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ABSTRACT: We report the first discrete molecular Cr-based catalysts for MegSiCliNa _ N(SiMes)s
the reduction of N,. This study is focused on the reactivity of the Cr-N, Bn N, Ph 34 equiv
complex, trans-[Cr(N,),(P™,N®",)] (P,Cr(N,),), bearing a 16-membered Ph =Ny P

P
R e
P 1~ ph1En _HYe NH* + NoHg*

tetraphosphine macrocycle. The architecture of the [16]-P™,NP", ligand is BrN—Ph /CT\P

critical to preserve the structural integrity of the catalyst. P,Cr(N,), was N—P, Ned 1.9 equiv

found to mediate the reduction of N, at room temperature and 1 atm \/N Bn \

pressure by three complementary reaction pathways: (1) Cr-catalyzed 2 Nt T NHg

reduction of N, to N(SiMe;); by Na and Me;SiCl, affording up to 34 . 1.4 equiv
23°C, 1 atm N,

equiv N(SiMe;);; (2) stoichiometric reduction of N, by protons and
electrons (for example, the reaction of cobaltocene and collidinium triflate
at room temperature afforded 1.9 equiv of NHj, or at —78 °C afforded a mixture of NH; and N,H,); and (3) the first example of
NH; formation from the reaction of a terminally bound N, ligand with a traditional H atom source, TEMPOH (2,2,6,6-
tetramethylpiperidine-1-ol). We found that trans-[Cr(**N,),(P™,N®",)] reacts with excess TEMPOH to afford 1.4 equiv of
'SNH;. Isotopic labeling studies using TEMPOD afforded ND; as the product of N, reduction, confirming that the H atoms are
provided by TEMPOH.

B INTRODUCTION been demonstrated, NH; formation from a M-N, complex by
The development of catalysts for N, reduction to NHj is a vital concerted delivery of H'/e™ as a hydrogen atom (H®) from a
area of energy research to reduce the enormous infrastructure, hydrogen atom donor such as TEMPOH remains elusive.

energy input, and CO, emissions of the industrial Haber— The reduction of N, to silylamines is a complementary
Bosch process that generates the critical supply of NH; used in approach for NH; production, where NH; can be attained by
agriculture and industry.' The emergence of NH; as a subsequent treatment of the silylamine product with acid
promising energy carrier for H, storage or use in direct NH; (Figure 1, eq 1).” Studies describing the N, silylation

fuel cells’ also motivates the investigation of small-scale
processes for the synthesis of NH; from N,. Robust molecular
electrocatalysts could provide the necessary selectivity for N,
reduction to NH; over thermodynamically preferred H*

mechanism suggest that silyl radicals,"® generated in situ from
Me;SiCl and Na, K, or KCg, react with a M-N, species to form

Selected Group 6 N, Silylation Catalysts:

. e . 3
reduction to H, when utilizing protons and electrons.” Such oo N N esSi, Sites
. el N
advances may lead to small-scale, decentralized, CO,-free NH, o PhMoPn, | PMeph B2 ) =" P“\P{j'\wp% ,ﬁ‘ ro
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renewable resources. I : I M=2MD w i Cops
Drawing inspiration from biological N, fixation with protons Shina Hidai Nishibayashi Vézailles

and electrons carried out by the multimetallic active sites of the
nitrogenase enzymes,4 well-defined synthetic complexes based
on Fe,” Mo,® and Co” have recently emerged as catalysts for N,

this work: Cr-based N, reduction | Catalytic N silylation: up to 34 equiv. NHz

Bn N» p/:h silyl radicals Creat

Ph Ny +6Na + 6 MegSICl <%= 2 N(SiMeg)s "> 2 NHZ (1)

“F’—JN\“7P¥—NBn
—~

: : . . Ph ichiometri i .
reduction to NH; and N,H, using Bronsted acids and chemical BAN ;ff_hp /C"\p—-‘ ;’Z{gﬁ’:’:ﬁé’z production of NH and Nl
reductants such as metallocenes or KCg. While the N, NN CrNz+6 e +6H" ——= xNHy + yNoH, @
: . N2 H atoms
reduction mechanism had commonly been thought to proceed P4Cr(No), Cr-N, + 6 TEMPOH 2NHg +6 TEMPO® ®
through a series of H'/e™ transfer steps, Peters and co-workers
recently proposed that N—H bond-forming reactions may Figure 1. Top: Selected group 6 complexes shown to catalyze the

reduction of N, to N(SiMe,);. Bottom: N, reduction reactions

follow proton-coupled electron transfer (PCET) pathways
examined in this work with P,Cr(N,),.

through the formation of protonated metallocenes.” PCET
pathways® could invoke hydrogen atom transfer (HAT) to M-
N, and M-N,H, intermediates en route to NH; formation. Received: October 24, 2017
While PCET pathways using separate acids and reductants have Published: January 31, 2018
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N—Si bonds. The seminal 1972 report by Shiina revealed CrCl,
to be the first transition metal salt to catalyze this reaction,
forming 5.4 equiv of N,-derived tris(trimethylsilyl)amine,
N(SiMe;),, using Li as the reducing agent."'

Since that early account, several homogeneous catal{tic
systems using first-row transition metals such as Fe,'"”"”
Co,nd’13 and V'* have been reported; of the group 6 metals,
several molecular Mo’-N, precursors and one W°-N, complex
bearinSg phosphine ligands catalyze N, silylation (Figure 1,
top).""“'> Even though solvated CrCl; displayed notable
reactivity to catalyze N, reduction 45 years ago, only one
example of Cr-mediated N, cleavage has been subsequently
reported.'® No discrete molecular Cr catalysts for N, reduction
are currently known. Notably, two reported attempts to utilize
Cr with multidentate ligand platforms that afforded Mo-based
N, reduction catalysts did not lead to Cr catalysts."*'” In both
cases, the targeted Cr-N, complex was not attained. These
examples underscore the challenge of synthesizing stable Cr
complexes for N, reduction and the divergence of chemical
behavior Cr displays compared with analogous well-studied
congeners. Therefore, Cr complexes have the potential to
provide group 6 metal-N, reduction chemistry that is distinct
from Mo and W.

Our interest in Cr for N, reduction originated with the
discovery of isolable Cr-N, complexes containing prh NBe
ligands (n = 2, 3, or 4)."% In particular, trans-[Cr(**N,),-
(P™,NB)], P,Cr(*N,),, bearing a 16-membered macrocycle
(Figure 1, bottom panel) affords “N,-derived "*N,H" and
SNH,* upon reaction with triflic acid at —50 °C."*" Thus,
P,Cr(N,), with the notable kinetic and thermodynamic
macrocyclic stability of a tetraphosphine macrocycle," inspired
our efforts to investigate Cr for catalytic N, reduction. Herein
we report the first molecular Cr complexes for the catalytic
conversion of N, to silylamines, (Figure 1, eq 1). Our studies
focus on the reactivity of P,Cr(N,), that affords up to 34 equiv
of N(SiMe;); per Cr center. The unique 16-membered
phosphorus macrocycle is critical to preserve the structural
integrity of the catalyst, allowing the homogeneous complex to
maintain its catalytic activity and to be recycled, producing
substantial catalytic formation of N(SiMe;); upon substrate
reloading. In this study, we establish the reactivity of P,Cr(N,),
at room temperature with protons and electrons (Figure 1, eq
2) and consider the role of PCET pathways in the production
of up to 1.9 equiv of NH; or a mixture of NH; and N,H,.
Lastly, the reactivity of P,Cr(**N,), with TEMPOH (2,2,6,6-
tetramethylpiperidine-1-ol) to form '“N,-derived 'NHj,
(Figure 1, eq 3) is presented, providing the first experimental
evidence for NH; formation directly from a terminally bound
N, ligand using a traditional hydrogen atom donor.

B RESULTS AND DISCUSSION

Structure, Stability, and N, Binding of P,Cr(N,),. The
macrocyclic complex P,Cr(N,), was prepared using a modified
synthetic procedure developed since our initial report,'® and it
was isolated as an orange crystalline solid in 21% yield. In
Figure 2, we recount the molecular structure of P,Cr(N,), that
was reported in our prior study from X-ray crystallography to
illustrate the relationship between the structure of P,Cr(N,),
enforced by the all-syn-isomer of the [16]-P™*,N®", ligand and
the high stability of the complex. We have noted the difficulty
in forming discrete Cr’-N, complexes with chelating phosphine
ligands compared to Mo and W analogues.”” Our own attempts
have given a handful of stable Cr’-N, complexes in low to
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“open face” N,

“pocket” N,

Figure 2. Top and side views of the molecular structure of P,Cr(N,),,
highlighting the contrasting steric environments around the N,
ligands. Only the benzyl carbon atoms of NBn groups are shown for
clarity.

moderate yields, and we found that the intrinsic geometric
constraints of some bidentate and tetradentate phosphine
ligands greatly impact stability; i.e., the complexes are thermally
sensitive toward N, ligand loss at Ct” or could not be attained
(see Supporting Information (SI), Table S1).'* For example,
our attempts to prepare a Cr’-N, complex with the tetradentate
P™,N™, ligand'*" resulted in a thermally sensitive Cr’(N,),
species despite the rigid, but distorted, planar and meridonal P,
coordination environment. In a second example, the complex
Cr(N,)(dmpe)(P™,NP,), entry 3 in Table 1, is a remarkably
stable Cr-N, complex formed in high yield when using dmpe
(Me,PCH,H,PMe,) as the bidentate ligand. In contrast,
Cr(N,)(dmpm)(P™;N®",) could not be attained using dmpm
(Me,PCH,PMe,), a diphosphine with a smaller bite angle.
While it is not surprising that the ligand chelate effect increases
complex stability,” Cr’ seems far more sensitive to ligand bite
angles than Mo, especially in the latter example where
diphosphines with a single carbon atom in the backbone have
been used extensively to support PsMo-N, complexes.””
Consequently, an apparently critical core geometric parameter
we have noted as a general trend to attain stable Cr-N,
complexes is P—P ligand bite angles that are close to 90°,
affording an archetypal octahedral coordination environment
for Cr. In the present case, a main contributor to the high
stability of the complex is the P—P bond angles of the [16]-
P™ N, ligand, 89.7° and 90.0°, giving Cr a nearly perfect
octahedral geometry with the two axial N, ligands.

Inherent to the P,Cr(N,), structure are the contrasting steric
environments above and below the P,Cr plane in which the N,
ligands reside (Figure 2). One N, ligand occupies a “pocket”
formed by the four phenyl substituents on P, and the opposing
N, ligand is in a comparatively open face of the macrocycle.
Accordingly, these contrasting environments impact the
strength of N, binding to Cr, which we believe contributes to
catalytic reactivity. We evaluated the N, binding affinities by
Density Functional Theory (DFT) analysis (methods in the
Supporting Information) and found that the “pocket” N, ligand
exhibits a lower dissociation energy (11.0 kcal/mol) compared
to the N, ligand in the open face (20.7 kcal/mol). As discussed
below, we propose that N, dissociation is a required step before
catalysis; thus, based upon this computational assessment of the
N, binding affinities, the N, functionalization occurs at the
open face N, ligand.

Catalytic Reduction of N, to N(SiMe;);. The reaction of
P,Cr(N,), with 100 equiv of Na and Me;SiCl at 1 atm N, and
room temperature yielded 10.6 turnovers of N(SiMe;); (TON
= turnover number = N atoms/Cr). The N(SiMe;); that was
produced was identified by GC-MS and then acidified to give

DOI: 10.1021/jacs.7b11132
J. Am. Chem. Soc. 2018, 140, 2528—-2536


http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11132/suppl_file/ja7b11132_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11132/suppl_file/ja7b11132_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b11132

Journal of the American Chemical Society

Table 1. Catalytic Reduction of N, to N(SiMe,); Using Cr
Complexes

"Cr" + Me,SiCl + Na® szs'?;F N(SiMe3)3£|> NH,CI
100 100  f6h
Entry Cr complex® (:rTlNl) I\;I?Il:gl"
PhPTN’T;P‘F:h—NBn 10.6
. oon oy ST 1918,2072 | 17.I°
Mow (THF) [ 212+
P,Cr(N2). 34.1°
MC\pMe Tz gCMe
el 1932
2 Me/P\M/eNZ wé (hexane®) 52
trans-[Cr(Na).(dmpe),]
B”\N/\PPhMe
oo /¢'3W 1918
3 NI (THF®) | 62
Ph/\/ ,!lzn Me
Cr(N2)(dmpe) (PP;NP"3)
N,
NS 1937
4 wl?” N, 2000 438
, . (THF'®)
cis-[Cr(Ny)2(P™NP,),]
Cl
LN cl
BnN/P/h;f>c:’/\c|
S \én - 6.8
fac-[CrCly(x3-
(P,P,N)P™,N5",)]
Bno _Ph
thp\ |/C|
6 e Kool . 5.0
Pn’v I
fac- [CI‘Cla(PPh3NB"3) ]
7 Cr(CO)s - 4.8
8 Cr(CeHs)(CO)s - 3.8
9 Cr(CeHs)2 - 0.2
10 CrCL(THF) - <0.1
1 CrCp - 44
128 CrCp* - 19
13 CrCL;(THF); - 0.5
14 CI‘Bl‘s(THF)3 - 25
15 Cr powder - <0.1
16 None - <0.1

4“Cr’] = 100* M, 23 °C, 1 atm N,. bAll values reported are an
average of at least two trials. “Silylated glassware, 1.0 M Me,SiCl (10°
equiv), and 10° equiv of Na. “Run 72 h. “Run 16 h, refreshed with
another 1.0 M Me,SiCl (10° equiv) and an equivalent amount of Na,
and run an additional 16 h.”Cp = CH,. Cp* = C4(CHS,)s.

NH,CI that was quantified by "H NMR spectroscopy, in which
64% of the electrons went into reducing N, (Table 1, entry 1).
Higher TONs were achieved by increasing the loading of Na
and Me;SiCl up to 10° equiv/Cr, yielding up to 21.2 TON in a
single run. After a catalytic run was complete, the mixture can
be directly replenished (or filtered and replenished) with fresh
reagents, and P,Cr(N,), continues to catalytically reduce N, to
N(SiMe,)s, with yields doubling from 17.1 TON (first loading)
to 34.1 TON (combined total after second loading). The
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observed TONs do not appear to scale linearly with reagent
concentration—Ilikely caused by the heterogeneous nature of
Na and active radical species concentration in a constant flux
(see proposed mechanism below). Catalytic N, reduction with
homogeneous complexes is notoriously sensitive to reaction
conditions to achieve catalysis,”® especially the solvent,**"*
Accordingly, we screened a variety of experimental conditions
in our catalytic N, silylation studies of P,Cr(N,),, including
silane identity, reductant, solvent, and temperature. The results
of these catalytic trials are listed in the SI, Tables S2—S5.

A variety of molecular chromium complexes and Cr-salts
were examined to determine the generality of N, reduction by
Cr (Table 1). Surprisingly, several of the chromium complexes
that were tested exhibited TONs comparable to those in the
initial report by Shiina."" In fact, nine of the 14 chromium salts
or complexes yielded TON over 2, with all Cr entries yielding
at least a trace amount of reduced N, product. This extensive
test of Cr-based compounds more clearly demonstrates the
activity of Cr for N, reduction, regardless of whether the
compounds have a N, ligand. Similar catalytic activity has been
observed for Fe complexes that do not bind a N, ligand at
room temperature.lm”12b

For the Cr complexes containing N, ligands, there does not
appear to be a correlation between N, activation, as measured
by the vy bands in the infrared spectrum, and catalyst TON
under the conditions in Table 1. The P,Cr(N,), complex was
unique among this group in that it produced the highest TONS,
was recyclable, and exists as a molecular species during and
after catalysis (see below). All other chromium salts and
complexes displayed rapid Cr” precipitation out of solution. For
instance, reactions run with trans-[Cr(N,),(dmpe),]* yielded
free dmpe ligand by *'P NMR spectroscopy. Based on these
observations, it is likely that the reduction and oxidation of
chromium, specifically Cr° to Cr' oxidation states, represent a
soft/hard transition** and cause ligand lability. It is proposed
that once a chromium species is oxidized in the cycle for N,
reduction, ligand dissociation leads to metal aggregation and
observable precipitation. Thus, we infer that it is the Cr-ligand
stability over redox cycles, not only the activation of N,, that
leads to catalytic turnover.

Multidentate phosphine ligand strategies have been pursued
for N, reduction by Tuczek and co-workers to prevent ligand
loss at high metal oxidation states of Mo.2****> For Cr,
geometry-optimized multidentate ligand systems are imperative
for mere stability. The P,Cr(N,), complex is resilient to ligand
dissociation; in fact, we have not observed ligand loss as a
pathway of catalyst deactivation in this study. The P,Cr(N,),
remains molecularly discrete and in solution during the redox
cycling necessary for catalytic turnover.*®

To illustrate this point, we compared the catalytic reactivity
of P,Cr(N,), (Table 1, entry 1) to those of trans-[Cr(N,),-
(dmpe),] (Table 1, entry 2) and cis-[Cr(N,),(P*",N®),]
(Table 1, entry 4). trans-[Cr(N,),(dmpe),] is most structurally
similar to P,Cr(N,),, while cis-[Cr(N,),(P"",N®),] is a
structural isomer of P,Cr(N,),. In reactions performed with
increased loading of silane and reductant, 10° equiv of Na, and
10° equiv of Me,SiCl (SI, Table S8), both trans-[Cr(N,),-
(dmpe),] and cis-[Cr(N,),(P™,NP",),] performed almost
identically to the results in Table 1, while P,Cr(N,), afforded
almost double the TON of N(SiMe,),;. In addition, trans-
[Cr(N,),(dmpe),] and cis-[Cr(N,),(P*",N®",),] could be not
be recycled to generate additional N(SiMe;); as illustrated with
P,Cr(N,),. Because of the electronic and structural similarities
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of these complexes, the striking divergence in reactivity is
assigned to the macrocyclic effect of the ligand—specifically the
ability to maintain chromium as a molecular species during the
redox cycling, N, reduction, and catalysis.

Mechanistic Considerations for Silylation Catalysis
with P,Cr(N,),. To improve our understanding of the
mechanism and speciation of the reaction components formed
during catalysis, the catalytic reaction was examined after 8 h,
before complete consumption of the Na and Me;SiCl reagents
at 16 h. Upon analysis of the reaction mixture by GC-MS and
"H NMR spectroscopy, a better picture of the reaction profile
emerged. In addition to the N(SiMe;); generated from N,
reduction, the only organic reaction products were (Me;Si),,
trimethyl(4-(trimethylsilyl)butoxy)silane, and an insoluble
polymer of THF (Figure 3). The formation of these organic

organic inorganic
¢l Ph
N(SiMeg) Ph B”N -
. < C” NBn
SiMe. B"N;Flh 7 |r =
3 NJ
ph Bn, Ne ',)h 1000 Na MeSi O, \/ Bn
N &NB“ 1000 MegSiCl \\\>
it Sl
BnN—bh /C'\p—i THF, 23°C, 8h *
=P, NB + Ph Bn Ny Ph
N n Me3Si—SiMes |/ *NBn
\
. BnN, \_P_h /C| L))
\/,NJ
poly-THF

Figure 3. Organic and inorganic reaction products identified after 8 h
of catalysis with P,Cr(N,), during the reduction of N, to N(SiMe;);.
Organic products were identified by "H NMR spectroscopy and GC-
MS analysis; inorganic products were identified by 'H and *'P NMR
spectroscopy and single-crystal X-ray diffraction.

products, which have been reported previously,'“'**" supports

the in situ generation of SiMe; radicals in solution, formed from
the reaction of Na with Me;SiCl. Consequently, the reaction of
SiMe; radicals with THF, and the homocoupling reaction,
represent significant side reactions that reduce the concen-
tration of SiMe; radicals in solution, thus competing kinetically
with N, reduction process.

The identity of the inorganic reaction products was
determined by NMR spectroscopy. After reacting for 8 h,
P,Cr(N,), was observed in the reaction mixture by 3P NMR
spectroscopy. In addition, a paramagnetic species in the 'H
NMR spectrum was isolated as yellow crystals and identified by
single-crystal X-ray diffraction matched the previously reported
complex trans-[Cr(Cl),(P™,N**,)] (P,Cr"(CI),)."*" Most
importantly, no free ligand was observed in the reaction
mixture by *'P NMR spectroscopy, indicating that the
macrocycle remained intact. Independently, we confirmed
that P,Cr""(Cl), can be directly generated from the reaction
of P,Cr(N,), with Me,;SiCl in THF (Figure 4). To further
confirm the identity of the isolated paramagnetic Cr'' species

ppn B N2 Ph ) Bn Cl Ph
) 4N\’7P¥NB xs Me3SiCl Ph B \|/p¥
P<_ n THF 7 ppNBn
Ph cri_ Ph
Bn NJPhP/CIr\p—J 3 BnN—Ph /T’\P_J
\/INB;I xs Na P\/INle
N, THF a °"
16 h
quant (NMR) 87% isolated

68% isolated

Figure 4. Independent verification of observed inorganic products
during catalytic reduction of N, to N(SiMe;)s.

and to understand its reactivity under catalytic conditions, the
isolated P,Cr"(Cl), was reacted with excess Na to cleanly yield
P,Cr(N,),, reaching full conversion after 16 h. The slow rate of
reduction of P,Cr"(Cl), by Na metal to generate P,Cr(N,), is
likely due to the heterogeneous reduction conditions. Based on
the independent reactivity of these two complexes, it is likely
that their individual concentrations are in constant flux during
catalysis. Importantly, the clean reduction to continuously
regenerate P,Cr(N,), from P,Cr"(Cl), and Na allows the Cr
complex to be recycled upon substrate reloading,

To enhance catalytic TON, reactions were performed under
increased N, pressure (90 atm). Unexpectedly, P,Cr(N,),
consistently failed to produce more than 4.1 TON using the
same reaction conditions that afforded 17.2 TON at 1 atm N,
(SL, Table S7). The deleterious effect of N, pressure on
catalysis is surprising, as we anticipated that increasing the
concentration of dissolved N, in solution would enhance
catalysis by favoring N, binding during catalytic turnover.
Indeed, this result contrasts with the 4-fold increase in TON we
observed upon increasing the N, pressure from 1 to 100 atm in
the catalytic reduction of N, to N(SiMe;); using Fe’(N,)-
(P,P2Nh)). "¢ Intuitively, this suggested to us that dissociation
of one N, ligand to a generate a putative S-coordinate
“P,Cr’(N,)” complex is a prerequisite for catalysis. Hidai and
co-workers have proposed a similar initial step of dissociation of
N, from cis-[Mo(N,),(PMe,Ph),] prior to subsequent N,
reduction.”” In our previously described protonation mecha-
nism of P,Cr(N,),, the dissociation of one N, was determined
by DFT calculations to increase the proton affinity of the
bound N, to enable N—H bond formation. The lability of N, is
also the likely cause of the previously reported irreversible Cr/°
redox couple at slow scan rates by cyclic voltammetry.'*

Based on the results of the catalytic trials, the independent
reactivity of P,Cr(N,), and P,Cr"(Cl),, and insights from
related group 6 catalysts,'” 15028 e propose a mechanism for
catalytic reduction of N, to silylamines by P,Cr(N,), (Figure
5). The proposed mechanism initiates with P,Cr(N,),:

(a) Upon mixing, a background reaction is established
between the two Cr species, Me;SiCl, and Na.

1 1

2Me3S[CI @
’ 2Na

N 2N,

N
Nz,/ ‘@ Me;Si- <7() MeSiCl + Na
AG® =140 NaCl (g
) (d) \ keal/mol
_SiMeg
fl\ll J Ph ~—NBn
(e) BnN\jn/ \.J @
t\/NB;lph
, 5 MegSi-
2N(SiMes)s
C SiMeg  MegSi, SiMeg +N(§'Mes)3 !
' N | ?IMG;;
|l
N N 2 Me.Si- N
=2, [—
AG°=-14.7 N-N cleavage

kcal/mol

Figure S. Proposed catalytic cycle for P,Cr(N,), reducing N, to
N(SiMe;);. The proposed intermediates listed in the box for the steps
shown as (e) were obtained from DFT calculations; see SI for details.
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(b) After the dissociation of the “in-pocket” N, ligand, a S-
coordinate P,Cr’(N,) complex enters the catalytic cycle.
(c) Concomitantly, SiMe; radicals are generated in situ from
the reaction of Na and Me;SiCl. The SiMe; radicals are
presumed to be the active species in catalysis; however,
the concentration of SiMe, radicals available to react with
Cr-N, can be affected by the rate of (Me;Si), formation
and reactions with THF as shown above.
The SiMe; radical reacts with the distal N atom of N,,
initiating an oxidation state change of Cr. DFT
calculations predict that this reaction is favorable by 14
kcal/mol. The resistance of the “P,Cr” fragment to
phosphine ligand dissociation at this stage is believed to
be critical to prevent Cr® precipitation.
The silylated intermediates formed in subsequent
reaction steps have not been identified experimentally.
However, DFT calculations suggest that the second
added SiMe; radical is thermodynamically favored to
react at the distal nitrogen atom by 14.7 kcal/mol,
forming a silylhydrazido intermediate. The lack of
phosphine ligand dissociation of the macrocycle favors
this intermediate over silyl radical addition at the
proximal nitrogen atom. DFT predicts that the addition
of a third silyl radical leads to N—N bond cleavage,
generating N(SiMe,); and a P,Cr-N-SiMe; species that
undergoes further reactions with silyl radicals to produce
the second equivalent of N(SiMe,);. A similar reaction
mechanism in a recent Mo-based N, silylation catalyst
was described by Meézailles and co-workers and was
supported by several isolated and structurally charac-
terized intermediates.'” On the basis of the bonding
description of reduced Cr-N,H, intermediates from H"
and e~ additions by DFT computations,'*° the
formation of a silylhydrazine (Me;Si),NN(SiMe;),
product is plausible; however, the steric bulk of the
SiMe; groups and the necessary (but unlikely)
dissociation of a phosphine atom from Cr disfavors this
N, silylation pathway.
Under reducing conditions, P,Cris regenerated, and the
coordination of N, to chromium completes the catalytic

cycle.

Reduction of N, to NH; Using Protons and Electrons.
In addition to studying P,Cr(N,), reactivity with silyl radicals,
we examined the reaction of P,Cr(N,), with various sources of
protons and electrons for the reduction of N, directly to NH;;
the results are summarized in Table 2. Protonated metallocenes
that serve as PCET reagents or effective H atom sources for N,
reduction®® may exhibit one-electron radical-based reactivity
with P,Cr(N,),, similar to reactions with silyl radicals. In our
experiments, P,Cr(N,), was added to a freshly prepared
solution of 40 equiv of acid and 30 equiv of reductant in THF.
In reactions performed at room temperature P,Cr(N,),
generated 1.9 equiv of NH,* using cobaltocene (CoCp,) as
the reductant (—1.33 V vs Cp,Fe”* in THF),” and collidinium
triflate (ColH[OTf]) as a proton source (Table 2, entry 1).
The reducing strength of CoCp, is only ~100 mV more
negative than the quasi-reversible E, , value for the Cr"° couple
of P,Cr(N,), at —1.22 V vs Cp,Fe”* in THF.'* Interestingly,
the formation of NH," from N, at room temperature displays a
clear dependence on the reduction potential of the metallocene.
For example, no reduced N, products were observed at room
temperature with stronger reductants such as decamethylco-

(d)

(e)

(f)
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Table 2. Direct Synthesis of NH,* and N,H;* from
P,Cr(N,),, Protons, and a Reducing Agent

Ph BnN Tz th
b o TN
Bn N\J_PF_)hp\/Clr/\ PPLTBn + H(A] + Red. 2::l e NHet +NHgt
N ETnI 40 30 16 h
N2

entry”  reductant’ acid® solvent NH,* N,H/*
1 CoCp, ColH[OTH] THF 19 <0.1
2 CoCp*, ColH[OT{] THF <0.1 <0.1
3 CrCp, ColH[OT{] THF <0.1 <0.1
4 CrCp*, ColH[OT] THF <0.1 <0.1
5 CoCp, Ph,NH,[OTf]  THEF 0.7 04
6 CoCp, ColH[OTf] THF 0.7 <0.1
78 CoCp, ColH[OT] THE 0.6 02
8¢ CoCp*,  ColH[OTI] THF 13 <01
9 CoCp, ColH[OTf] toluene <0.1 <0.1
10 CoCp, ColH[OTH{] pentane 0.3 0.1
11 CoCp, ColH[OTH] PhF 0.5 02
12 CoCp, ColH[OT] Et,0 0.1 0.4

“Run at 0.1 mM [Cr], 23 °C, 16 h. ®Cp = C,H,, Cp* = C5(CH,);
‘Col = 2,4,6-trimethylpyridine, OTf = trifluoromethanesulfonate.
9Equivalents of NH," quantified using 'H NMR spectroscopy.
“Equivalents of N,H" quantified using p-dimethylaminobenzaldehyde
test.>*/Run at 55 °C. €Run at —78 °C for 4 h, and then slowly warmed
to 23 °C for 8 h.

baltocene (CoCp*,) (—1.98 V vs Cp,Fe”* in THF),”* or
decamethylchromocene (CrCp*,) (=1.55 V vs Cp,Fe”* in
THF).”"* In addition, chromocene (CrCp,) (—1.07 V wvs
Cp,Fe®* in CH,CN)*'® was ineffective at affording reduced N,
products, although this may be due to its inability to reduce Cr
to the Cr® oxidation state. At room temperature, it is possible
that competing side reactions, such as H, evolution,’***
between the stronger reducing agents and ColH[OTf] occur
rapidly, before productive N—H bond formation. This is
particularly likely if N, dissociation from P,Cr(N,), is a
prerequisite step before initiating reactivity at N,. Reactions
with CoCp*, and ColH[OTf] conducted at —78 °C further
support this hypothesis, as 1.3 equiv of NH,* was formed by
initially lowering the reaction temperature (Table 2, entry 8).

Though catalytic turnover was not observed with P,Cr(N,),
using the current combination of acid, counteranion, reductant,
and solvent, N,H* was detected and quantified in several trials.
Perhaps most striking is the comparison between entries 1 and
7 in Table 2, wherein N,H;" is observed when the reaction is
initially conducted at —78 °C before warming to room
temperature for 8 h. These results suggest that at lower
temperatures an alternating N, reduction pathway’® is
occurring at Cr, where the first two N—H bonds are formed
at the distal and proximal nitrogen atoms, respectively. The
alternating N—H bond formation would eventually lead to the
formation of hydrazine, which was observed in several cases
(Table 2). The observation of N,H, as a product in the
reaction implicates P,Cr-N,H, as a possible reaction inter-
mediate in the complete reduction of N, to NH;. Although it is
not conclusive that NH; formation proceeds via N,H,
directly,”* we observed N,H;" at room temperature in entries
S and 12 using the weaker acid Ph,NH,[OTf] or less polar
solvent, respectively.”” Because N,H;" is observed at low
temperature in a reaction that yields exclusively NH,* at room
temperature, and N,H;* is observed in several other reactions
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that also yield ammonia, it is likely that N,H, is an intermediate
in the mechanism of reduction from N, to NHj.

In a series of control experiments focusing on the separate
reactivity of P,Cr(N,), with ColH[OTf] and CoCp,, we
discovered that P,Cr(N,), did not react with either of these
reagents independently. When 8 equiv of ColH[OTf] was
mixed with P,Cr(N,), over several days in a sealed NMR tube,
no observable reactivity was noted, as determined by the
absence of free collidine, absence of paramagnetic features, no
H, formation, and unchanged 'H and *'P NMR spectra of
P,Cr(N,), (Figure S5). The stability of P,Cr(N,), in the
presence of ColH[OTf] was also investigated by in situ IR
spectroscopy, showing the vibrational frequency of the
symmetric and asymmetric ryy bands remain unchanged
after acid addition (Figure S4). The lack of reactivity between
P,Cr(N,), and ColH[OTf] is surprising because low-valent
molecular N, coordination complexes typically exhibit a very
basic metal center and are susceptible to protonation at the
metal to form metal hydrides, especially with ligand platforms
containing pendant amine groups.zoa’b’36 Typically this
pervasive H' reduction event must be mitigated by low
concentrations of acid or insoluble acids for N, reduction.”“*
The long-term acid stability of P,Cr(N,), toward ColH[OTf]
must be due to poor kinetics for proton transfer since H,
formation is thermodynamically favorable. P,Cr(N,), lacks
accessible cis-coordination sites to N, which would otherwise
provide a more facile route to proton reduction and H,
formation. Moreover, the four phenyl groups of the P, ligand
offer steric protection from bulky acids such as ColH[OT{]
from effectively transferring a proton to the face of the complex
most likely to have dissociated a N, ligand.

Addition of CoCp, to a THF-dg solution of ColH[OTf] and
P,Cr(N,), at room temperature led to an immediate reaction
as indicated by the appearance of free collidine, changing
paramagnetic features, and H, in the 'H NMR spectrum.’
Because P,Cr(N,), was not observed to react with CoCp, or
ColH[OTf] independently, but reacts (to yield NH,") when
both reagents are present, either an intermediate species
(between CoCp, and ColH[OTf]) or ternary system is
required for N, reduction. A ternary system would not be
kinetically favorable given the dilute conditions. Alternatively, a
protonated metallocene (CoCp,H[OT{]) or pyridinyl radi-
cals®® (ColH®) from the reduction of pyridinium acids, are two
plausible intermediate species that could be generated in situ
that exhibit bond dissociation free energies (BDFEs) optimal
for PCET or HAT reactivity with coordinated N,. Because the
proton source and electron source must both be present in
solution for reactivity with P,Cr(N,),, a PCET pathway must
be operating in the initial reductive steps from N, to NHj.
Based on the known BDFEs of CoCp,H[OTf] and ColH®,
HAT is a plausible mechanism.*

To further assess one-electron radical-based reactivity for the
synthesis of NH; from N, by hydrogen atom transfer pathways,
we investigated the reaction of P,Cr(N,), with a traditional
organic HAT reagent 2,2,6,6-tetramethylpiperidin-1-ol
(TEMPOH). Related reactions of TEMPOH with M-nitride
complexes have been reported. For example, in a study from
Smith and co-workers, HAT steps were proposed in the
stoichiometric synthesis of NH; from the reaction of excess
TEMPOH with a terminal iron(IV) nitride complex.’”
Similarly, Schneider and co-workers proposed HAT in the
formation of an Ir-NH, complex from the reaction of an Ir-
nitride complex with excess TEMPOH."’ Lastly, Holland and
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co-workers formed NH; from the reaction of 2,4,6-tri-tert-
butylphenol with a N,-derived tetrairon bis(nitride) complex.*'
However, to our knowledge, NH; formation from the reaction
of TEMPOH with a terminally bound N, molecule is
unprecedented.

Treatment of P,Cr(N,), with 100 equiv of TEMPOH
affords 1.4 equiv of free NH;, which was vacuum transferred
directly out of the reaction flask (without any additives), then
quantified by '"H NMR spectroscopy upon acidification of the
NH; gas in a separate vessel (see SI for details).”” Hydrazine
was not detected as a product in this reaction, and the reaction
of P,Cr(N,), with 87 equiv of TEMPO radical produced no
NH; (SI, Figure S10). Importantly, we confirmed the ammonia
that is generated originates from the reduction of the dinitrogen
ligands, as the reaction of excess TEMPOH with P,Cr(**N,),
affords 'NH,*, as observed by '"H NMR spectroscopy (SI,
Figure S9). In addition, we have established the origin of the
hydrogen atoms in the formation of ammonia from reduction
of the terminally bound N, ligand by reacting P,Cr(*°N,), with
excess TEMPOD in protio THF. Treatment of P,Cr("N,),
with 100 equiv of TEMPOD at room temperature affords
'>ND;, which was identified as a broad singlet at 0.65 ppm by
*H NMR spectroscopy (SI, Figure S11). In an NMR tube
experiment, the reaction of P,Cr(N,), with excess TEMPOH
yields unidentified paramagnetic products by 'H NMR
spectroscopy, and no signals were observed in the *'P NMR
spectrum. The effort to identify the final Cr-containing product
of this NH; forming reaction is ongoing; these observations
suggest the P,N, ligand has remained intact and oxidation of
P,Cr(N,), has occurred (SI, Figure S7). Since TEMPO radical
was not observed as a product, it is plausible that NHj;
generation is accompanied by the concomitant formation of
Cr—O bonds,” akin to the Fe-(TEMPO) product formed in
the reactions of the Fe'V-nitride with TEMPOH by Smith and
co-workers.”

Given that excess ColH[OTf] did not react independently
with P,Cr(N,), proton transfer from the weakly acidic
TEMPOH (pK, ~ 41 in CH;CN)* is not expected to be
thermodynamically accessible (although the electron-rich
P,Cr(*>N,), has been shown to react with HOTf to form
SNH,* and “N,H/*). Furthermore, based on the redox
properties of TEMPOH (E, /, = 0.71 V in CH;CN)™* electron
transfer to P,Cr(N,), (Cr"® = —1.22 V vs Cp,Fe”* in THF; no
reduction wave was observed for P,Cr(N,), up to —2.5 V in
THF) is also an unlikely initial step. While the complete
balance of products formed in this transformation is not
defined at this time, the reaction of TEMPOH with P,Cr(N,),
to form N—H bonds of NH; shows the plausibility that
concerted hydrogen atom transfers are occurring directly with a
terminally bound N, ligand. Because we have not yet identified
the final Cr-containing product, we cannot rigorously rule out
N, reduction by heterolytic pathways. While the labeling
studies have unambiguously established '*N, and TEMPOD as
the sources of nitrogen and hydrogen atoms, respectively, in the
net hydrogen atom transfer reactions to form ammonia, this
description of the overall reaction does not require that the
reaction proceed by a single-step HAT mechanism.

B CONCLUSION

We report the first molecular chromium complexes capable of
catalytic N, reduction. These Cr complexes catalytically reduce
N, to silylamines at room temperature and pressure, with the
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macrocycle-containing complex P,Cr(N,), affording up to 34
equiv of N(SiMe;); per Cr. P,Cr(N,), is also capable of
stoichiometric reduction of nitrogen with H* and e™ or with
TEMPOH. Most Cr species screened in this study showed
some activity toward N, reduction. The low TONs observed
with almost all Cr species studied can be explained by the
inability of the Cr complexes to remain in solution when
undergoing redox chemistry necessary for catalysis, with
reactions typically resulting in Cr’ precipitating out of
solution (with observed free ligand in solution). The key
structural feature to achieving higher turnover and even
recyclability of a catalyst was a tetradentate macrocyclic ligand,
affording long lifetimes in solution.

Direct synthesis of NH," and N,H* from N, was achieved,
though catalytic N, reduction with protons and electrons was
not observed with the current scope of reagents examined in
this study. Notably, N,H* was detected in several cases,
suggesting that N,H, is a reduction intermediate and the Cr
complex proceeds through an alternating N, reduction pathway
that diverges from analogous Mo- and W-N, reduction
chemistry. P,Cr(N,), does not react directly with the acid or
the reductant used in these reactions. Rather, it is very likely
that an intermediate species is generated in situ from the CoCp,
reductant and the ColH[OTf] acid that performs HAT to
P,Cr(N,),, the details of which are currently under
investigation. We more clearly demonstrated the likelihood of
HAT using TEMPOH as a hydrogen atom source to produce
free NH; directly from N,.

In these cases, both independent electron transfer and
proton transfer are unlikely initial mechanistic pathways for N—
H bond formation due to thermodynamic or kinetic barriers,
implying HAT for the initial step. Isotopic labeling (e.g., *N,
and TEMPOD) unambiguously distinguishes the sources of N
and H for NH; formation, further corroborating this
interpretation.

Though some details of this reaction are not currently
understood, the proof of principle for a HAT mechanism for N,
reduction of NH; directly at room temperature and pressure
has been demonstrated. This work supports the notion that
HAT can have significant advantages over stepwise H'/e™
pathways, and both Cr complexes and HAT mechanisms will
play a key role in homogeneous N, reduction in the future.

B EXPERIMENTAL SECTION

All synthetic procedures were performed under an atmosphere of N,
using standard Schlenk or glovebox techniques. Reactions performed
with '*N, gas were subsequently handled in the glovebox under an
atmosphere of argon. Unless described otherwise, all reagents were
purchased from commercial sources and were used as received. Protio
solvents were dried by passage through activated alumina columns in
an Innovative Technology, Inc., PureSolv solvent purification system
and stored under N, or argon until use. Virgin glassware was used
without surface modification. Acid-washed glassware was prepared by
washing virgin glassware with 12.1 M HCI overnight at room
temperature. Silylated glassware was prepared by washing virgin
glassware with concentrated HCI overnight at room temperature and
then silylating following the literature procedure using Me,SiHCL*® All
glassware was heated to 160 °C overnight before use.

All 'H, BC, N, and *'P NMR spectra were collected in thin-walled
NMR tubes on a Varian Inova or NMR S 500 MHz spectrometer at 25
°C unless otherwise indicated. ’H NMR spectra were recorded on a
Varian NMR S 300 MHz spectrometer at 25 °C in non-deuterated
THF. 'H and *C NMR chemical shifts are referenced to residual
protio solvent resonances in the deuterated solvent. *'P NMR
chemical shifts are proton decoupled unless otherwise noted and
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referenced to 85% H;PO, (6 = 0) as an external reference. "N NMR
chemical shifts are referenced to CH;*NO, (§ = 0) as an external
reference.

Infrared spectra were recorded on a Thermo Scientific Nicolet iS10
FT-IR spectrometer as a KBr pellet under a purge stream of nitrogen
gas. In situ IR experiments were performed in a nitrogen-filled
glovebox and recorded on a Mettler-Toledo ReactIR 15 spectrometer
equipped with a liquid-nitrogen-cooled MCT detector, connected to a
1.5 m AgX Fiber DS series (9.5 mm X 203 mm) probe with a silicon
sensor. °N, (98%) gas and THF-dg were purchased from Cambridge
Isotope Labs. THE- dg was dried over NaK and vacuum transferred
before use. Magnesium powder was purchased from Rieke Metals LLC
and used as received. All chromium reagents were purchased and used
as received. A procedure for the synthesis of P,Cr(N,), is described in
the SI. Chromium complexes examined for silylation catalysis were
prepared from literature procedures as described in the SI. TEMPOH,
purchased from Cambridge Chemicals, was dissolved in pentane,
filtered, and vacuum-dried to ensure complete removal of water.
TEMPOD was synthesized using a modified preparation for
TEMPOH, with acetone-ds and D,0O replacing the non-deutero
reagents.47

Me;SiCl was purified by refluxing overnight over CaH, under N,,
followed by an air-free fractional distillation yielding >99.9% pure
Me,SiCl by '"H NMR. Sodium sand was prepared by taking sodium
metal (20 g) in dodecane (250 mL) and refluxing with vigorous
stirring under N,. (Caution! Use a heating mantle and grease all joints
thoroughly.) Once the sodium liquid dispersion formed a fine
particulate, the stirring was halted, and the vessel was slowly cooled
back to room temperature, yielding a fine sodium sand. The solid was
collected by filtration on a frit in a glovebox, washed with THF
followed by pentane, and dried under reduced pressure, yielding
ultrafine sodium sand. P™,N®", was prepared according to the
literature preparation of P™,N™", with the modification that BaNH,
was used instead of ‘BuNH,. Note that very slow addition of BnNH, is
recommended because the reaction is exothermic.**

Procedure for Cr-Catalyzed Reduction of N, to N(SiMej);. A
solution of Me;SiCl and reductant was stirred for S min in THF. To
this mixture was added the chromium complex as a THF solution. The
mixture was stirred for 8—72 h. The reaction mixture was then filtered
thorough Celite and rinsed thoroughly with additional THF. The
filtrate was acidified with 1000 equiv of HCI in Et,0 (1 M, 1.5 mL),
and the solvent was evaporated, giving a solid. To the residue was
added 0.500 mL of a stock solution of 8.5 mM 1,3,5-
trimethoxybenzene (TMB) in DMSO-d,. The resulting solution was
analyzed by 'H NMR spectroscopy with the relaxation delay set to 10
s based on the longest T relaxation measurement of 1.4 s for the TMB
aromatic proton. 'H NMR spectroscopy showed the diagnostic NH,"
peak at 7.29 ppm (1:1:1 triplet, ] = 50.9 Hz), quantified versus TMB.

Procedure for Reduction of N, to NH," with P,Cr(N,), Using
Protons and Electrons. First, 40 equiv of solid acid was added to 30
equiv of solid reductant in a specialized vacuum transfer Schlenk flask
(SI, Figure S1). To this mixture was added solvent followed by
P,Cr(N,), (10 uL from a 10 mM stock solution, 0.1 ymol delivery) in
either THF or toluene. The vessel was quickly sealed under 1 atm of
N, and stirred overnight at 23 °C. Following the protocol described
Ashley and co-workers,* the mixture was quenched with HCI etherate
(500 equiv), and volatiles were removed under reduced pressure.
While frozen at —196 °C, 40 wt%/wt KOH,q) was added to the solids.
In the collection bulb attached to the reaction bulb, HCI etherate was
frozen as well. The apparatus was evacuated under a high vacuum and
sealed. The reaction bulb was warmed to room temperature for the
vacuum transfer of NH; gas to the frozen acidified bulb. Upon
warming, the acidified bulb was thoroughly mixed, the solvent was
removed under reduced pressure, and '"H NMR spectroscopic analysis
as described above was used to quantify NH,CI. The reaction bulb was
re-acidified with concentrated HCl,,) and tested for hydrazinium
using the procedure described by Ashley and co-workers®® and the p-
dimethylaminobenzaldehyde test.*°

Procedure for Reduction of N, to NH,* with P,Cr(N,), Using
TEMPOH. First, 100 equiv of solid TEMPOH was added into a
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specialized vacuum transfer Schlenk flask (SI, Figure S1). To this
mixture was added THF followed by P,Cr(N,), in THF (see above).
The vessel was quickly sealed under 1 atm of N, and stirred overnight
at 23 °C. In a collection bulb attached to the reaction bulb, HCI
etherate was frozen. The reaction bulb was also frozen. The apparatus
was evacuated under a high vacuum and sealed. The reaction bulb was
warmed to room temperature for the volatiles to vacuum transfer to
the frozen acidified bulb. Upon warming, the acidified bulb was
thoroughly mixed, solvent was removed under reduced pressure, and
"H NMR spectral analysis as above was used to quantify NH,CI. The
reaction bulb was acidified with concentrated HCl(,q) and tested for
hydrazinium using the procedure described by Ashley and co-
workers™ and the p-dimethylaminobenzaldehyde test.*

Procedure for the Reduction of N, to ND; Using TEMPOD.
First, 100 equiv of solid TEMPOD was added to a J. Young NMR
tube. A solution of P,Cr(N,), in protio THF was then added, and the
tube was quickly sealed and thoroughly mixed. The resulting orange-
brown solution was analyzed by ?H NMR spectroscopy. A diagnostic
broad singlet resonance at 0.65 ppm was identified as the free ND,
product.
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