growing evidence that it
plays a critical mechanistic role in the key bond-making and breaking events of overall N2to-NH3 conversion.5,8 For example, structural, spectroscopic, and theoretical evidence
implicate the involvement of one (or more) of the iron atoms of the FeMo-cofactor in
substrate binding/activation.8 This state of affairs has motivated the study of well-defined
Fe–NxHy species relevant to N2 activation chemistry. In this context, Holland and Murray
have for instance independently demonstrated that β-diketiminate-supported iron systems
enable the delivery of electron equivalents to N2 to generate bridging Fe-nitrido and/or
imido species.9,10 N2-derived NH3 can then be released from these systems upon subsequent
protonation.9b
Our lab has reported several Fe systems that catalyze N2-to-NH3 conversion,11 and we have
very recently reported on a related (but as yet only stoichiometric) reductive protonation of
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Fe–CN to release CH4 and NH3.12 Interest in this subfield is growing. Very recently,
Nishibayashi and co-workers disclosed a phosphine–pyrrole Fe–N2 system that is a
competent catalyst for NH3 generation (along with some N2H4),4a and Ashley and coworkers reported a low-valent phosphine-only Fe–N2 system that mediates catalytic N2-toN2H4 conversion.4b Fe-mediated, catalytic N2 activation in these Fe systems is thought to
involve an initial end-on binding of N2 to a single Fe atom, followed (in our P3EFe-systems
at least (E = B, C, Si)) by reductive protonation at the terminal N atom to afford Fe=N–NH2
species (Scheme 1).13 Fe-mediated reduction of P3 SiFe–CN is thought to proceed via an
isostructural Fe≡C–NH2 species.12 These species are characteristic of a “distal” or “Chatttype” pathway for substrate reduction that is commonly thought to operate in certain N2
reduction systems. 3,4,7 Recent mechanistic studies of one of our reported Fe systems
(P3SiFe) also hints at competing downstream pathways following the generation of the
doubly protonated distal intermediate P3 SiFe=N–NH2. These Fe=N–NH2 (and related
Fe≡C–NH2) species display a high degree of instability in comparison to analogous Mo=N–
NH2 species; for instance, they decay rapidly at ambient and even lower temperatures in
solution and furnish mixtures of H2 and NH3. Understanding the factors that govern their
reactivity patterns is critical from a mechanistic perspective and will aid in the development
of improved catalysts that show better selectivity for NH3 versus H2. We anticipate that the
high degree of reactivity observed in certain Fe–NxHy (and Fe–CNHx) species must be
correlated with unusually weak N–H bonds; this should be especially true of the first
protonated species, Fe–N=NH (and Fe-C≡NH).14 These weak N–H bonds might then serve
a dual role: they could be susceptible to undesirable H2 formation pathways that short circuit
overall substrate reduction, while concomitantly facilitating downstream H atom-transfer
pathways that productively lead to reduced product.
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Whereas the thermochemistry of N–H bond formation in certain Ti-, Zr- and Mo-containing
scaffolds operative in stoichiometric NH3 formation has been recently studied,15 such
information is generally scant, and we saw an opportunity to map the N–H bond strengths of
the most highly reactive species relevant to Fe-mediated N2-to-NH3 (and CN−) conversion
catalysis. In this report, we investigate H+/e− transfer to several Fe–CN- and Fe–N2-derived
species using the tripodal tris(phosphino)silyl ligand, P3Si (P3Si = [(2-iPr2P–C6H4)3Si]−;
Scheme 1). While the P3SiFe–N2 system is not as active as its P3BFe-cousin for N2-to-NH3
conversion, it does mediate NH3 generation and is technically better suited to the types of
studies detailed here. Similarly, the P3SiFe–CN system is competent for NH3 and CH4
generation12 and offers a number of advantages in terms of measuring N–H bond strengths,
including experimental access to the first protonated intermediate (P3SiFe–C≡NH+/0) and
well-behaved redox and acid–base properties.
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Results and Discussion
N–H Bond Strength of P3SiFe–C≡NH0/+
While the conversion of Fe–N2 to an Fe–NxHy species could in principle be mediated by
HAT steps, most commonly used H atom donor reagents are not sufficiently reactive to
donate H atoms to Fe–N2 precursors.16 The same is true of Fe–CN species.12 Consistent
with this statement, there is no reaction between either P3 SiFe–N2 or P3SiFe–CN with 9,10-
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dihydroanthracene (BDECH = 81 kcal/mol) or TEMPOH (BDECH = 71 kcal/mol) within 1 h
at room temperature in THF solution (Scheme 2).17 This observation suggests (but does not
require) that the BDEN–H values for the corresponding P3SiFe=C=NH and P3SiFe–N=NH
species are <70 kcal/mol. For comparison, the experimentally determined BDEN–H of
diazene, HN=NH, is ∼61 kcal/mol.18 Interestingly, an immediate reaction is observed upon
combining [P3SiFe–C≡NH][BArF24]12 with 1 equiv of TEMPO● to form [P3SiFe–CN]
[BArF24] and TEMPOH (Scheme 2). This latter observation indicates that the homolytic
bond dissociation free energy (BDFE) or bond dissociation enthalpy (BDE) of the N–H
bond in [P3SiFe–C≡NH][BArF24] is significantly lower than that of the BDEO–H or
BDFEO–H in TEMPOH.
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The prolonged THF solution stability of P3SiFe–CN, P3SiFe–CN+, P3SiFe–C≡NH+, and
mixtures thereof permits the collection of data that can then be used to quantify the BDEN–H
of P3SiFe–C≡NH+. The solution BDEN–H is proportional to the sum of the acidity of the
relevant N–H bond (pKa) and the oxidation potential
application of eq 1 or 2,

and may be estimated by the

(1)

(2)
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where CH is a solvent-dependent constant reported as 66 kcal/mol in THF.17,19,20, Cyclic
voltammetry of P3SiFe–CN in a THF electrolyte (0.1 M [TBA][PF6]) reveals a one-electron
oxidation event at −0.38 versus the ferrocene/ferrocenium couple. [P3SiFe–C≡NH][BArF24]
displays a reduction event at −1.27 V under similar conditions (Figure 1). To determine the
apparent acidity of [P3SiFe–C≡NH]+ in THF solution, titrations of P3SiFe–CN were
performed with a series of acids and monitored by UV–visible spectroscopy. P3SiFe–CN
does not detectably react with the acids [HNEt3][OTf] (pKa 13.7) or [LutH][OTf] (pKa 9.5);
stoichiometric addition of the chlorinated anilinium salts [2-Cl-PhNH3][OTf] (pKa = 6.0 in
THF) or [2,5-Cl2-PhNH3][OTf] (pKa = 4.5 in THF) results in the formation of equilibrium
mixtures of P3SiFe–CN and [P3SiFe–C≡NH][OTf] at room temperature (Figure 1).21
Spectrophotometric titrations performed with these acids and P3SiFe–CN furnish an average
pKa = 5.6(1) for the acidic N–H proton of [P3SiFe–C=NH][OTf].
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With these data in hand, the BDEN–H of [P3SiFe–C≡NH][OTf] and its one-electron reduced
relative P3SiFe=C=NH may be estimated using eqs 1 and 2, respectively. These values are
found to be 65(1) and 44(1) kcal/mol, respectively (Table 1), and are consistent with the
complete and irreversible hydrogen atom abstraction reaction between [P3SiFe–C≡NH]
[BArF24] and TEMPO● (BDEO−H = 71 kcal/mol), and the inability of P3SiFe–CN to react
with TEMPOH or dihydroanthracene via hydrogen atom abstraction. The decrease by more
than 20 kcal/mol in the N–H bond strength on going from cationic [P3SiFe–C≡NH]+ to
neutral P3SiFe=C=NH is striking.
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We think this dramatic difference is largely a consequence of varying degrees of C–N bond
weakening that occur concomitant with H atom addition to the Fe–CN unit. Crystallographic
studies indicate that in cationic P3SiFe–C≡NH+ a short C–N bond is observed (1.130(3) Å)
and the N atom is largely sp-hybridized (∠CNH 176(3)°) (Table 2).12 Density functional
theory (DFT) calculations on the gas-phase optimized geometry of P3SiFe=C=NH predict an
sp2-hybridized N atom (∠CNH 126.6°) and a long C–N bond (1.233 Å) (Supporting
Information). Comparison of these C–N bond lengths with the corresponding P3SiFe–CN+/0
species reveal that formal H atom addition to P3SiFe–CN+ results in minimal alteration to the
C–N bond length (0.014 Å) whereas H atom addition to neutral P3SiFe–CN results in
significant C–N bond lengthening (0.066 Å). Accordingly, the measured BDEN–H values
reflect the extent to which the C≡N bond is weakened; weak N–H bonds are correlated with
a HAT process that causes significant weakening of the C≡N (or N≡N) bond. Generally
speaking, weak N–H bonds may be signatures of early stage intermediates of N2/CN
activation that are preceded by the most challenging H atom additions. Identifying these
intermediates is critical to understanding the thermodynamic challenges associated with
these difficult bond activation processes.
Monoprotonation of Fe–N2
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Terminally bound iron diazenido complexes (Fe–N=NH) have been invoked as the first
intermediates of biological N2 reduction5b and are likewise presumed to be reactive
intermediates in stoichiometric and catalytic N2-to-NH3 reactions effected by P3EFe–N2 (E
= B, C, Si) and related systems.11,13 Direct characterization of Fe–N=NH species has proven
to be a significant challenge, and circumstantial observations suggest that the BDFEN–H or
BDEN–H values for P3EFe–N=NH0/+ intermediates are significantly lower than that of gas
phase HN=NH (∼61 kcal/mol)18 but can be anticipated to be similar to, or perhaps less than,
that estimated for P3SiFe=C=NH (44 kcal/mol). Given the comparatively high stability of the
related monoprotonated cyanide complex, [P3SiFe–C≡NH][BArF24], we wondered whether
the N–H bond strength in isostructural P3SiFe–N=NH+ could be estimated. Although the
oxidation potential of P3SiFe–N2 (E° = −1.0 V) has been previously reported,16 the weakly
basic properties of P3SiFe–N2 prevents access to the needed pKa data to directly estimate the
BDEN–H for P3SiFe–N=NH+ in ethereal solvents. Nonetheless, several observations that
place a firm upper limit on its BDEN–H are as follows.
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The addition of stoichiometric quantities of chlorinated anilinium triflate salts or [H(OEt2)2]
[BArF24] to P3SiFe–N2 in THF at 298 K results in immediate oxidation to form P3SiFe–OTf
and [P3SiFe–N2][BArF24], respectively, prohibiting further investigations at this
temperature.13,16 Combining solutions of P3SiFe–N2 with stoichiometric [H(OEt2)2]
[BArF24] (pKa(THF) ≈ 0)22 at 173 K leads to the formation of EPR-silent [P3SiFe–N2]
[BArF24] over 15 min, as determined by UV–visible spectroscopy. EPR analysis of freezequenched solutions of P3SiFe–N2 rapidly combined with 1–5 equiv of [H(OEt2)2]-[BArF24]
shows unaltered EPR signatures for P3Si–N2 remaining in the frozen reaction mixtures
(Supporting Information). In contrast, the analogous protonation of isoelectronic
P3SiFe=C=NMe to form the carbyne [P3SiFe≡C–N(Me)H][BArF24] results in a significant
change in the observed EPR signatures (vide infra). The aforementioned observations
collectively establish that P3SiFe–N2 is not detectably protonated by [H(OEt2)2][BArF24] (at
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the N atom or otherwise) at 173 K, and hence the pKa of the putative P3SiFe–N=NH+ is ≤0
in THF solution. According to eq 1, an upper limit for the BDEN–H value of P3SiFe–N=NH+
can thereby be estimated at ≤43 kcal/mol. This value is significantly less than that
experimentally determined for P3SiFe–C≡NH+ (65 kcal/mol). The DFT-optimized geometry
of P3SiFe–N=NH+ indicates significant N–N bond weakening (by 0.12 Å) on H atom
addition to P3SiFe–N2+ that is likely correlated with a very weak N–H bond. (Table 2,
Supporting Information).
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In a similar context, our attempts to generate neutral P3SiFe–N=NH resulted in apparent
disproportionation reactions. The addition of stoichiometric [H(OEt2)2][BAr 24] to P3SiFe–
N2− results in immediate one-electron oxidation to form P3SiFe–N2 when performed at
ambient temperatures, with simultaneous formation of 0.5 mol equiv of H2.13b,16 We have
re-examined this reaction at 138 K in thawing 2-MeTHF, and while an instantaneous color
change is observed on combining P3SiFe–N2− with 1 equiv of either [H(OEt2)2][BArF24] or
[PhNH3]-[OTf], we do not observe the multinuclear NMR resonances we expect for P3SiFe–
N=NH, a species that is likely to be diamagnetic by comparison to its isoelectronic relatives
P3SiFe–N=NMe (vide infra) and P3SiFe–N=NSiMe316 and as corroborated by DFT
calculations that reveal an estimated singlet–triplet gap of 18 kcal/mol for P3SiFe–N=NH.
EPR signatures for the previously characterized S = 1/2 P3SiFe=N–NH2 and P3SiFe–N2
complexes are instead observed (eq 3; Supporting Information).13b Similar EPR features are
observed when [P3SiFe=N–NH2][OTf] is mixed with NEt3 at 138 K (eq 3; Supporting
Information). To explain these observations, we suggest that a rapid disproportionation of
transient P3SiFe–N=NH may occur via intermolecular H atom transfer to furnish a 1:1
mixture of P3SiFe–N2 and P3SiFe=N–NH2 (Scheme 3).23 For this disproportionation process
to proceed, the BDEN–H or BDFEN–H of P3SiFe–N=NH must be less than that of P3SiFe=N–
NH2. We note that P3SiFe=N–NH2 is itself highly reactive and can only be prepared in
thawing 2-MeTHF (138 K). Collectively, these observations hint at very reactive N–H bonds
in P3SiFe–N=NH+/0 and P3SiFe=N–NH2+/0 . The magnitude of these values are refined in
the following section.
The N–H Bond Enthalpy of the Iron Hydrazido Complex P3SiFe=N–N(Me)H+ and Estimates
of the N–H Enthalpies of P3SiFe=N–NH2 and P3SiFe–N=NH

Author Manuscript

To gain more quantitative insight into the reactive N–H bonds of certain protonated P3SiFe–
NxHy species, we examined the reactivity of the quasi-stable methyldiazenido complex,
P3SiFe–N=NMe, and its more stable conjugate acid, [P3SiFe=N–N(Me)H][OTf]. P3SiFe–
N=NMe is generated via the reaction of [K(Et2O)n][P3SiFe–N2] with MeOTf at 195 K
(Scheme 4) and is stable for hours at this temperature but rapidly decays at ambient
temperatures (τ(273k) = 14 min) to a mixture of [P3SiFe=N–NMe2][OTf] and P3SiFe–OTf. At
193 K, NMR analysis reveals the presence of two distinct structural isomers of diamagnetic
P3SiFe–N=NMe that give rise to independent sets of multinuclear NMR parameters (refer to
the Supporting Information for further discussion and spectra). Nonetheless, sharp
resonances in the 15N{1H} NMR spectrum at δ ≈ 471 and 274 ppm characterize the N
atoms of the diazenido ligand; these resonance are distinct from those of [P3SiFe=N–NMe2]
[OTf] (δ = 530, 185 ppm) and [K-(Et2O)n][P3SiFe–N2] (δ = 340, 310 ppm).13b,16 The
position of the [P3SiFe–N=NMe]-derived 15N resonances are reasonably similar to those of
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the isoelectronic and structurally characterized iron-silyldiazenido, P3SiFe–N=NSiMe3 (419
and 271 ppm).16 In situ IR spectra of THF solutions containing P3SiFe–N=NMe and 15Nenriched-P3SiFe–N=NMe reveal broad and intense features at 1616 and 1568 cm−1,
respectively, that are diagnostic of terminally bound diazenido ligands (Figure 2). These
v(N=N) values are substantially lower than those of P3SiFe–N=NSiMe3 (1748 and 1694
cm−1 for the 14N and 15N isotopomers, respectively).16 These spectroscopic differences
indicate a higher degree of N=N bond activation in P3SiFe–N=NMe as compared to P3SiFe–
N=NSiMe3. Accordingly, P3SiFe–N=NMe reacts productively with electrophiles (such as
Me+ or H+, vide infra), whereas P3SiFe–N=NSiMe3 does not.

Author Manuscript

Protonation of P3SiFe–N=NMe generated in situ with HOTf at 195 K results in an immediate
color change to lavender, and subsequent addition of pentane enables the isolation of
[P3SiFe=N–N(Me)H][OTf] (Scheme 4) as a crystalline pink powder. NMR data for
[P3SiFe=N–N(Me)-H][OTf] are similar to those of [P3SiFe=N–NH2][OTf]13b and include
two resonances in the 15N{1H} NMR spectrum (δ = 518 and 199 ppm) with the upfield
resonance coupled to a single H atom (1JNH = 101 Hz), an N–H resonance at 9.96 ppm in
the 1H NMR spectrum and a single 31P resonance at 97 ppm. Broad features ascribed to N–
H vibrations are observed in the solid IR spectrum of [P3SiFe=N–N(Me)H][OTf] at =2980
cm−1 that shift to ∼2295 cm−1 in [P3SiFe=N–N(Me)D][OTf]; the low frequency of these
features are suggestive of strong hydrogen bonding interactions in the solid state. The solidstate crystal structure of [P3SiFe=N–N(Me)-H][OTf] (Figure 3) corroborates the
spectroscopic data and reveals a short Fe–N distance of 1.671(3) Å, a long N–N distance
(1.284(4) Å), and a strong hydrogen bond (d(N···O) 2.846(4), ∠(N–H···O) 164(4)°) between
the OTf anion and the hydrazido ligand.

Author Manuscript
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Analytical data collected on P3SiFe–N=NMe and [P3SiFe=N–N(Me)H][OTf] allow for the
estimation of the BDEN–H of the latter species. Cyclic voltammetry studies of P3SiFe–
N=NMe at 195 K in a 50 mM NaBArF24 THF electrolyte reveal a single well-behaved
oxidation event centered at −1.22 V versus Fc/Fc+ (Figure 2). The apparent acidity of
[P3SiFe=N–N(Me)H][OTf] was determined via its reaction with organic bases at 193 K in
THF to regenerate P3SiFe–N=NMe. While 1.1 equiv of NEt3 (pKb(THF) = 13.7)
quantitatively converts [P3SiFe=N–N(Me)H][OTf] to P3SiFe–N=NMe, the addition of 9.6
equiv of 2-Cl-PhNH2 (pKb(THF) = 6.0) to [P3SiFe=N–N(Me)H][OTf] results in little
detectable P3SiFe–N=NMe (Figure 4A). The addition of PhNH2 (pKb(THF) = 8.0) or 4-ClPhNH2 (pKb(THF) = 7.0) to solutions of [P3SiFe=N–N(Me)H][OTf] results in immediate
deprotonation to afford mixtures of P3SiFe–N=NMe and [P3SiFe=N–N(Me)H]-[OTf] that
persist at 193 K for 30 min (Figure 4B,C). Subsequent analysis of the resulting Fe speciation
reveals an average pKa = 8.0(2) for the hydrazido ligand of [P3SiFe=N–N(Me)H][OTf] in
THF solution. Combined with the oxidation potential for P3SiFe–N=NMe (vida supra), the
application of eq 1 provides an estimate of BDEN–H = 49(1) kcal/mol for [P3SiFe=N–
N(Me)H][OTf] (Table 1).
The thermal instability exhibited by the species more mechanistically relevant to N2-to-NH3
conversion, P3SiFe=N–NH20/+, precludes the collection of similar experimental data.
Nonetheless, knowledge of the redox properties of P3SiFe–N=NMe (Eox = −1.22 V) and
P3SiFe=N–NMe2 (Eox = −1.73 V) coupled with the experimental acidity of P3SiFe=N–
J Am Chem Soc. Author manuscript; available in PMC 2018 March 01.
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N(Me)H+ (pKa = 8.0) allow for rough estimations of the N–H bond strengths of P3SiFe=N–
NH20/+. If we plausibly assume that P3SiFe–N=NMe displays a similar basicity to P3SiFe–
N=NH, then we approximate the BDEN–H for P3SiFe=N–NH2+ as 49 kcal/mol. Additionally,
if we assume that P3SiFe=N–NMe2+ and P3SiFe=N–NH2+ are reduced at similar potentials,
the BDEN–H of P3SiFe=N–NH2 may be estimated as 37 kcal/mol. DFT-predicted BDEN–H
values for these species in the gas-phase are in excellent agreement with these estimations:
35 and 49 kcal/mol are predicted for the neutral and cationic P3SiFe=N–NH2 species,
respectively (Supporting Information). In this context, the formation of P3SiFe=N–NH2 (and
P3SiFe–N2) via disproportionation of P3SiFe–N=NH (Scheme 3) allows us to place a
reasonable upper bound on the BDEN–H of P3SiFe–N≡NH at 37 kcal/mol. The magnitude of
this value speaks to a high degree of N=N bond activation that occurs concomitant with the
delivery of the first and second hydrogen atoms.

Author Manuscript

Thermoneutral H+/e− Equilibria between P3SiFe–C≡NMe0/+ and P3SiFe≡C–N(Me)H0/+
Attempts to determine the BDEN–H of the aminocarbyne [P3SiFe=C–NH2][OTf] are in part
hampered by the tendency of this compound to spontaneously decay with formation of H2
and NH3.12 Moreover, attempts to isolate neutral P3SiFe=C=NH via the reaction of [P3SiFe–
C≡NH][BArF24] with stoichiometric Cp*2Co result only in intractable mixtures of Fe
species, presumably reflecting the low BDEN–H estimated for P3SiFe=C=NH (44 kcal/mol).
We therefore examined the reactivity of the isoelectronic alkylisocyanide complex,
P3SiFe=C=NMe (Scheme 5). This complex facilitates access to an iron-aminocarbynederived N–H bond suitable for analytical study and provides calibration for the BDEN–H of
P3SiFe≡C–NH2+, the latter species (presumably) being a mechanistically relevant early stage
intermediate in Fe–mediated CN− reduction to NH3 and CH4.12

Author Manuscript

In contrast to P3SiFe=C=NH, both neutral P3SiFe=C=NMe and one-electron oxidized
[P3SiFe–C≡NMe][OTf] are stable in the solid state (Figure 3) and as THF solutions at room
temperature. The cyclic voltammogram of a THF electrolyte solution of P3SiFe=C=NMe
displays a one-electron oxidation event at −1.31 V (Figure 5). Exposure of P3SiFe=C=NMe
to 1 equiv of [H(OEt2)2][BArF24] in Et2O and subsequent workup furnishes the secondary
aminocarbyne complex, [P3SiFe≡C–N(Me)H][BArF24], as a purple solid that slowly
converts to [P3SiFe–C≡NMe][BArF24] overnight in room temperature THF solution with the
concomitant loss of H2 (0.4 equiv/Fe measured by GC; eq 3).

(3)
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P3SiFe=C=NMe and [P3SiFe=C–N(Me)H][BArF24] are distinct by EPR (P3SiFe=C=NMe, g1
= 2.37, g2 = 2.02; [P3SiFe≡C–N(Me)H][BArF24], g1 = 2.54, g2 = 1.97) and 57Fe Mossbauer
spectroscopy (P3SiFe=C=NMe, δ = 0.25, ΔEQ = 1.47; [P3SiFe≡C–N(Me)H][BArF24], δ =
0.16, ΔEQ = 1.51) (Figure 5). [P3SiFe≡C–N(Me)H][BArF24] additionally displays a sharp
feature at 3337 cm−1 in its solid-state IR spectrum that shifts to 2478 cm−1 in [P3SiFe≡C–
N(Me)D][BArF24], assigned as the N–H and N-D stretching frequencies, respectively. The
solid-state crystal structure (Figure 3) of [P3SiFe≡C–N(Me)H][BArF24] reveals a short Fe–C
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bond (1.751(9) Å) and a long C–N bond (1.28(1) Å) relative to those of P3SiFe=C=NMe
(d(Fe–C), 1.821(2) Å, d(C–N), 1.186(2) Å), consistent with a terminally bound
aminocarbyne ligand (Table 2).24 The cyclic voltammogram of freshly prepared [P3SiFe=C–
N(Me)H][BArF24] in THF displays a reversible one-electron reduction event at −1.27 V
(Figure 5, Table 1). [P3SiFe=C–N(Me)H] [BArF24] is quantitatively deprotonated upon
exposure to 1.1 equiv of NEt3 in THF solution, reforming P3SiFe=C=NMe and establishing
reversible proton transfer under these conditions.

Author Manuscript

Unlike the titration experiments performed with P3SiFe–CN and P3SiFe=N–N(Me)H+, the
reaction of P3SiFe=C=NMe with substoichiometric proton equivalents is complicated by
competing electron or H atom transfer processes (Figure 6A–C). While the exposure of
P3SiFe=C=NMe to 4 equiv of [2-Cl-PhNH3][OTf] results in the quantitative formation of
[P3SiFe≡C–N(Me)H][OTf]; features assigned to those of the one-electron oxidized iron
isocyanide complex, [P3SiFe–C≡NMe][OTf], and the neutral iron aminocarbyne P3SiFe≡C–
N(Me)H (vide infra) are observed at earlier stages of the titration (Figure 6A,B). On further
addition of proton equivalents, the expected features of [P3SiFe≡C–N(Me)H]-[OTf] grow in
with the concomitant loss of features assigned to the neutral P3SiFe≡C–N(Me)H and
[P3SiFe–C=NMe]-[OTf] (Figure 6C). This series of spectral changes has been observed with
a variety of chlorinated anilinium salts and with subsubstoichiometric amounts of
[H(OEt2)2][BArF24]. Inspection of the available cyclic voltammetry data (Figure 5A)
indicates that the oxidation of P3SiFe=C=NMe occurs at nearly the same potential as the
reduction of [P3SiFe≡C–N(Me)H][BArF24]. Solutions generated during the acid titration
experiments contain mixtures of these two species and are hence prone to spontaneously
disproportionate to an equilibrium mixture of P3SiFe–CNMe+/0 and P3SiFe=C–N(Me)H+/0
(illustrated schematically in Figure 6D).

Author Manuscript
Author Manuscript

Multinuclear NMR spectroscopy was employed to provide direct evidence for the competing
H+/e− transfer processes observed in solutions containing both P3SiFe=C=NMe and
P3SiFe≡C–N(Me)H+. The presented model (Figure 6D) predicts the accumulation of neutral
and diamagnetic P3SiFe≡C–N(Me)H via an intermolecular electron or H atom transfer
between P3SiFe=C=NMe and P3SiFe=C–N(Me)H+. To mimic the conditions at the midpoint
of an acidity titration, P3SiFe=13C=NMe, P3SiFe=C=15NMe, and [H(OEt2)2]-[BArF24] can
be dissolved in THF-d8 in a 1:1:1 ratio at 193 K, and the resulting solution can be analyzed
by multinuclear NMR spectroscopy. At this temperature, a sharp doublet (1JNH 93 Hz) in
the 15N NMR spectrum appears at δ = 135.2 ppm that is attributed to diamagnetic
P3SiFe≡C–N(Me)H.25 The chemical shift of this resonance is comparable to that of
structurally characterized and isoelectronic P3SiFe≡C–NMe2 (129.1 ppm), and the
magnitude of 1JNH unambiguously confirms the presence of an N–H unit.12 Two resonances
are observed in the 13C{1H} NMR spectrum at δ = 279.7 and 282.7 ppm that may be
assigned to aminocarbyne carbons of two slightly different structural isomers of P3SiFe≡C–
N(Me)H.26 These NMR data confirm the spontaneous generation of P3SiFe≡C–N(Me)H in
these solutions despite the absence of an exogenous reductant or H atom source and support
the hypothesis that P3SiFe=C=NMe and P3SiFe=C–N(Me)H(+) are subject to rapid,
reversible, and nearly thermoneutral H+/e− transfer in THF solutions at temperatures as low
as 193 K.
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Despite the complex speciation resulting from acid titrations of P3SiFe≡C=NMe, the pKa for
P3SiFe≡C–N(Me)H(+) can be determined by the deconvolution of the spectral data at a
known acid concentration to define the relative proportions of the individual Fe species (see
the Supporting Information for details). A pure spectrum of neutral P3SiFe≡C–N(Me)H is
unavailable, however, as attempts to isolate this compound in pure form have been
unsuccessful (τ(1/2) < 60 min in THF at 273 K). Available NMR data indicates that neutral
P3SiFe≡C–NMe2 expectedly bears a similar electronic structure to P3SiFe≡C–N(Me)H,
hence providing a model UV–visible absorption spectrum of the latter species.27 Indeed, the
spectra shown in Figure 6 are satisfactorily simulated by a linear combination of the pure
spectra of [P3SiFe–C≡NMe][OTf], [P3SiFe≡CN(Me)H][OTf], P3SiFe=C=NMe, and
P3SiFe≡C–NMe2 (as a surrogate for P3SiFe≡C–N(Me)H). Analysis of the spectral data
obtained by titrating P3SiFe=C=NMe with [PhNH3][OTf] (pKa = 8.0), [4-Cl-PhNH3][OTf]
(pKa = 7.0), and [2-Cl-PhNH3][OTf] (pKa = 6.0) reveals an average pKa of 7.1(3) for the
acidic proton of [P3SiFe=C–N(Me)H][OTf] in THF. Using this value, the relevant BDEN–H
values for [P3SiFe≡C–N(Me)H][OTf] and P3SiFe≡C–N(Me)H are estimated with eqs 1 and 2
and found to be 47(1) and 46(1) kcal/mol, respectively, corroborating the plausibility of
intermolecular H atom transfer between P3SiFe=C=NMe and [P3SiFe≡C–N(Me)H][OTf] in
solution (Table 1, Figure 6).

Author Manuscript

The invariance of the BDEN–H within the P3SiFe≡C– N(Me)H+/0 redox series is unusual and
starkly contrasts that of the P3SiFe–CNH+/0 redox series. In general, the one-electron
oxidation of transition metal complexes that bear X–H (X = N, O) bonds results in a noted
increase in BDEX–H.15d,28 The BDEM–H values measured in redox-active metal hydride
species also display significant oxidation state dependence, but in this case the trend is
reversed.29 The equivalent BDEN–H values observed for P3SiFe≡C–N(Me)H underscores
their similar hybridizations at N(sp) and also likely reflects similar degrees of C–N bond
weakening upon H atom addition to P3SiFe– CNMe+/0 . Strong backbonding from Fe to C in
the isocyanide P3SiFe=C=NMe causes bending at N, favoring a resonance contributor with
significant Fe to C π-bonding (as opposed to P3SiFe–C≡NMe). This is born out in its crystal
structure (Figure 3) and may serve to minimize structural reorganization associated with H
atom transfer between P3SiFe=C=NMe and [P3SiFe=C–N(Me)H][OTf]. Collectively, these
facile H atom transfer reactions provide a model for the various disproportionation reactions
invoked for the P3SiFe–N= NH0/+ and P3SiFe=N–NH20/+ species discussed above.

Concluding Remarks

Author Manuscript

The N2-to-NH3 conversion mediated by biological and synthetic systems requires the
delivery of multiple proton/ electron equivalents to N2 via various intermediates. We have
speculated that P3XFe–based catalysts are likely to operate via mechanisms that initiate
along a “distal” pathway, and previous studies indicate similar mechanisms for a
conceptually related stoichiometric conversion of CN− to CH4 and NH3 by the P3SiFe
system. Synthetic access to rare examples of Fe– N=NR, Fe=N–NR2, Fe–CNR, and Fe=C–
NR2 species (R = H, Me) derived from P3SiFe–N2/CN has enabled the in-depth study of
relevant intermediates in these proposed mechanisms. The measurements of pertinent redox
and acidity values for many of these species reported herein indicate that that these early
intermediates display weak N–H bonds, ranging from <37 to 65 kcal/mol. This range of
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values is likely to be linked to the varying degrees of N≡N or C≡N bond weakening that
occurs concomitant with H atom addition.
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A noteworthy exception to the preceding manifold ofcharacterized compounds is the initial
intermediate of N2-to-NH3 conversion, P3SiFe–N=NH+/0, which has eluded
directspectroscopic detection. P3SiFe–N=NH+ is apparently tooacidic to observe in ethereal
solvents and neutral P3SiFe–N=NH appears to undergo rapid disproportionation to
P3SiFe=N–NH2 and P3SiFe–N2 at temperatures as low as 138 K.Experimentally, we can
assign an upper limit of 37 kcal/mol forthe BDEN–H of P3SiFe–N=NH by comparison
toappropriate model complexes. This suggests that the initial Hatom addition to P3SiFe–N2
is likely the most thermody-namically uphill step in the overall N2-to-NH3
conversion.Theoretical studies suggests that this step is also challenging inthe biological
system8b,30 and highlight the possibility of cooperative activation of N2 by two or more of
the metal ions in the active-site cofactor. Indeed, numerous bimetallic complexes have been
shown to stabilize diazenido and diazene ligands, 6d,31 and the stability of these complexes
may be ascribed to cooperative N=N bond activation by the two metal centers. These
considerations certainly motivate further development of multimetallic platforms capable of
reductive N2 protonation.
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The reactions of the various protonated P3SiFe–N2/CN species studied herein have been
conducted in relative isolation under well-defined conditions. While these individual
reactions are likely mechanistically relevant to catalytic and stoichiometric N2/CN−
reductions, these conditions contrast those employed in catalytic NH3 synthesis, namely, the
simultaneous inclusion of excess inorganic acid and reductant sources in Et2O. Under these
conditions, both H2 evolution and N–H bond formation reactions will proceed at unique
rates that will depend on the choice of Fe precatalysts and the nature of these reagents and
will hence compete for the H+/e− equivalents present in solution. Both of these processes are
undoubtedly facilitated by the low BDENH values exhibited by these species, but these
thermodynamic values are only indirectly linked to the rates of the relevant N–H bond
formation and N–N or C– N cleavage reactions. Detailed kinetic investigations of these
processes should shed light on additional factors that govern proton-coupled N2 fixation by
molecular Fe systems. The complexes described herein will provide useful synthons for such
investigations.

Supplementary Material
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Figure 1.

(A) UV–visible absorption spectra of P3SiFe–CN (dark red) and [P3SiFe–C≡NH][OTf]
(black) in THF at 25 °C. The other traces were obtained following the sequential addition of
0.33 mol equiv of [2-Cl-PhNH3][OTf] to P3SiFe–CN. The dark blue trace was obtained
following the combined addition of 2.66 equiv [2-Cl-PhNH3][OTf] to P3SiFe–CN. Arrows
indicate features whose intensity increases or decreases during the experiment. Cyclic
voltammograms of (B) P3SiFe–CN and (C) [P3SiFe–C=NH]-[BArF24] scanned at 200 mV/s
in 0.1 M [TBA][PF6] THF electrolytes. Solid lines indicate voltammograms initially
scanned in the anodic direction, and dashed lines indicate voltammograms initially scanned
in the cathodic direction.
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Figure 2.

(A) Overlaid solution IR spectra of THF solutions of in situ-generated P3SiFe–N=NMe
(black) and N-enriched P3SiFe–N=NMe (red) collected at 193 K. (B) Cyclic voltammograms
obtained on a 195 K THF solution of P3SiFe–N=NMe at the listed scan rate (0.1 M
NaBArF24 electrolyte).
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Figure 3.

X-ray diffraction crystal structures of [P3SiFe–C≡NMe]-[OTf], P3SiFe=C=NMe, [P3SiFe=C–
N(Me)H][BArF24], and [P3SiFe=N–N(Me)H][OTf] with thermal ellipsoids drawn at 50%
probability. Hydrogen atoms (except the N–H's), the BArF24 counteranion of [P3SiFe=C–
N(Me)H][BArF24], and the OTf counteranion of [P3SiFe–CNMe][OTf] have been removed
for clarity.
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Figure 4.

UV/visible spectra (THF, 198 K) of [P3SiFe=N–N(Me)H][OTf] titrated with the listed
quantities of (A) 2-Cl-PhNH2, (B) 4-Cl-PhNH2, and (C) PhNH2. Spectra of P3SiFe–N=NMe
generated with stoichiometric NEt3 are included for comparison.
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Figure 5.
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(A) Cyclic voltammograms obtained on 1 mM solutions of [P3SiFe≡C–N(Me)H][BArF24]
(top) and P3SiFe=C=NMe (bottom) in THF electrolyte (0.1 M [TBA][PF6]). The traces were
obtained at a scan rate of 100 mV/s. (B) EPR spectra of [P3SiFe=C–N(Me)H][BAr 24]
(black) and P3SiFe=C=NMe (red) recorded at 20 K as 5 mM solutions in 2-Me-THF glass.
(C) Zero field 57Fe Mossbauer spectra of [P3SiFe–C≡NMe][OTf] (top), [P3SiFe≡C–
N(Me)H][BArF24] (middle), and P3SiFe=C=NMe (bottom) collected at 80 K. The broad
signals observed for P3SiFe=C=NMe are attributed to the onset of slow magnetic relaxation.
Spectra obtained at 4.2 K can be found in the Supporting Information file.
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Figure 6.

UV–visible absorption spectra from a representative titration experiment with
P3SiFe=C=NMe. Spectra shown were obtained following the sequential addition of the listed
equivalents of [2-Cl-PhNH3][OTf] to a THF solution of P3SiFe–C≡NMe at 298 K. Distinct
phases of this addition are shown chronologically in tiles A, B, and C, respectively. Arrows
indicate features that increase or decrease during this experiment. (D) Thermochemical data
and relevant transformations operative during titration experiments of P3SiFe=C=NMe.
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Scheme 1. Previously Reported and Crystallographically Characterized Fe Complexes Derived
from Protonation of P3SiFe–N2 or P3SiFe-CN Precursors12,13b
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Scheme 2. Hydrogen Atom Transfer Reactions Studied with P3SiFe–N2 and P3SiFe-CN-Derived
Compounds
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Scheme 3. Suggested Generation and Disproportionation of P3SiFe–N=NH to P3SiFe–N2 and
P3SiFe=N–NH2
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Scheme 4. Synthesis and Interconversion of P3SiFe–N=NMe and [P3SiFe=N–N(Me)H][OTf]
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Scheme 5. Synthesis of P3SiFe=C=NMe and P3SiFe≡C-N(Me)H Complexesa

aOne

possible resonance structure for each molecule is shown for clarity.
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Table 1

Experimentally Determined Thermodynamic Quantities

Author Manuscript

compound

pKaa

Eoxb

BDEN–Hc

P3SiFe–CN

d

−0.38

d

SiFe–C≡NH+

5.6

−0.17

65

SiFe=C=NH

19e

−1.27

44

P3
P3

SiFe=C=NMe

d

−1.31

d

SiFe≡C–N(Me)H+

7.1

f

47

SiFe≡C–N(Me)H

24e

−1.27

46

d

−1.1

d

P3SiFe–N=NH+

≤0

f

≤43

P3SiFe–N=NMe

d

−1.22

d

8.0

f

48

P3
P3
P3

P3SiFe–N≡N+

Author Manuscript

P3SiFe=N–N(Me)H+

a

Acidity values determined in THF.

b

Redox potentials obtained in THF vs Fc/Fc+.

c
Values estimated using eq 1 and 2.
d

Not relevant.

e
Values estimated via the application of Hess's law.
f

Not determined.

Author Manuscript
Author Manuscript
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Table 2

Relevant Metrical Dataa

Author Manuscript

compound

d[Fe–C/N]b

d[(C/N)–N]b

∠[Fe–(C/N)–N]c

∠[(C/N)–N–(C/H)]c

P3SiFe–CN+

2.025(2)

1.130(3)

179.3(2)

d

SiFe–CN

1.973(1)

1.167(1)

179.7(1)

d

P3

SiFe–C≡NH+

1.913(3)

1.144(4)

178.4(2)

176(3)

P3SiFe=C=NHe

1.771

1.233

174.4

126.6

P3SiFe–C≡NMe+

1.912(2)

1.157(3)

176.1(2)

176.1(3)

P3SiFe=C=NMe

1.821(2)

1.186(2)

177.6(1)

150.3(2)

P3SiFe≡C–N(Me)H+f

1.751(9)

1.28(1)

169.2(6)

127.6(5)g

P3SiFe≡C-N(Me)He

1.689

1.332

175.3

126.5f

P3SiFe–NN+

1.913(2)

1.091(3)

177.1(2)

d

P3SiFe–NN

1.819(1)

1.124(2)

177.5(1)

d

P3SiF-N NH+e

1.684

1.212

176.8

117

P3SiFe–N=NHe

1.675

1.231

177.1

113.8

P3SiFe=N–NH2+

1.672(2)

1.272(3)

175.3(2)

120(3)h

P3SiFe=N–NH2e

1.747

1.294

150.6

122(1)h

P3SiFe=N-N(Me)H+

1.671(3)

1.284(4)

174.7(3)

121.6(3)i

P3

Author Manuscript
a

Measurements are derived from X-ray diffractions studies unless otherwise indicated.

b

Values in Å.

c

Author Manuscript

Values in deg.

d

Not relevant.

e

DFT-optimized geometry.

f
Values taken from predominate disordered isomer.
g

Refers to C–N–C angle.

h

Average of two values.

i
Refers to N–N–C angle.
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