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Abstract

The biological reduction of nitrogen to ammonia may occur via one of two predominant pathways
in which nitrogenous NyHy, intermediates including hydrazine (N,Hy), diazene (N2H,), nitride
(N3 and imide (NHZ") may be involved. To test the validity of hypotheses concerning iron’s
direct role in the stepwise reduction of N5, iron model systems are needed. Such systems can test
the chemical compatibility of iron with various proposed NyHy intermediates, and the reactivity
patterns of such species. Here we describe a TBP (SiPR3)Fe-L scaffold (SiPR; represents [Si(o-
CsH4PR>)3]™; R = Ph and iPr) where the apical site is occupied by nitrogenous ligands such as No,
N>Hg4, NH3 and NoR. The system accommodates terminally bound N in the three formal
oxidation states (iron(0), +1, and +2). N, uptake is demonstrated via displacement of its reduction
partners NH3 and NoH,4, and N, functionalizaton is illustrated via electrophilic silylation.

Recent work from our group and several others has targeted the synthesis of a variety of Fe-
NxHy small molecule model complexes motivated by two goals.i,ii,iii,iv First and foremost
is the desire to develop synthetic catalysts whose mode/s of action might relate to, or at least
stimulate hypotheses concerning, the manner by which biological nitrogenases reduce
N».v,vi,vii,viii Second, to be better positioned to interpret the spectroscopic data recently
obtained for proposed intermediates of the N»-ase cofactor there is a timely need to build a
library of Fe-NyxH, model complexes as a point of reference. Of specific interest to us are
Fe-NyHy complexes whose iron centers reside in geometries that are either 4- or 5-
coordinate and feature local three-fold symmetry where the NxHy, can be viewed as
occupying an axial site.ix,x Such geometries may be relevant to some if not all of the
intermediates of iron-bound N reduction cycles, as has been advanced elsewhere.v,xi
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With these goals in mind we have recently begun working with monoanionic tetradentate
trisphosphinosilyl SiPR; ligands (SiPR; represents [Si(0-CgH4PR2)3]~; R = Ph and iPr) that
accommodate mononuclear, open-shell 5-coordinate iron(l1) and iron(l) species with a
proclivity towards binding N, in the axial site of a trigonal bipyramid (TBP) at a position
that is trans to the silyl anchor.xii,xvi Preliminary reactivity data established that protonation
of N, can occur in modest yield to liberate NoH,4.xii Hence, it became of interest to target
hydrazine complexes and other open-shell iron complexes featuring nitrogenous ligands in
the axial site. Established herein is that the (SiPR3)Fe template binds N axially trans to the
silyl anchor in three distinct oxidation states that can be represented formally as iron(0), +1,
and +2. To our knowledge, no previously established transition metal system has been
characterized that can accommodate terminal N, ligation across three oxidation states. In
addition, the recycling of Fe(Il)-NH3 and Fe(11)-N,H,4 complexes to Fe(1)-N» with expulsion
of NHs is illustrated; this transformation is of interest as a key step of a hypothetical catalyst
cycle where the iron(l) oxidation state is used to trigger N, uptake and NHs release. Finally,
we also establish that it is possible to directly silylate the coordinated N, ligand to produce
Fe-N,SiR3 products that appear to be far more stable than their Fe-NoH counter-parts. This
reactivity pattern, while well established for certain molybdenum systems, is not well known
for iron.xiii In sum, these chemical properties add motivation to the search for a molecular
N> reduction catalyst that uses iron as the redox active center to facilitate N, binding and
reduction.

Tl
“e:f:::FJe—ﬁF.g

SRS,

1a.R = Ph
1b.R = fr

The most convenient means of entry to the chemistry described herein proceeds via the
iron(11) methyl complexes (SiPP"3)Fe(CH3) (1a) and (SiPIP'3)Fe(CH3) (1b). Addition of
CH3MgCl to a mixture of ferrous chloride with the corresponding silane H[SiPRs] in
tetrahydrofuran at =78 °C, followed by stirring overnight at RT, affords the red S= 1 methyl
complexes 1a and 1b in good yield. While these species can be isolated in relatively pure
form, trace amounts of the (SiPR3)Fe(N5) complex are typically present due to competitive
reduction by CH3MgCI. The solid-state structures of 1a and 1b have been determined (see
S| for details) and show nearly ideal TBP geometries at the iron centers (t = 0.91 for 1a and
0.96 for 1b, where © = 0.00 for a perfect square pyramid and © = 1.00 for a TBP
geometryxiv). The solid-state structures are noteworthy in that the methyl ligands occupy
axial sites trans to the silyl anchors (see SI). Cyclic voltammetry of 1a reveals two reversible
redox waves; Ey, = =0.57 and —2.3 V (Fe!!"!! and Fe!!/! respectively; vs. Fc/Fc*, see S).
Corresponding redox events for the isopropyl derivative 1b are cathodically shifted by ~300
mV.
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Synthesis and characterization of Fe-N,, Fe-N,*, and Fe-N,

Exposure of the methyl complexes to acid sources selectively releases methane. In THF
solvent with H(OEt,),(B(ArF),) as the added acid (B(ArF)4 = B(3,5-(CF3)2-CgHs)4), 1a is
protonated to generate the cationic THF adduct {(SiPPhs)Fe!((THF)}{B(ArF).}, (2a). By
contrast, exposure of the more electron releasing species 1b to H(OEt,),(B(ArF)4) under
nitrogen favors formation of the cationic nitrogen complex {(SiP'P'3)Fe!!(N)}{B(ArF),} (3)
(Figure 1), which in THF solution under an atmosphere of nitrogen dominates the THF-
adduct species by a ratio of ca. 6:1 as determined by UV-vis analysis. Alternatively, 3 can be
obtained as a blue powder by adding H(OEt,)2(B(ArF),4) to a benzene solution of the red,
previously reported N, adduct (SiP'P"3)Fe(N,) (4b).xvi GC analysis confirms H as the
byproduct of the latter reaction (see Sl for details).

The presence of cationic (SiP'P"3)Fe(N5)* species can also be gleaned by comparing the
cyclic voltammetry of the neutral N, adduct (SiPP"3)Fe(N5) (4b) under a nitrogen or argon
atmosphere in THF solution. Figure 2 shows four traces. Trace (a) provides the cyclic
voltammogram of 4b under a nitrogen atmosphere. Two prominent and reversible waves are
present at ca. -1.0 V and -2.2 V versus FeCp,/FeCp,*. These are assigned as the Fe-No/Fe-
N,* and Fe-N,/Fe-N,™ waves, respectively. The wave at -1.0 V shows a small shoulder on
its negative side (-1.1 V) that we presume arises due to the generation of Fe-THF* in
addition to Fe-N,* upon oxidation. As the sample is scanned cathodically a small feature
appears at -1.9 V that we presume is due to the irreversible reduction of Fe-THF*. Indeed,
when 4b is sparged for 30 sec with argon (b) the oxidation wave at -1.0 V corresponding to
the oxidation of Fe-N, is no longer reversible because oxidation leads to rapid loss of N».
Accordingly, the peak at -1.9 V increases in intensity because the generation of Fe-THF* is
favored under argon. Re-admission of N, to the solution after removing most of the argon
by rapid evacuation (c) gives rise to a partially recovered return wave at -1.0 V, which
grows in intensity after thorough sparging with nitrogen (d) to provide a trace that is very
similar to that observed initially (a), with the exception of a modest impurity appearing at ca.
-1.7 V. One additional species to consider in the context of the assignments proposed above
concerns trigonal pyramidal (SiP'P"3)Fe. The N5 ligand of 4b is modestly labile and it could
therefore be that some of the minor features in the CV traces shown in Figure 2 arise from
redox at such a 4-coordinate (SiP!P'3)Fe species, for example the wave at -1.9 V. Our
preference for assigning this latter wave to the reduction of Fe-THF* is in part due to the
fact that when N, is removed (trace (b)) the solution color (orange) is that of other 5-
coordinate and divalent (SiP'P"3)Fe(L)* species, for example the hydrazine adduct 6b (vide
infra).

We were gratified to find that the cationic complex 3 is sufficiently stable to be isolated and
characterized. Its S= 1 spin state can be compared to that of its previously reported and
nearly isostructural S= % relative 4b.xii Sodium naphthelide reduction of 4b affords the
formally zerovalent congener {(SiPIP"3)Fe(N2)}{Na(THF)3} (5). Addition of two equiv of
12-crown-4 to 5 encapsulates the Na* to provide terminally bonded {(SiPIP"3)Fe(N5)}
{Na(12-C-4),} (5). High resolution crystal structures have now been obtained for 3, 5, and
5’ to accompany that which had been previously reported for 4b. These structural data
collectively afford the only such data available for a terminally bonded N, adduct of any
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transition metal in three distinct oxidation states (Figure 3, Table 1). Schrock has reported
that the trivalent molybednum dinitrogen adduct [(HIPTNCH,CH5)sN]Mo(N5) (HIPT =
3,5-(2,4,6-i-Pr3CgH>),CgHs) shows electrochemically reversible waves assigned as the Mo-
N,*/0 and Mo-N,%-, where the neutral and anionic derivatives have been structurally
characterized, the latter as a Mg adduct.xv Key to note for the present iron system is that the
N> ligand remains in the site trans to the Si anchor in each state of oxidation, and the iron
center’s geometry is preserved in the cationic, neutral, and anionic species. Structural
changes worth noting include an Fe-N bond distance contraction as the system is
successively reduced, and a corresponding Fe-Si contraction upon successive reduction
(Table 1).

Synthesis and characterization of Fe-NH3*, Fe-N,H,*, and Fe-N,H3B(C¢Fs)s

The cationic THF and N, adducts are labile at the axial site trans to the silyl donor, and
hence provide one pathway to the corresponding hydrazine adduct derivatives
{(SiPPh3)Fe!!(NoH4) H{B(AIF)}, {6a}{B(ArF)s} and {(SiP™P3)Fe!!(N2H) H{B(AIF)4},
{6b}{B(ArF)4)} via NoH,4 addition. Alternatively, slow addition of the hydrazinium acid
N,>HsCF3SO3 to either 1a or 1b in THF generates dark red solutions of {6a}{OTf} and
{6b}{OTf}, both of which can be isolated in > 90% yield. Their S= 1 spin states (Ueff =
2.79 g for 6a and 3.0 pg for 6b) are consistent with TBP structures, as confirmed by XRD
analysis (t = ~0.9 for 6a, 0.96 for 6b, Figure 4). Their solid-state structures reveal in each
case a hydrazine ligand ! coordinated to a 5-coordinate iron center in an axial site opposite
the silyl anchor. For comparison, diamagnetic and 6-coordinate n2-hydrazine iron(11)
complexes have been reported utilizing bidentate phosphine ligands.ii,xvii,xviii As indicated
by Figure 4, the hydrazine moieties in {6a}{OTf} and {6b}{OTf} are hydrogen-bonded to
the triflate anions in the solid-state, with average N-O distances of ~ 3 A. In 6b, the
hydrogen atoms could be located in the difference map at an average distance of ~ 2 A for N
-H---O. The N-H vibrations for these complexes show the presence of hydrogen bonds in the
IR. These vibrations are broadened and shifted in solid-state spectra from that of their non-
hydrogen bonded hydrazine derivatives {6a}{B(ArF),} and {6b}{B(ArF),}. Hydrazine
adducts with an n!-binding mode to 5-coordinate metal complexes are
uncommon.iv,Xix,xx,xxi,xxii,xxiii,xxiv To our knowledge, the only other example of such a
species showing approximate three-fold symmetry akin to 6a and 6b is a vanadium
hydrazine complex supported by a tris(thiolate)amine ligand.xxv

=L
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The hydrazine ligand is quite labile for both 6a and 6b, and binding of the triflate anion with
concomitant release of N,H,4 can be observed by NMR spectroscopy in CgDg. Lability at the
apical site, while potentially useful for a catalytic system, is problematic with regard to
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attempts to generate an Fe(HN=NH) complex via oxidation of 6a and 6b. For instance, our
attempts to oxidize these hydrazine complexes with Pb(OAc), instead afforded mixtures of
the neutral {(SiPR3)Fe(OTf)}xvi and {(SiPR3)Fe(OAc)} complexes (see SI). Perhaps more
interesting is that 6b can be fully oxidized to {(SiP'P"3)Fe!'(N2)}* by 3,5-di-tert-butyl-o-
benzoquinone.xxvi

By analogy to the conversion of 6a and 6b, a THF solution of ammonia reacts with either 2a
or 3 to afford the corresponding cationic ammonia adducts {(SiPPN3)Fe!'(NH3)}H{B(ArF).},
(7a), and {(SiPIPr3)Fe!l(NH3)HB(ArF)4}, (7b), Figure 4. The NH5 ligand is substitutionally
labile and hence obtaining rigorously pure samples by thorough drying is challenging:
solvents in which the compounds dissolve (e.g., THF) partially substitute the NH3 ligand.
Triplet 7b (Mess = 3.27 pg) has been structurally characterized and as for the hydrazine
derivatives features an NHs ligand in the apical site opposite the silyl donor. While its
structure (Figure 4) is unremarkable, it serves to underscore that the apical site of the
{(SiPPT3)Fe} system can accommodate N, in the 0, +1, and +2 oxidation states, whereas
NHg3 ligation appears accessible only in the +2 oxidation state. Indeed, if one tries to reduce
either 7a or 7b, NH3 is quantitatively released and the Fe(l)-N, adducts 4a and 4b are
generated, respectively. The significance of this transformation lies in the ability to recycle
Fe(1)-N, with release of NH3, key to the ultimate viability of a hypothetical Fe(l)-N,
catalyst system for generating ammonia. Also of note is that the reduction of the hydrazine
adducts 6a and 6b leads to facile generation of 4a and 4b, respectively. In these cases, both
N>H,4 and NH3 are generated as determined by vacuum transfer of the volatiles.

Bl_ﬂ llFlJu

8k, R =.r

A rare NxHy ligand for iron that we sought within this system is the hydrazido (N,Hz3")
ligand.iii We reasoned that the hydrazine adducts 6a and 6b might afford access to such
complexes via deprotonation. While this did not turn out to be the case, the reaction that
results is interesting. When a THF solution of 6a{OTf} is exposed to a stoichiometric equiv
of N1,N1 N8 N8-tetramethylnaphthalene-1,8-diamine (proton sponge) a reaction ensues
affording the paramagnetic ammonia adduct complex {[(Si(0-CgH4PPh5),(0-
CgH4P(=NH)Ph,)]Fe(NH3)}{OTf}, (8), which has been identified by XRD analysis. Its
structure reveals that one arm of the SiPP; ligand is oxidized to P(V) via formal insertion of
NH into the Fe-P bond. The N=P bond distance in 8 of 1.5945(1) A is very close to other
reported N=P double bonds.xxvii,xxviii,xxix,xxx,xxxi,xxxii IR spectroscopy shows N-H
vibrations at 3339, 3256 and 3168 cm~1. Complexes 6a and 8 are hence structural isomers
of one another and the role of the base thereby appears to be catalytic. The details of this
reaction are, however, unclear and complicated by the presence of unidentified byproducts.
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While the terminally bonded NoH3™ ligand is elusive for these {(SiP3)Fe} systems, such a
ligand can be generated in the presence of the Lewis Acid acceptor B(CgFsg)3. Thus, the
addition of (CgF5)BNH,NH> to 1a or 1b leads to the formation of the neutral and
zwitterionic iron(I1) hydrazido-borane complexes (SiPPhs)Fe!!(N,H3B(CgFs)3) (9a) and
(SiPIPr3)Fe!! (NoH3B(CgFs)3) (9b), Figure 4. The hydrazine-borane adduct NoH4B(CgFs)3
was synthesized from the 1:1 mixture of hydrazine and tris(pentafluorophenyl)borane in
THF. Both 9a and 9b give easily resolved 1°F NMR signals at 123, —157, —162 ppm
despite their triplet ground states (Uefs = 2.90 ug and 2.83 up). Solid-state crystal structures
reveal n!-bound hydrazido-borane ligands with the borane terminating the B—-NH (see Figure
4). To our knowledge, this ligand type is unique.

The B-N bonds (1.544(5) A for 9a and 1.553(3) A for 9b) are much shorter than that of the
precursor NoH4B(CgFs5)3 (1.6316(19) A). The N-N bond distances are 1.449(4) and
1.442(10) A for 9a and 9b, respectively, which are slightly shortened from that in free
N,H4B(CgFs)3. Interestingly, hydrogen bonds between the hydrogen atoms of hydrazine
(and hydrazido) and ortho-fluorine atoms of B(CgFs)3 are exhibited in 9a and 9b, and also in
the precursor NoH4B(CgFs)3, Figure 4. These intra-molecular N-H- - -F-C hydrogen bonds
are relatively unusual examples of hydrogen bonding in the
literature.xxxiii,xxxiv,xxxv,xxxvi,xxxvii All H-bonded H-atoms can be located from the
difference maps of the corresponding X-ray crystallographic data, and display distances in
the H...F hydrogen bond range; 2.158 A ~ 2.356 A.

Synthesis and characterization of Fe-N,Ph and Fe-N,SiMe;

To attempt the synthesis of a mono-substituted hydrazido derivative the methyl complex 1a
was exposed to phenylhydrazinium triflate, Figure 5. The reaction instead afforded a
mixture of species presumed to contain paramagnetic {(SiPP"3)Fe(NH,-NHPh)}{OTf} and
(SiPP3)Fe(OTH). To try to isolate a well-defined Fe!!((NH-NHPh) species the addition of
base was pursued. However, while addition of base appears to remove H* it also triggers
formal loss of H, to afford the phenyldiazenido complex {(SiPP"3)Fe(N,CgHs)}, (10). This
is true for bases such as proton sponge and also phenylhydrazine, PhNH-NH,, which is
necessarily present in solution. Dark brown crystals of 10 can be isolated from the reaction
mixture in good yield (~ 70%, Figure 5), and IR spectroscopy reveals an N-N vibration at
1623 cm™L. The solid-state crystal structure (Figure 5) confirms an nl-phenyldiazenido
ligand in an axial position trans to the silyl donor, with short N-N and Fe-N distances
(1.233(7) and 1.690(5) A) reflecting multiple bond character in each linkage. The N-N-C
angle (122.5(5)°) establishes sp? hybridization at Ng. Diazenido 10 is structurally distinct by
virtue of having a diazenido ligand occupying an axial position of a TBP geometry. For the
few 5-coordinate iron diazenido complexes that have been structurally characterized, the
diazenido ligand occupies an equatorial site.xxxviii,xxxix,xI,xli

The reaction of {(SiPPh3)Fe(THF)}{B(ArF)4} 2a and phenyl hydrazine gives a red solution
of {(SiPP"3)Fe(NH,-NHPh)}*, with hydrazine like H-NMR signatures based on
comparison with the spectra of 6a and 6b. N-H vibrations are observed at 3346, 3271, 3230
cm~L. The red product is unstable and is slowly converted to the ammonia adduct 7a at RT
presumably as a result of disproportionation of the iron-bound phenylhydrazine. The major
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organic product is aniline, as identified by 1H-NMR and GC. Use of an excess of
phenylhydrazine instead gave rise to the inky black product [(SiPP"3)Fe(N,CgHs)]* (11).
The same product is also obtained by the addition of {Cp,Fe}{B(ArF)4)} to 10 in CgDg
solution. The N-N vibrational frequency of 11 is 1690 cm™, revealing comparatively less
back donation from iron to the N-N =* orbital than for 10. This is also supported by the
solid-state structure of 11, which shows a shorter N-N bond distance and a longer Fe-N bond
distance than for 10 (Figure 5). Harder to explain is the curious lengthening of the Fe-P bond
distances upon oxidation of 10 to 11.

Our isolation of the phenyldiazenido complexes 10 and 11 motivated us to explore whether
we might be able to prepare related diazenido complexes by direct functionalization of the
iron-bound N ligand in the neutral adduct complexes 4a, 4b or the anion 5. Whereas we
have previously shown that the N ligand in 4a can be protonated in modest yield to release
hydrazine (46% in the presence of CrCly), trapping a derivatized N, ligand still bound to the
iron center has proven elusive for the phenyl decorated (SiPP"3)Fe system. When
H(OEty),(B(ArF)4) or CH3OTf are added to 5 in THF at low temperature, thermally
unstable and as yet uncharacterized species appear that eventually decay to the iron(l) N»
adduct 4b. At this stage we can only speculate as to the presence of Fe-N,H and Fe-NoMe
intermediates. The use of silyl electrophiles has proven more fruitful with regard to isolation
of products. Thus, treatment of 5 with TMSCI or TMSOTT in frozen THF followed by
gradual warming of the solution affords the desired dark red diazenido complex
(SiPIPT3)Fe(N,SiMes) (12) with concomitant salt elimination, Figure 6. Complex 12 can also
be generated directly from 4b if Na/Hg amalgam is used as a reductant in the presence of
TMSCI. The analogous complexes (SiP'P'3)Fe(N,SiiPr3) and (SiP'P'3)Fe(N,SiPhs) are
obtained using triisopropylsilyl trifluoromethanesulfonate (TIPS-OTf) and triphenylsilyl
chloride, respectively. In contrast to its S= 1 relative 10, diazenido 12 is diamagnetic.

Two 29Si-NMR resonances are present in the 29Si-NMR spectrum at 84.3 ppm (g, 2Jsip = 38
Hz) and —15.6 ppm (s). A 15N-NMR spectrum of the labeled complex 12-15N shows two
resonances at 418.5 and 270.9 ppmxlii shifted from corresponding peaks for the 1°N-
enriched precursor 5-15N (340.3 and 309.7 ppm). Large separation between these two 1°N
signals is fully consistent with functionalization at the dinitrogen ligand by the TMS group,
as for the related molybdenum complex [HIPTN3N]Mo-NNH species.xliii The N-N
vibrational frequency of 12 is 1748 cm™ (1694 cm™1 for 12-15N).

Dark red crystals of 12 were obtained and an XRD analysis reveals a TMS group bound to
Ng of the TBP iron scaffold (v = 0.93; Figure 6). The relatively short Fe-N1 distance
(1.695(2) A) implies multiple bond character between the iron center and N,,. The N-N bond
distance of 1.195(3) A establishes further reduction of the N, unit relative to its precursor 5
(1.147(4) A), where a Na* cation interacts with Ng. A single point DFT calculation (see SI
for details) of 12 illuminates the multiple bond character between iron and N, nicely,
revealing that both HOMO and HOMO-1 possess significant m bonding character between
the Fe and N atoms (Figure 6). The difference in magnetic behavior between diazenidos 10
and 12 is curious and is the subject of ongoing studies in our lab. We tentatively suggest that
complex 12 is best formulated as a d® iron anion, akin to 5 and 5’, that strongly backbonds
into the N,SiMes* w* orbitals. Such a configuration for a TBP structure is expected to
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produce a diamagnet. By contrast, perhaps 10 is better formulated as a d iron center, which
for a TBP structure provides a spin triplet in accord with the numerous other S= 1 TBP
iron(l1) complexes described herein. The angle ZN-Ng-Si (165.6(3)°) for 12 is far less bent
than the ZN-Ng-C in complex 10 (122.5(5)°), which is consistent with this comparative
description.

To better evaluate the relative state of oxidation of the diamagnetic diazenido species 12 by
comparison to the other (SiPiPT3)Fe species described herein we collected Mossbauer spectra
for solid samples of (SiPiPT3)Fe(Cl), (SiPP'3)Fe(N2)* (3), (SiPiP3)Fe(N,) (4b),
{(SiPPr3)Fe(N2) H{Na(THF)3} (5), {(SiP!P"3)Fe(No) H{Na(12-C-4),} (5°), and
(SiPIPr3)Fe(N,SiMes) (12) in zero external magnetic field at 77 K. Each of the spectra
shows single quadrupole doublets as shown in Figure 7. Their isomer shifts and quadrupole
splittings are listed in Figure 7. The isomer shift of cationic 3 is very close to that of
(SiPIPT3)Fe(CI) (S = 1) and consistent with other ferrous complexes.ix The isomer shift
decreases by ca. 0.1 to 0.15 mm/s per formal state of oxidation from 3 to 4b, and from 4b to
5and 5°. The isomer shift of the silyldiazenido species 12 is closer to that of 5than 5’ in
accord with our supposition that the TMS group capping the N, ligand is electronically
comparable to the Na(THF)3* cation. Therefore, an Fe(0) d® assignment is best accorded to
complex 12, at least to the extent that such an assignment is appropriate for diamagnetic 5
and 5°. Because these complexes are highly covalent our primary intent here is to compare
their relative states of oxidation with respect to one another.

In summary, the {(SiPR3)Fe} scaffold continues to show its effectiveness in stabilizing
nitrogenous donor ligands in the apical site of a trigonal bipyramid, trans to the silyl anchor
of the ligand auxiliary. In particular, terminal N, binding is structurally established for the
formal oxidation states Fe(0), Fe(l), and Fe(ll). In addition, all of the 5-coordinate iron(ll)
structures described herein are open shell triplets. The synthesis of open-shell Fe-NyH,,
systems is of timely interest for comparison of their spectroscopic parameters with related
data being obtained for the cofactor of nitrogenase under catalytic turnover conditions. The
demonstration that the {(SiPR3)Fe} scaffold can accommodate Ny, NHs, and NoHy in the
apical site, and that (SiPR3)Fe!'-NH3* and (SiPR3)Fe!-N,H,4* species can be recycled to
(SiPR3)Fe!-N, via chemical reduction with concomitant liberation of NHs, suggests to us
that an iron-mediated nitrogen fixation catalyst system based upon three-fold symmetry may
yet be accessible. A promising lead is that the iron-bound N5 ligand reacts with electrophiles
at the Fe(0) state, which for the silyl derivatives afford stable Fe-N,SiR3 diazenido products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthetic scheme for the generation of Fe-No™, Fe-No, and Fe-N,™ (3, 4b, 5 and 57)
Exposure of ammonia to cationic Fe-THF* (2a, R = Ph or 3, R = iPr) affords the ammonia

complexes 7a and 7b. Upon addition of Cp*,Cr nitrogen uptake generates Fe-N, (4a or 4b)
with quantitative release of NH3. Sodium naphthalide reduction of 4b generates Fe-N5™ (5
and 5”).
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s

(c) Partial N2> atmosphere
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V vs. FeCp,/FeCp,*

Figure 2. Cyclic voltammetry behavior of (SiPiPr3)Fe(N2) (4b)

Page 13

(a) CV under an N, atmosphere; (b) after sparging sample with argon for 30 sec; (c) after
partial removal of argon under vacuum and re-exposure to an N, atmosphere; (d) after
another vacuum/N, exposure cycle. Data collected in tetrahydrofuran at 100 mV/s and 0.3

M {"Bus}{PFe}.
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Figure 3. Solid-state structures of 3, 5, and 5’

(2) {(SiP™"3)Fe(N2)HB(AIF)4} (3); (b) {(SiPP'3)Fe(N2)H{Na(THF)3} (5); (c)
{(SiP"PT3)Fe(N,)H{Na(12-C-4),} (5°). All hydrogen atoms and molecules of co-
crystallization have been omitted for clarity. See S| for complete details.
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Figure 4. Solid-state structures of {6b}{OTf}, 7a, NoH4B(CgFs)3, and 9b

(2) {(SiP"P"3)Fe! (N2Ha) HOTf} ({8bHOTH}); (b) {(SiPP3)Fe! (NH3) HB(AF)4} (72); (c)
NoH4B(CgFs)s; (d) (SiPIPT3)Fell(NoH3B(CgFs)3) (9b). Selected hydrogen atoms and the
{B(ArF)4} anion of 7a have been omitted for clarity. See Sl for details.
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Figureh5. Synthesis and characterization of (SiPPhg)Fe"(N2C6H5) (10) and
{(SiPPNg)Fe!l(NCoH5)HB(CoH3(CF3)2)a} (11)
(a) Synthetic scheme for the generation of 10 and 11; (b) Core atom 50% probability

ellipsoid representations of the solid-state structures of 10 and 11.
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Figure 6. Synthesis and characterization of (SiPIPT3)Fel (N SiMes) (12)
(a)Synthesis of 12 via silylation of 5 or via reductive silylation of 4b; (b) Solid-state

structure of 12. Hydrogen atoms have been removed for clarity. Selected bond distances (A)
and angles (°) for 12: Fe1-N1 1.695(2), N1-N2 1.195(3), Si2-N2 1.720(3), Fel-Si1l
2.3104(9), Fel-P1 2.2508(8), Fel-P2 2.2577(8), Fel-P3 2.2500(8); P1-Fel-P2 119.80(3),
P2-Fel-P3 114.28(3), P3-Fel-P1 116.94(3), N1-Fel-Sil 175.78(9), N2-N1-Fel 175.7(3),
N1-N2-Si2 165.6(3); (c) DFT calculated HOMO and HOMO-1 of 12 (see Sl for details).
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Figure 7. Zero field Mdssbauer spectra
Spectra are recorded at 77 K and offset from top to bottom in the following order:

(SiP'P'3)Fe(CI),2 {(SiP™P"3)Fe(N2)HB(AIF)4} (3), (SiP™P"3)Fe(Ny) (4b), {(SiP'P"5)Fe(N2)}
{Na(12-C-4),} (5°), {(SiPP3)Fe(N,)}{Na(THF)3} (5), and (SiPIP'3)Fe(N,SiMes) (12). The
dotted lines are the raw data and the solid lines are fits using the parameters listed. 2No
effect with an applied external magnetic field of 45 mT was observed.
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Table 1

Physical parameters for the N, adduct species 3, 4b, 5 and 5’

Page 19

{FeN,{B(ArF),} 3 Fe-de,Xvi 4p | {FeNoH{Na(THF)3}5 | {FeN;}{Na(12-C-4),} 5’

V(NNYR 2143 2003 1891 1920

N-N (A) 1.091(3) 1.1245(2) 1.147(4) 1.132(4)

Fe-N (A) 1.914(2) 1.8191(1) 1.763(3) 1.795(3)

Fe-Si (A) 2.298(7) 2.2713(6) 2.2526(9) 2.236(1)
Si-Fe-N (°) 178.63(8) 178.73(5) 180.00(0) 179.8(1)

color® nm (ML cmt) | blue 500 (270) 610 (145) | Red 380 (3500) | ~ Purple 510 (3600) Purple 520 (3800)
spin- stateC 33BMS=1 22BMS=% diamagnetic diamagnetic
aKBr pellet;

bTHF solution;

CEvans’ Method in THF-dg (3);

dUpda’(ed X-ray data. Structure originally reported in ref xvi contains ~ 4% (SiPiPrg)FeCI.
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