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One of the emerging challenges associated with developing robust synthetic nitrogen fixation catalysts is
the competitive formation of hydride species that can play a role in catalyst deactivation or lead to
undesired hydrogen evolution reactivity (HER). It is hence desirable to devise synthetic systems where
metal hydrides can migrate directly to coordinated N, in reductive N-H bond-forming steps, thereby
enabling productive incorporation into desired reduced N,-products. Relevant examples of this type of
reactivity in synthetic model systems are limited. In this manuscript we describe the migration of an iron
hydride (Fe-H) to N, of a disilylnydrazido(2-) ligand (Fe=NNR;) derived from N, via double-silylation in
a preceding step. This is an uncommon reactivity pattern in general; well-characterized examples of
hydride/alkyl migrations to metal heteroatom bonds (e.g., (RIM=NR’" — M-N(R)R') are very rare.
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Accepted 26th June 2018 Mechanistic data establish the Fe-to-N, hydride migration to be intramolecular. The resulting

disilylhydrazido(1-) intermediate can be isolated by trapping with CN‘Bu, and the disilylhydrazine product
DOI: 10.1035/c85c02380h can then be liberated upon treatment with an additional acid equivalent, demonstrating the net

rsc.li/chemical-science incorporation of an Fe-H equivalent into an N-fixed product.

Introduction

The Haber-Bosch process has been used since early in the last
century for the industrial conversion of nitrogen (N,) and
hydrogen (H,) to the bio-available N-atom source ammonia
(NH3). This energy intensive process accounts for some 1-2% of
annual global energy consumption, with high associated CO,
emissions." Attractive alternatives to this process that operate
under mild temperature and pressure conditions have long
been sought, motivated by biological nitrogenase enzymes that
facilitate the proton-coupled reduction of N, under ambient
temperature and pressure conditions.*?

Despite extensive study of the enzymatic system, the detailed
mechanism of biological N, fixation is not reliably known.
Based on kinetic and pulsed EPR studies, it has been hypothe-
sized that the build-up of a reduced hydride cluster state,
generated by alternate addition of protons and electrons,
precedes N, binding and fixation.* Given inherent challenges
associated with direct study of the biological system, molecular
model chemistry provides a means to develop and constrain
mechanistic  possibilities concerning reactivity patterns
germane to N,-to-NH; conversion.®
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In recent years, Fe-based synthetic systems have garnered
significant attention, including the development of Fe-based
molecular catalysts that facilitate proton-coupled N, reduction
to ammonia.® As has been proposed for the biological cofactor,
hydride species appear to play a significant role during catalysis
for a number of these iron systems (Fig. 1). In initial reports, the
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generation of Fe-H species under turnover relevant conditions
was hypothesized to play a role in catalyst deactivation;*** more
recent studies show that Fe-H species can be observed as off-
path resting states and, as such, can serve as competent pre-
catalysts for N, fixation.”** Of particular relevance are in situ
spectroscopic studies on the P5Fe (P5 = B(o-Pr,PCsH,);) system
from our lab, which allowed for the observation of a hydride
resting state, P5(1-H)Fe(H)(N,) 1, under catalytic conditions for
a specific acid/reductant combination.® In examples where
hydride species have been shown to be amenable to productive
N, fixation, it has generally been suggested that unproductive
H, evolution pathways are accessible, and precede the genera-
tion of a catalytically active, hydride-free species.’

An alternative possibility can be considered where Fe-H
intermediates are able to undergo Fe-to-N migration steps,
and therefore be incorporated into productive overall schemes
for N, fixation. While such a scenario has been suggested to
occur within the iron-molybdenum cofactor during catalysis,>
relevant N, model chemistry demonstrating such a reactivity
pattern is limited to a fascinating set of Ti,H,, clusters, which
have been shown to promote N,-cleavage with N-H bond
formation (Scheme 1A)." Conceptually related reactivity has
also been reported for a number of multimetallic systems,
where bridged N, ligands are reactive towards a variety of E-H
substrates (Scheme 1B)."*™*

Previous Work:

A) Cp’ Cp’
‘ T
Ti
HH//I\\HH N, (1 atm) H/'!‘
\‘Ili/ H\'\I'i hexane 'I|'i/ >-|’—|
AIKSHT RT,12h c ke \N \Cp’
Cp \H/ Cp 2 Hy P H
Cp’ = CsMe,(SiMes)

B) S|~N—S| S[‘N’S'
\Si- [\817 NN-Si- [\S|7
Ph—P—z—P~pp, Ph—P—2zr—P~p

/\ E-H
N(/N toluene E\’\{ A
- ngi
Phop_—2r—_p_Ph EH=HoorBUSIHs pp_ = 7t pp
Lsi-f-si-\ Lsi-f-si-\
Sl—N\Si SI—N\SI
Si = SiMe,
© H o 12K MeSio,
_Cc*? CH
(Pr) P Fe MegSIOT! (25eq) ;e
(PHaP™ THF, -78 "C-RT  (ProPFe—p(ipy),
A e (PR
@ (Pr)2 P:
Targeted Reactivity: [T:
D) 2 K+ ,V/N
H /N_| Fe—N
’Pr P, f . noo
Electrophile Promoted
N-H Bond Formation?
P(’Pr E o
[
N~
Fe=N" E
L n J

Scheme 1 Representative stoichiometric reactions exhibiting relevant
reactivity patterns for N, (A and B)***2 or CO (C)** functionalization,
and the electrophile-promoted Fe-H to N, migration targeted
herein (D).
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Recently, we demonstrated that a PSFe system supports
a series of highly reduced hydride complexes with CO as a co-
ligand.” These species are able to undergo facile O-
functionalization that promotes the rapid intramolecular
formation of two new C-H bonds from an Fe(H), precursor
(Scheme 1C). Thus, we wondered whether related N, complexes
might also be supported by this platform. If so, they would be of
interest as targets for exploring electrophile-promoted Fe-H
migration, to generate new N-H bond(s), as a new reactivity
pattern (Scheme 1D).

Herein we describe the synthesis and characterization of
a series of [P5Fe(N,)(H),]”~ complexes. One of these species, in
a highly reduced state, is reactive toward B-functionalization
with silyl electrophiles; intramolecular Fe-to-N, hydride
migration is observed upon difunctionalization. The N-H bond-
forming step proceeds slowly in solution at low temperature
and is thereby amenable to a detailed kinetic analysis with the
determination of associated activation parameters. Trapping of
the product with an exogenous CN'Bu ligand allows for its
isolation as a hydrazido(1-) species, with N,-derived
disilylhydrazine products liberated upon protonolysis of this
complex. Overall, this reactivity demonstrates a plausible series
of steps through which an Fe-H equivalent can be incorporated
as part of a productive N, fixing scheme, in contrast to unpro-
ductive H, evolution. The utility of silyl, as opposed to proton,
electrophiles is highlighted by the ability to kinetically stabilize
and characterize extremely reactive species along the reaction
pathway.

Results and discussion
Synthesis of Fe(N,)(H),, complexes

We initially targeted [Fe(N,)(H),]™ complexes analogous to the
previously reported [Fe(CO)(H),]™ species supported by the
P} ligand platform." Thus, reduction of P§(u-H)Fe(H)(N,) 1,%*
with an excess of KCg at —78 °C led to the formation of the
dianionic complex [P5(u-H)Fe(H)(N,)][Kx(S),] 2 (Scheme 2). The
3P NMR spectrum of this species shows one of the phosphine
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Scheme 2 Synthesis of [Fe(Ny)(H),]"~ complexes 2 and 4.
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arms dechelated from the Fe center (6 = 92.6 (2P), —1.5 (1P)),
with both of the hydride resonances apparent in the 'H NMR
spectrum at —18.19 (Fe-H-B) and —20.78 (Fe-H) ppm. The IR
spectrum of dianionic 2 exhibits a highly activated N, ligand
(van = 1746 cm™ "), with a 325 cm™" increase in N, activation
compared to the neutral precursor 1 (vyy = 2071 cm™ ). Crys-
tallographic characterization of this species confirmed its
assignment, with hydride ligands occupying axial sites of an
approximate trigonal bipyramid (Fig. 2). Strong w-backbonding
to the phosphine and N, ligands is apparent, with quite short
Fe-P (2.15 A, average) and Fe-N (1.743(2) A) distances, and an
elongated N-N distance (1.169(3) A) when compared to 1
(1.128(4) A). Taken together, the spectroscopic and structural
data suggest an N-N bond order that can be described as lying
between a double and triple bond. The extreme sensitivity of the
dianionic complex 2 precluded prolonged handling and storage
of this species, so its spectroscopic characterization and further
reactivity studies were carried out on samples that were gener-
ated in situ.*®

We also found that the monoanionic hydride complex
[PSFe(H)(N,)][K(benzo-15-crown-5),] 4 could be generated by the
addition of a solution of KHBEt; to a THF solution of P5Fe(N,) 3
at —78 °C.” The product was readily isolated as a crystalline
orange material following workup as its benzo-15-crown-5

Fig. 2 Crystal structures of the dianionic complex 2 (left) and the
anionic complex 4 (right). Displacement ellipsoids shown at 50%
probability; C-bound H atoms, disorder of 'Pr groups, and the crown
encapsulated potassium countercation in 4 have been omitted for
clarity.
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encapsulated K salt (Scheme 2). This species exhibits a sharp
N, stretch (1956 cm ™) that is 51 cm ™" higher than the hydride-
free anion [P5Fe(N,)][Na(12-crown-4),] (1905 c¢m™')."” The
hydride of 4 could be identified by "H NMR spectroscopy via
a quartet resonance at —12.59 ppm, with equal coupling to each
of the three coordinated phosphine ligands. This hydride was
crystallographically located as a terminal ligand in the plane of
the three Fe-ligated phosphines (Fig. 2). In solution, 4 exhibits
three-fold symmetry at room temperature, reflected by a single
*'p NMR resonance (6 = 77.1); the asymmetry observed in the
solid state is borne out in solution upon cooling of 4 to lower
temperatures (at —80 °C: 6 = 95.5, 79.3, 59.7; see ESI{). Similar
solution state behavior has been observed for the analogous CO
complex 4-CO and we presume that in both cases this may be
attributed to rapid equilibration of the hydride position
through a borohydride intermediate.***%*°

Bond metrics for a series of structurally related P5-suppor-
ted (E = B, Si) Fe-N, complexes are shown in Table 1 for direct
comparison. For complex 4, relevant metrics compare quite well
to the related, formally Fe(0)-N, complex [P§Fe(N,)][Na(12-
crown-4),] (Table 1).>* Direct comparison of bond metrics and
the degree of N, activation with dianionic 4 is complicated by
structural differences and interactions with K countercations,
where 4, like its analogous CO complex, was found to be
unstable in the presence of encapsulating reagents (e.g., benzo-
15-crown-5). As might be expected, there appears to be
a substantially greater degree of N, activation and associated -
backdonation in 4 than for any of the other crystallographically
characterized N, complexes supported by these ligand
frameworks.

Functionalization with silyl electrophiles

Tractable functionalization reactivity was accessible for the
dianionic complex 2 at low temperature, where treatment with
TiPSCI generated the thermally stable, anionic silyl diazenido
complex, [P5(u-H)Fe(H)(NNSi'Pr,)|[K(THF)] 5 (Scheme 3).>' In
the transformation from dianionic 2 to monoanionic 5, the
phosphine asymmetry is retained, with one of the phosphines
dechelated, as observed in the *'P NMR spectrum (90.6 (br, 2P),
—1.0 (1P)). Further, the hydride and borohydride ligands are
readily observed in the 'H NMR spectrum at —9.71 (t) and
—11.10 ppm respectively, along with activated N-N stretches in
the IR spectrum (1541, 1588 cm™ '), consistent with the

Table1 N-N stretching frequencies, formal oxidation states (FOS), spin states, and bond metrics for relevant Fe—N, complexes supported by

tetradentate P scaffolds (E = B, Si)

Complex yan (em™h) FOS S N-N (A) Fe-N (A) Fe-P (ave, A) Fe-E (A) Reference
PE(-H)Fe(H)(N,) 1 2071 +2 0 1.128(4) 1.801(3) 2.283 2.602(3) 15
[P§'Fe(N,)][BAT]] 2143 +2 1 1.091(3) 1.914(2) 2.390 2.298(7) 20
P'Fe(N,) 2003 +1 1/2 1.1245(2) 1.8191(1) 2.285 2.2713(2) 20
[P5(u-H)Fe(H)(N,)[[Ka(S)n] 2 1746 0 0 1.169(3) 1.743(2) 2.148 2.749(3) This work
[P5Fe(H)(N,)][K(b-15-c-5),] 4 1956 0 0 1.132(2) 1.800(1) 2.205 2.289(1) This work
[P5iFe(N,)|[Na(12-c-4),] 1920 0 0 1.132(2) 1.795(3) 2.196 2.236(1) 20
[P5Fe(N,)][Na(12-c-4),] 1905 -1 1/2 1.144(3) 1.781(2) 2.251 2.293(3) 17
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Scheme 3 Functionalization of dianionic 2 with silyl electrophiles and
subsequent hydride migration to generate intermediate 8, trapped as
isolable 9.

formation of an anionic silyl diazenido complex. This was
confirmed by XRD analysis (Fig. 3). Complex 5 is structurally
comparable to the previously reported anionic silyl diazenido
complex [P5Fe(NNSiMe;)|[Na(THF)] 6, in which one of the
phosphine ligands is similarly dechelated from the Fe center
(Fig. 4A).”> Both 5 and 6 have tightly interacting countercations
bridging the terminal silyl diazenido ligand and the phenylene
linker of the dechelated phosphine arm. In 5 the hydride and
borohydride ligands occupy the axial sites of an approximate
trigonal bipyramidal structure, whereas the Fe center in 6 is

Fig. 3 Crystal structures of the silyl diazenido complex 5 (left) and the
disilylhydrazido(1-) complex 9 (right). Displacement ellipsoids shown
at 50% probability; C-bound H atoms, solvent molecules and disorder
of 'Pr groups in 5 have been omitted for clarity.
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Fig. 4 (A) Depictions of previously reported silyl functionalized N,
complexes 6 and 10-CN'Bu. (B) Overlay of the core structures of the
hydrazido(1-) complex 9 (blue) and the previously reported hydra-
zido(2-) complex 10-CN'Bu (red).?2

ligated by an additional 7> interaction with the phenylene
linker. Complex 5 has a similar overall geometry to the dia-
nionic precursor 2, featuring hydride and borohydride ligands
that are unperturbed upon N,-silylation. Nevertheless, the
relevant bond metrics for the Fe-coordinated ligands in the
anionic silyldiazenido complexes 5 and 6 compare favorably
(Table 2).

Treatment of 2 with the disilylating reagent 1,2-bis(chlor-
odimethylsilyl)ethane (Si,) at —78 °C resulted in the formation
of a new species. This reaction could be monitored at low
temperatures (<—20 °C), allowing for the observation of
a diamagnetic intermediate, with both hydride resonances
retained in the 'H NMR spectrum at —16.74 (br) and —17.51
(t) ppm. The asymmetry in this species is also evident by *'P
NMR spectroscopy (—80 °C; 6 = 106.6, 95.1, —10.2), consistent
with its tentative assignment as the five-coordinate dis-
ilylhydrazido(2-) species 7 (Scheme 3). Upon warming the
reaction mixture further, decay of this intermediate was
observed concurrent with the appearance of a new set of para-
magnetically shifted "H NMR resonances. A '"H NMR spectrum
reflecting a mixture of paramagnetic species was obtained after
several minutes at room temperature.

We hypothesized the initially generated paramagnetic
intermediate to be the product of N-H bond formation via
alpha-hydride migration to generate the hydrazido(1-) complex
8 (Scheme 3). Such a formulation would be consistent with IR
spectra of the reaction mixture; no diagnostic N-N multiple
bond stretch is observed, whereas an N-H vibration is located at
3263 cm™ '; the latter is absent in the spectrum of the deuterium
labeled analog 8-D,.*

To generate an isolable analog of the disilylhydrazido(1-)
complex, we explored the addition of coordinating exogenous
ligands to 8 (e.g., CO, PMe;) to trap it. We found that addition of
an excess of CN’Bu resulted in the formation of a comparatively
stable, diamagnetic complex Pj3(u-H)Fe(NHNSi,)(CN'Bu) 9

Chem. Sci,, 2018, 9, 6264-6270 | 6267
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Table 2 Relevant bond metrics for B-N silyl-functionalized Fe complexes

Complex N-N (A) Fe-N (A) Fe-P (ave, A) Fe-B (A) Fe-N-N (°) Reference
[PY(u-H)Fe(H)(NNSi'Pr;)][K(THF)] 5 1.249(2) 1.672(1) 2.219 2.791(1) 169.31(9) This work
[P5Fe(NNSiMe;)][Na(THF)] 6 1.259(4) 1.673(3) 2.229 2.319(4) 169.8(2) 22
P5(u-H)Fe(NHNSi,)(CN‘Bu) 9 1.404(2) 1.824(2) 2.231 2.885(2) 145.8(1) This work
P5Fe(NNSi,)(CN‘Bu) 10-CN‘Bu 1.351(3) 1.640(2) 2.247 2.863(3) 162.7(2) 22

(Scheme 3). This species was assigned initially through the use
of multinuclear NMR spectroscopy, with the hydride resonating
at —12.59 ppm and the N-H at 7.84 ppm; the latter exhibits
weak coupling to Si in the >°Si-HMBC spectrum (see ESIT); these
assignments could be confirmed by comparison to the D,-
labeled analog 9-D,. By IR spectroscopy, an intense vibration
associated with the isocyanide C-N stretch is observed at
1997 cm ™, with the N-H and B-H-Fe vibrations assigned at
3197 and 2070 (br) cm™*, respectively, shifting to 2377 and 1515
(br) em™! in the labeled analog 9-D,. The *'P NMR spectrum
reflects asymmetry with one phosphine ligand dechelated from
the Fe center (6 = 88.9, 82.7, —2.1).

Confirmation of the proposed assignment for 9 was enabled
by XRD analysis, with the disilylhydrazido(1-) ligand located in
the plane of the coordinated phosphine ligands and the CN‘Bu
ligand trans to the coordinated borohydride moiety (Fig. 3). The
overall geometry of this complex is similar to a previously re-
ported, CN‘Bu-trapped disilylhydrazido(2-) complex, 10-CN‘Bu
(Fig. 4A).** Examination of an overlay of these structures
(Fig. 4B) highlights the key differences distinguishing the
hydrazido(1-) and hydrazido(2-) ligands in 9 and 10-CN'Bu,
respectively; they otherwise, have remarkably similar structures.
Upon formation of the new N,-H bond in 9, multiple bond
character of both the Fe-N and N-N bonds is predicted to
decrease with associated bending of the Fe-N-N angle. This is
readily observed in the crystallographic bond metrics for these
species; hydrazido(1-) 9 exhibits substantial elongation of the
Fe-N distance (1.824(2) vs. 1.640(2)) and the N-N distance
(1.404(2) vs. 1.351(3)) as well as increased bending in the Fe-N-
N angle (145.8(1) vs. 162.7(2)) (Table 2) when compared with the
hydrazido(2-) complex 10-CN‘Bu.

N-H bond formation

Given the unusual nature of the N-H bond-forming step from 7
to 8 (and 9), we were interested in further understanding its
mechanism. As discussed above, selective D-incorporation into
the N-D bond for the labeled complex 9-D, confirmed that the
newly formed N-H(D) bond is derived from one of the original
hydride/deuteride ligands (Fig. 5A). Further, this trans-
formation does not appear to proceed through the loss of free
H, prior to the N-H bond-forming step. Consistent with this
supposition, the complexes 10 and 10-CN‘Bu do not undergo
productive reactivity with free H,,>* and the transformation
from 7 to 9 can be carried out under an atmosphere of D,
without the generation of the D-labeled Fe product 9-D, (see
ESIT). The kinetics of this transformation can conveniently be
monitored by UV-visible spectroscopy; the process is first order

6268 | Chem. Sci, 2018, 9, 6264-6270

in Fe, with a kinetic isotope effect of 1.39 (measured at 10 °C;
Fig. 5B).

Combined, these observations are consistent with an intra-
molecular hydride migration step as the operative mechanism
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Fig. 5 (A) IR spectra of the hydrazido(1-) complexes 9 (top) and 9-D,
(bottom). (B) Transformation of the intermediate hydrazido(2-)
complex 8 to the hydrazido(1-) complex 9 observed by UV-Vis spec-
troscopy in 6 minute intervals at 10 °C. Inset shows the corresponding
linear plot of A(t) vs. Alt + At), which is consistent with a first order
decay process (R = 0.99961). Rate constant: 4.98 x 10™* s7! (see
ESIF). (C) Eyring plot for the decay from 8 to 9 measured in 5 degree
increments from —15 °C to 20 °C. Measurements were made in
duplicate at each temperature. Eyring parameters: AHY =
16.8(3) kcal mol™*; AS* = —14(1) e.u.; AG* = 20.9 kcal mol ™ (at 20 °C).

This journal is © The Royal Society of Chemistry 2018
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for N-H bond formation. This type of reaction is highly
unusual, even when expanded to include the migration of any R
group (R = alkyl, aryl, or hydride) to any multiply bonded
heteroatom (M = E; E = O, NR, etc.). Well-studied examples of
this reactivity pattern are scarce, with early detailed studies
from the Mayer group reporting the migration of a variety of R
groups (R = alkyl, aryl, H) to electrophilic Re(=0).>* Perhaps
more closely related to the present system, Wolczanski, Cun-
dari, and coworkers very recently reported a four-coordinate
Fe(wv) imido complex that formally inserts into an Fe-R bond
(R = ™“Pe, 1-nor) to generate a new, three-coordinate Fe(u)
amido complex (Scheme 4).°

The observed transformation of 7 to 8 that leads to generation
of an N-H bond could be monitored over a 35 °C temperature
range®” (—15 °C up to 20 °C), enabling an Eyring analysis to
obtain the following pertinent transition state parameters: AH*
= 16.8(3) keal mol *; AS* = —14(1) e.u.; AG* = 20.9 keal mol *
(at 20 °C) (Fig. 5C). The negative entropy of activation observed is
unexpected for an intramolecular process that is first order in Fe
when compared with previous observations. In the related Fe
study by Wolczanski and coworkers (Scheme 4), small, positive
activation entropies (AS¥) were determined, with values of 6.5(1)
e.u. (R = "°Pe) and 1.3(1) e.u. (R = 1-nor); these values were
close to those predicted computationally.”**® We suspect that,
for our present system, some sort of ordering of the flexible
phosphine-borane ligand may be present in the transition state,
leading to a negative entropy of activation for example via the
interaction of the otherwise free phosphine arm.

Release of N-fixed products

With the isolable hydrazido(1-) complex 9-CNBu in hand, we
explored conditions for the release of reduced, N,-derived
products. Initially, we explored possible conditions for the
reductive elimination of the final N-H bond to liberate
disilylhydrazine. In these attempts, which included both
thermal and photochemical reaction conditions, N-fixed
products could be detected in low yields in certain cases, but
invariably these reactions yielded mixtures of ill-defined
Fe-containing products (see ESIf for further details). Direct
treatment of 9-CN’Bu instead with a stoichiometric equivalent
of [H(OEt,),][BArj] (BAr; = B(CgH;Fe),) at low temperature,
followed by warming the solution, proved more tractable
(Scheme 5); liberated disilylhydrazine products could be detec-
ted (62%) in the absence of detectable NH;. The major
Fe-containing product, cationic [P5(u-H)Fe(CN‘Bu)][B(CsH3Fs).],
could be isolated in similar yields (see ESI{ for details).

;?‘d

N
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Fe.,..R A
\
R

\N(Y
ﬁ\f”f

R ="¢°Pe, 1-nor

N
|N>_Fe\R
)~

Scheme 4 Reported Fe-imido to Fe-amido transformation
proceeding through the migration of a bulky alkyl group.2®
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Scheme 5 Release of disilylhydrazine upon treatment with stoichio-
metric acid (BArf, = B(CgHzFe)a4).

Conclusions

We have described the synthesis and characterization of a series
of unusual Fe(N,)(H),, complexes, one of which undergoes B-N-
functionalization with silyl electrophiles to generate silyldiaze-
nido and disilylhydrazido(2-) species featuring hydride and
borohydride ligands. Of most interest, the disilylhydrazido(2-)
complex is observed to undergo a highly unusual Fe-to-N,
hydride migration step to generate a dislylhydrazido(1-)
complex that is isolable upon trapping with an exogenous
CN'Bu ligand. The hydride migration step is shown to be
intramolecular and proceeds over a temperature range that
enables activation parameters to be measured. The ability to
generate an N-H bond at N,, of an Fe(H)(N,) species, triggered
by electrophilic derivatization of the Ng position, opens up
interesting opportunities to generate new N,-derived products
from Fe-mediated processes. That disilylhydrazine can be
liberated in the present system provides a promising starting
point in this context.
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