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Abstract:
Dinitrogen is a challenging molecule to activate and reduce to useful products such as ammonia. The

range of d-block metal complexes that can catalyze dinitrogen reduction to ammonia or tris(silyllamines
under ambient conditions has increased in recent years, and now includes more electropositive metal
complexes, rather than the traditional electron-rich middle and late d-block cations used by nature and
industry. Conventional f-block metal complexes do not have filled d-orbitals that would enable binding
of N,. Here, arene-bridged tetraphenolates are used to form metallacyclic structures by coordination to
lanthanide or group 4 cations that can bind dinitrogen in the cavity and catalyze its conversion to
bis(silyl)amines in ambient conditions. The unusual double-substitution product is attributed to the
steric control afforded by the metalacycle’s pocket. This is the first time that lanthanide complexes (and
zirconium) have been shown to catalyze nitrogen reduction, and the reactivity of the most active,
samarium, is attributed to the strong, yet accessible, reducing capacity of its divalent oxidation state,
and the ability of the structure to retain group 1 metal cations in the catalyst coordination sphere. The
group 4 complexes featuring small cavities are most selective for the formation of bis(silyl)Jamine, while
the lanthanide complexes, with larger cavities, are also able to make the traditional tris(silyl)Jamine
product from Ny. A series of experimental, analytical, spectroscopic, and computational studies provide
insight into the mechanism of the reductive functionalization. These results offer new catalytic
applications for plentiful titanium and the more earth-abundant members of the lanthanide series that
are also less toxic than many base metals used in catalysis, such as iron.
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Introduction

One of the most interesting challenges in bond activation chemistry is dinitrogen (N2). The strong N=N
bond (BDFE = 945 kJ mol?) and large HOMO-LUMO gap (10.82 eV) result in a high activation energy
barrier and significant energy input requirement for the nitrogen reduction reaction, N2RR.! Taking
inspiration from nature, electron-rich, mid- d-block complexes?7 have been widely studied for the reductive
functionalization of N2to ammonia or the protected equivalent tris(trimethylsilylyJamine N(SiMez)s, Scheme
1la. The number of complexes showing turnover has recently started to increase rapidly. For example, one
of the most successful studies to date has focused on developing a family of Mo-based PXP (X = C, N, P)
pincer complexes that convert N2 to NHs. Through extensive catalyst optimization involving tuning of both
the ligand and the reaction conditions, yields have improved with each generation from 12 equiv. ammonia
per Mo atom, to thousands, although the most effective catalysis is stoichiometric in Sm' reductant.8-14

N2RR catalysts with Lewis acidic early d-block metals are significantly rarer. A small number of titanium
complexes have been reported to affect catalytic reductive functionalization of dinitrogen.?® In the 1990’s
Mori and coworkers reported that the reaction of Ti(O'Pr)4 with lithium, 45 equiv. MesSiCl, and dinitrogen (1
atm) gave a mixture assumed to contain [CITi=NSiMes], [Cl2Ti-N(SiMes)2], and N(SiMes)s which could
subsequently be converted into benzamide by treatment with HCL! The other previously reported
homogeneous titanium N2RR catalysts, both supported by the chelating, more electron-donating tren ligand,
showed catalytic N2RR forming up to 9 equiv. of NHz or 16.5 equiv. of N(SiMez3)s per Ti.16-18

N2RR catalysts remain limited to d-block metals with the sole exception of our f-block metallacyclic
uranium catalyst UzL2,»° where L = the O-donor tetraphenolate [{2-(OCsH2-2-'Bu,4-Me)2CH}-1,3-CsHa])?°,
which was able to catalyze the conversion of ambient N2 to secondary silylamines in the presence of
reductant, weak acid, and MesSiCl electrophile, generating 6.4 equivalents of amine per complex, Scheme
1b. Calculations, and the characterization of an intermediate containing the [N2H2]? fragment suggested
the reactive ligand C—H in L helps to deliver a proton to the activated N2 ligand® Prior to this, we had shown
dinitrogen reduction by U"' centers with monodentate aryloxide or siloxide ligands, but reactions to target
the further N2 reduction needed for N-element bond formation resulted in O-ligand scrambling.2%.22

The UzL2 system was also the first time that a secondary amine had been formed by catalytic N2RR
using any catalyst.’® Our discovery of catalytic N2RR by the uranium complex was unexpected since the
valence electrons that electron rich d-block cations use to stabilize N2 adducts, via back-bonding from metal
to the unoccupied nitrogen Tr-orbitals, are not readily accessible to f-block metal cations, whose valence f-
orbitals are contracted. The first evidence for N2 binding in f-block chemistry came from the Sm'"
organometallic complex Cp*2Sm, which exists in a dynamic equilibrium with the formally Sm"' dinitrogen
adduct {Cp*2Sm}2(u-N2) (Cp* = n-CsMes) in toluene solution under an N2 atmosphere, demonstrating a
minimally reduced N2 group.?® More recently, combining simple Ln" complexes with K or KCs under a
dinitrogen atmosphere forms complexes containing the N2 dianion in the form {XzLn(sol)n}2(u-N2) (Ln = Sc,
Y, La— Nd, Gd — Tm, Lu; X = bulky monodentate anionic O, N, or C-donor ligand, M = K, n = 0-2) and in
some cases, triply reduced N2 complexes [K(sol')][{XzLn(sol)n}2(u-N2)] (Ln =Y, Er, and La, Gd — Er, Lu; sol
= monodentate— or crown—ether, or cryptand).24-31 This new family of complexes upturned ninety years of
accepted wisdom by proving that rare earths can bind and reduce dinitrogen, helping the scientific
community think differently about d— and f-orbital participation in bonding.323% Indeed, some of the
complexes display remarkable magnetic properties as a result of their unusual electronic structures.3*
However, the only rare earth complexes that have shown N-element bond formation to date are the
methylation of the N2 trianion in [{X2Sc}2(u-N2)]- which forms a (N2Me2)?- unit;3> and protonation of the side-
on, reduced Nz- yttrium analogue with [HNEts][BPhs] which forms a crystallographically characterized
bridging (N2H2)? unit.36

We considered the most important feature of our N2RR catalysis to be the formation of secondary amine
HN(SiMes).. Here we show that earth-abundant 4f and group 4 metal congeners of the UzL2 system can
form metallacyclic catalysts for the conversion of N2 to bis(silyl)Jamines at ambient conditions. The f-block
complexes can also catalyze the transformation of N2 to tris(silyl)Jamines highlighting the increased flexibility
of f-block coordination complexes compared to the d-block.%”
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Scheme 1 The N2RR catalysts 1Ln and 1Ti/Zr. (a) Generic catalyzed reaction for the conversion of N2 to
tris(silyl)amine. (b) Previous work on the tetravalent actinide complexes as catalysts for N2RR and (c) this
work on lanthanide and Group 4 complexes that catalyze the ambient conversion of N2 to secondary amines.

Ln=Sm,n=3;Ce, n=4; M =Ti, Zr; XS. = excess.
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Results

The colorless bis-Ln"" metalacycle [KzLn2(L)2(THF)n] 1Ln (Ln = Ce, n=4, Sm, n=3), and MV metalacycle
[M2(L)2] 1M, M = Ti yellow, Zr colorless), are made from protonolysis reactions between the metal precursor
and the tetraphenol HsL in THF or arene solvent. The molecules, Scheme 1c, have been fully characterized,
including by single crystal X-ray diffraction, see Figure S70—S76 and Figure 1. Complex 1Ti is air stable.

Figure 1 Structure of the N2RR catalysts 1Sm and 1Ti. (a) 1Sm.THF. (b) 1Ti. Hydrogen atoms, lattice
solvent and the [K(THF)e] counter-cation for 1Sm are omitted for clarity. The inter—lanthanide/group 4 metal
cation distances are Sm1-Sm2 = 9.3830(7) A, Ce1-Ce2 = 9.3706(5) A, Ti1-Ti2 = 7.8902(4) A and Zr1-Zr2
=7.8241(7) A (see SI).

The shape and potential for reactivity within the metalacycle pocket is of greatest interest. The solid-state
structure of 1Sm shows two octahedral Sm centers that form a rectangular cavity by coordinating two
anionic aryloxide donors of each tetraanionic L, Figure 1a. In contrast, 1Ti shows two tetrahedral Ti centers
(Figure 1b).

The Sm-Sm distance in 1Sm is 9.3830(7) A, significantly longer than the U-U distances in 1U
(6.5732(5) A) and the hydrazido adduct [K4U2(u-n2n2-N2H2)(L™)2] (4.6422(7) A) which contains the four-
electron reduced N2H:z anion.1® However it is close to the U-U distance in 1U-THF, 9.3069(7) A,%° since the
two additional THF ligands on each metal displace the weak U-C close contacts formed with the meta-
arene in 1U. The Ti-Ti distance in 1Ti is 7.8902(4) A and the Zr—Zr distance in 1Zr is 7.8240(9) A (Figure
S76).

In1Ln and 1M (Ln = Ce, Sm; M =Ti, Zr) all four benzylic H point into the metallacyclic cavity whereas
in 1U and 1U-THF only two (one on each L) point inwards; the benzylic CH (C7 and C30) are further from
the center of the cavity in 1Sm than in 1U by an average of 1.31 A. The distance between the closest
benzylic C(H) and the midpoint between the two Sm in 1Sm or two Ti in 1Ti, is 3.72 A in 1Sm, 3.70 A in
1Ti. In the solid-state there is one potassium counter-cation located in the 1Ln cavity, with bonds to two
phenolate O atoms and an n! interaction with the central carbon in the bridging arene of each L; the arenes
are co-planar but offset. The other K* counter-cation is external and solvated by six THF molecules. The
structure of the cerium congener 1Ce is very similar (see Figure S73) except for slightly longer Ce—O bonds
(ionic radii: Ce(lll) = 1.191 A, Sm(Ill) = 1.131 A).

Cyclic voltammetry data for THF solutions of 1Sm, 1Ti, and 1Zr with NBusPFs supporting electrolyte
are shown in Figures S1-S3. The cyclic voltammogram of 1Ti contains two reversible reductions at Ei2 =
-1.91 Vand-2.11 V vs. Fc/Fc* assigned as metal-based events.3 No reduction events for 1Sm or 1Zr were
measurable within the electrochemical solvent window, i.e. as far as -3.2 V vs Fc and the calculated Ce""
reduction potential is —3.5 V vs Fc.3940
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Catalytic N2RR

The metalacyclic complexes 1Ln and 1M are catalysts for the conversion of N2z to bis(silyl)amine
HN(SiMe3)z2; the general reaction involves stirring a THF solution of the catalyst with an excess of potassium
metal to provide electrons, excess chlorotrimethylsilane MesSiCl (electrophile), and excess weak acid
[HNEts][BPh4], under an ambient N2 atmosphere, Scheme 1Scheme 2a. Reactions of 1Ln and 1M were
also carried out in the absence of acid to target catalytic N2RR to the conventional tris(silyl)amine, Scheme
2b. A range of control reactions, and reactions under different conditions and with alternative reagents and
isotopomers are also described in the SI.

1Ln or 1M
xs. reductant Red
(a) xs. CISiMegs,
N, xs. [HNEt;]BPh,
THF, rtp

HN(SIMe3)2

1Ln
xs. reductant Red
(b)  xs. CISiMes,

THF, rtp
Scheme 2 N2RR catalyzed by the lanthanide and group 4 complexes 1Ln and 1M (Ln = Ce, Sm; M =
Ti, Zr). (a) ambient temperature and pressure formation of HN(SiMe3s)2 from N2 catalyzed by the lanthanide
metallacycles 1Ln or 1M, using a group 1 metal reductant Red, trimethylchlorosilane and a weak acid; (b)
the conventional product N(SiMes)s can be made by 1Ln if acid is omitted. rtp = room temperature and
pressure; Xs. = excess.

> N(SIM63)3

The most informative reactions are outlined in Table 1. Nitrogen reduction products are identified and
guantified by 2°Si NMR spectroscopy and gas chromatography (GC) (Figures S33-S43, Figures S7-S9)
and yields are reported as an average of three runs. Brief comments are included in the final column.

Table 1 Catalytic conversion of N2 to silylamines by metalacycles 1Ln and 1M under ambient conditions.

pre- reductant Red CISiMe; [HNEt3][BPhy] HN(SiMe3), . .
entry catalyst (300 equiv.)? equiv. equiv.? equiv.° N(SiMes); equiv. comment
1Ce is stoichiometric with K as
1 1Ce K 225 131 1.84 0.26 reductant
2 1Sm K 225 131 3.71+0.44 0 K gives best conversion for 1Sm
3 1Ce Rb 300 0 0 2.80+0.62 Rb gives best conversion for 1Ce
1Sm/K is a better catalytic pair than
4 1Sm Rb 300 0 0 3.29+045 1Sm/Rb
always under 75 % (stoichiometric)
5 1Ce K 300 0 0 121 yield of tris(silyl)amine
6 1Sm K 300 0 0 5.44 £ 0.50 1Ln can make bis- or tris(silyl)amine
205 K gives best selectivity (85 % for
7 1Ti K 131 29.7+0.71 5.35+0.57 bis(silyl)amine)
8 1Ti K 300 0 0 1.44 1M are inactive for tris(silyl)amine
9 1zr K 225 131 5.46 £ 0.58 2.74+£0.84 1Zr is a poorer catalyst than 1Ti
10 ATi K 225 (4x) 131 (4x) 75.9 8.16 recycling 1Ti gives so far 84.1 equiv.

Footnotes: (a) Red = reductant; (b) catalysis results with other weak acids are in the Sl; (c) yields quoted for all these complexes are
per molecule rather than per Ln/M; average of 3 or more runs; (d) catalyst longevity test, with more reagent added to recycled, post-

run catalyst and product yield reported for the four collected runs.

Under an atmosphere of N2 at room temperature complex 1Sm catalytically converts dinitrogen to the
bis(silyl)Jamine HN(SiMes)2, forming 3.71 + 0.44 equiv. of amine per 1Sm on average, and 6.37 equiv. of
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amine on one occasion, Table 1, entry 2. This is the second instance of catalytic N2 reduction providing a
selective route to secondary amine product formation, following from our identification of the UL catalyst.'®
Under the same conditions, 1Ce produces silylamines in close to stoichiometric quantities, Table 1, entry
1, affording an average total of 2.1 equivalents of bis(silyl)amine and tris(silyllamine by-product (see below)
per molecule of 1Ce, but both 1Ln are catalytically active when Rb is used as the reducing metal, Table 1,
entries 3 and 4.

In the absence of weak acid, 1Sm is an even better catalyst for the conversion of Nz to tris(silyl)amine,
making on average 5.44 + 0.50 equivalents per 1Sm, but yields for 1Ce are substoichiometric, Table 1,
entries 5 and 6, unless Rb is used as the reductant partner, Table 1, entry 3, yielding 2.80 + 0.62 equiv.
tris(silyl)amine. For 1Sm, K is the most effective group 1 metal reductant (Red) (Table 1 and Table S1,
entries 1-18).

Compound 1Ti gives the highest turnovers for N2RR in these or other Ti systems; up to 31.4 equivalents
HN(SiMes)2 are formed, and 37.6 equiv. silylamines in total, Table 1, entry 7 and Table S2, entry 2. The
two reported homogeneous titanium N2RR catalysts gave up to 9 equiv. of NH3z or 16.5 equiv. of N(SiMe3)3
per Ti.1618 The Zr metallacycle 1Zr is the first Zr-based N2RR catalyst, but is poorer and less selective than
1Ti, forming HN(SiMez)2 (5.46 £ 0.58 equiv.) and N(SiMes)s (2.74 + 0.84 equiv), Table 1, entry 9.
Interestingly, 1M is inactive as a catalyst for the formation of N(SiMe3)z, with substoichiometric conversions
of Nz for either Ti or Zr congener, Table 1, entry 8 and Table S2, entry 20. We suggest this is due to
insufficient space in the metallacycle for product turnover. As for 1Sm, 1Ti, and 1Zr, K is also the most
effective group 1 metal reductant (Table S2, entries 1-24). In all cases studied, sodium as Red gives little
or no turnover for N2RR. Replacement of the reductant K with Na for 1 result in sub-stoichiometric yields of
the silylamines (e.g. 0.42 equiv. HN(SiMes)2; 0.43 equiv. N(SiMes)s for 1Sm). In these reactions, significant
amounts of hydrogen gas are observed, arising from the acid and reductant reacting in the absence of the
catalyst. The replacement of [HNEts]* salts with other weak acids including [HPCys][Cl] and phenol are also
described in the Sl (Figure S28, Table S2, entries 6, 8-10).

Catalyst longevity for 1Ti was tested by adding further reagent to the post-run catalyst, which yields a
combined 84.1 equiv. of amine for the four collected runs, Table 1, entry 10. The Sl contains the individual
run data.

In the catalytic reactions to form HN(SiMes)2, N(SiMes)sz is a by-product from a secondary reaction
between the newly formed HN(SiMes). with K metal to form KN(SiMes)z, which reacts with CISiMes. To
demonstrate this, aliquots of an N2RR catalysis using 1Ti were removed during the reaction and analyzed
by GC. The formation of HN(SiMezs)z increases over the first 9 hours (Figure S10) then plateaus and starts
to decrease as the N(SiMes)s by-product starts to form (Figure S12). We repeated the kinetic study using
the standard conditions, except replacing [HNEts][BPh4] with [DNEts][BPh4], and observed a qualitative
decrease in the overall rate of formation of H/DN(SiMes)2, which suggests that N-H bond
formation/cleavage is involved in the rate-determining step (Figure S11).
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Studies of potential intermediates arising from Nz reduction and reductive dehydrometallation

In the Uz(L)2 N2RR system we characterized an intermediate containing the reduced and doubly protonated
dinitrogen and demonstrated that the NH in HN(SiMes)2 derives from the benzylic CH group within the
metallacycle. We targeted a reduced N2—containing complex from the reactions between 1Sm or 1Ti and
excess potassium under N2, Scheme 2.

N2
1M x$. K AMIN, 4+ KpIM+ KM+ Kg-1M
THF, rtp . : : .
major | minor minor majorl
I
dehydrometallated
| by-products |
("°N-)2m
(thf),K-
Ke-1M=  'Bu
o)
/ 3
K, (thf) W

M

Scheme 2. Reduction of 1Ln or 1M (M = Sm, Ti) under dinitrogen in the absence of electrophile and acid
to make reduced, N2-containing and dehydrometallated mixtures denoted 2Sm or 2Ti, and a line drawing
of Ke-1Sm. The solid-state structures of Ke-1Sm, Ks-1Zr, and the three K,-1Ti are shown in the SI.

In each case we isolate a dark red powder that contains a mixture of complexes, denoted 2Sm and 2Ti
respectively, containing reduced N2z, and M-Crenzyiic bonds arising from the deprotonation of one or more
ligand benzylic CH groups, i.e. dehydrometallated congeners of 1M. We were unable to isolate pure
compounds from the mixture 2Sm due to similar solubilities and extreme air-sensitivity, but have used
isotopomer substitutions and spectroscopies to confirm that around half of the material in each case is a
reduced dinitrogen adduct. The mixtures are active pre-catalysts for the N2RR reactions and give similar
product yields (Table S2, entries 25-28), although they are not on-cycle according to the calculations
described below.

The dehydrometalation of the benzylic C—Hs in the ligand competes with the N2 binding and reduction,
releasing Hz. Analysis (electron-spray ionization mass spectrometry (ESI-MS) and NMR spectroscopies) of
the reduced mixtures 2Sm and 2Ti after quenching with the weak acid [DNEts][BPh4] confirms the overall
level of dehydrometalation to be around one quarter of the ligand benzylic CH groups in each case (Figures
S4-S5, S25-S26, S30-S32). Complete deprotonation of the benzylic carbons forms [Ks(THF)aM!">(L2)2]
(Ke-1M) as red-orange Kg-1Sm or olive green Kg-1Ti, which we can make independently, and have
structurally characterized for both M = Sm (as the THP solvate [Ks(THP)sM"2(L%)2]) and Ti, see SI. L% is
the hexaanionic ligand [{2-(OCsH2-2-'Bu-4-Me)2C}-1,3-CsHa4]). The stoichiometric reduction of 1Ti with 2
equiv. of reductant generates yellow [K2(THF)4Ti"2L2] (K2-1Ti), while dark brown [Ka(THF)4TiV2(L?)2] Ka-
1Ti can be made from careful reoxidation of Kg-1Ti, see Sl. Similarly, the solid-state structure of
[Ka(THF)aZr'V2(L%)2] K4-1Zr has also been determined.

The respective M-M distances in 1M vs. Ke-1M are 9.3830(7) vs. 6.8395(7) A for Sm and 7.8902(4) vs.
6.9919(12) A for Ti. We expect these metalations that reduce the cavity size disfavor N2 binding since the
M-Chrenzyiic bonds reduce the void volume. In support, only the complexes without Ti-Chenzyt bonds (1Ti and
K»-1Ti) are capable of binding Nz upon further reduction, see Scheme S1. All three isolated K,-1Ti
metallated complexes were also independently confirmed as precatalysts.
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Raman spectra of 2Sm contain an absorption at 1337 cm* which is shifted to a lower energy (1306 cm)
for 15N-2Sm, consistent with a doubly reduced N2 with double bond character (Figures S54-S56). Raman
spectroscopy of 2Ti shows the presence of an NN single bond. The absorption at v(**N2) = 796 cm in the
Raman spectrum of the mixture reduced under 15Nz, °N-2Ti shows a bathochromic shift compared to 2Ti
(v(**N2) = 846 cm™), (Figures S58—-S60). The shift is larger than predicted by the reduced mass calculation
for the two N isotopes, which would be consistent with the involvement of the adjacent heavy atoms in this
stretching mode. No N-H bonds were identified in 2Sm or 2Ti by FTIR spectroscopy. Addition of weak acid
to either ®N-2Sm or >N-2Ti also generates a doublet in the *H NMR spectrum at 7.35 ppm ({Jnu = 71.3
Hz) indicative of >"NH4ClI, confirming that the amine N is derived from N2 (Figure S24 and Figure S29).

v(15N)
5.36 MHz @ 1241 mT

0 3 6 9 12 15
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10
B
st v, (*N) .
< 6 Y A ~0.2 MHz
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Figure 2 Q-band frequency domain 3-pulse ESEEM spectra (A) of 1Ti-N2 (black trace) and 1Ti-**N. (red
trace) revealing a difference peak at 5.36 MHz, exactly at the Larmor frequency for 15N at Q-band (1241
mT). Q-band HYSCORE spectrum (B) of 1Ti-1*N2 revealing the magnitude of the hyperfine coupling
interaction of 15N and Ti" to be ~0.2 MHz. T =20 K, 1/2 =12 ns, 1 = 300 ns.
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For 2Ti, we were able to remove the other paramagnetic Ti complexes, K»-1Ti and Ke-1Ti, by fractional
crystallization as they are particularly crystalline. We then used pulsed EPR spectroscopy to probe the N2
binding in the remainder of 2Ti, denoted 1Ti-N, and its isotopomer 1Ti-'*N,. Q-band electron spin echo
modulation (ESEEM) spectra are shown in Figure 2. Very interestingly, while the majority of the modulation
patterns in the 3-pulse ESEEM spectra arise from coupling to 3°K, comparison between the frequency
domain spectra of 1Ti-N, and 1Ti-'*N, shows a sharp difference peak at 5.36 MHz, exactly at the Larmor
frequency of 15N at Q-band (1241 mT). The coupling to 3N is corroborated by the two-dimensional
hyperfine-sublevel correlation spectroscopy (HYSCORE), which clearly reveals a **N coupling peak, with a
very small hyperfine interaction of ~ 0.2 MHz, which likely arises from pure through-space electron nuclear
dipole interactions; the magnitude of which implies very little, if any, orbital overlap between Ti"" and °N.
Assuming a small T of 0.1-0.2 MHz corresponds to Ti-N distance of 3-4 A, which suggests that there are
no direct covalent Ti-N bonds in 1Ti-N2.4 Given the Ti"'-Ti'! distance of 6.36 A calculated from the spectra
(see Sl section 11) and estimated N-N bond length of 1.2-1.4 A, the Ti-N distance suggested by EPR for
1Ti-N; is estimated as ~3.3 A. Together, these data are consistent with a reduced N2 unit positioned in the
center of the ligand cavity oriented in a side-on fashion relative to the two Ti centers.

EPR spectra of frozen 2-Me-THF solutions of a number of independently synthesized samples of 2Sm
at 15 K show only a resonance assigned to an organic radical impurity and g = 2.005 without any
discernable hyperfine features, Figure S66.

Discussion
Selectivity for secondary amine

This is the second instance of catalytic N2 reduction providing a selective route to secondary amine
product formation, following from our identification of the selective, but radioactive UzL> catalyst. To the
best of our knowledge, all other systems reported to date make tri-substituted amines in the presence of
ClISiMes, except for Hidai's Mo(N2)2(PMezPh)s complex, which catalytically converts N2 into 8.1 equiv. of N-
products with a HN(SiMe3s)2:N(SiMes)s ratio of 13:83.42 The protons were suggested to derive from trace
water. Sita devised a stoichiometric route to HN(SiMes)2 by functionalizing a terminal Mo imido with
sequential additions of acid and electrophile and reductant, as part of a synthetic cycle.*3

The 1Ln precatalysts that can switch between making bis- and tris(silyllamine have larger cavities and
less rigid metal coordination geometries than 1Ti/Zr, which cannot. While the 1Sm and 1Ti cavities are
similarly narrow, it is reasonable to assume the six-coordinate, THF-coordinated Sm center has a greater
degree of coordinative and structural flexibility than the tetrahedral Ti center. Further, the M-Cpenzyic bonds
in the dehydrometalated complexes make the cavity smaller and presumably more rigid, and the titanium
adducts of L? are not active for N2RR without the acid.

Identity of the Ln or group 4 metal, and cooperativity with the group 1 metal reductant

The Ln""and MV metallacycles 1 all feature the stable metal oxidation state and strong Ln/M—O bonding
that characterized the robust An'Y N2RR catalysts. And as for the An" catalysts, there is no evidence of N2
binding until Red is added. The long Ln/M distances in the cavity further support the importance of
incorporating Red cations in the intermediates. In agreement, when we removed K cations from the
coordination sphere of Uz(L)2, no catalysis was observed.l® Mazzanti and Kawaguchi have noted the
importance of group 1 counter-cation choice on stabilizing reduced N2 complexes,***while Holland has
used different group 1 reductants, retained as counter-cations to control the number of iron complexes that
can bind to and reduce N2.#6

The better performances of the group 4 complexes than 1Ln are probably due to kinetic factors. 1Ti is
air-stable, solid 1Zr degrades slowly in air, and 1Ln decomposes immediately upon exposure to air, and
the reduced 2Ln are exceptionally air-sensitive, making them more susceptible to side-reactions that
terminate catalysis. However, the pairs can be compared: 1Sm is a better catalyst than 1Ce, and 1Ti is
better than 1Zr; both 1Sm and 1Ti should be readily reduced by any Red in THF, suggesting these two
metallacycles are better at providing an effective pathway for electrons to be delivered to the bound N2
during the catalysis.*” One reason for the greater reactivity of 1Sm to make the tris(silyl)lamine over the
bis(silyl)amine is that the precatalyst shows some background reaction with the weak acid in the system.
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The reaction of 1Sm with [HNEts][BPh4] (8 equiv.) in THF shows the release of some HsL after one hour
(Figure S48). Meanwhile, the group 4 complexes do not release Hasl, even after prolonged reaction times,
which may be one reason why the bis(silyl)amine yields are higher than the 1Ln pair.

Finally, the identity of the group 1 reductant Red is more important than the reduction potential. If the
first reduction potential of the Lewis acidic metal Ln""" or MV in the metalacycle is less negative than the
M9 potential of Red then catalytic N2 reduction is better. The M% potential for Na is -2.56 V and for K and
Rb is -2.88 V vs Fc%* in MeCN.#8 We note that the reductive binding of N2 at a Ln center with combinations
of K metal and LnXs used by Evans et al work best for Ln" that are relatively difficult to reduce, i.e. have
reduction potentials that are close to that of the K*©redox couple. Although Group 4 metallocene complexes
can bind and functionalize N2,%°-%! catalytic functionalization was not reported, perhaps because the
cyclopentadienyl ligands do not support a sufficiently reducing metal center.52 It is not clear why K is a
better Red partner for 1Sm but Rb is a better partner for 1Ce, but could be due to a better size matching of
the s-block cations that are stabilizing the reduced intermediates in the metallacyclic cavity. The inability of
the smaller, harder sodium to function as an effective Red supports this.

Proposed mechanism
DFT calculations were undertaken to identify reaction intermediates for the catalytic cycle mediated by 1Ti
and the structures of catalytic intermediates are shown in Scheme 3.

+ SiMe;*
-K*
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o
Briost nn 1265 A T
+xs K° v SiMer
I
+ xs CISiMe; kD

+ xs [HNEt;][BPh,]
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Ti
I\S
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D Ti** N-N1.438A Ti%* cTi“* N-N1.297 A Ti%*

Scheme 3 Structures of catalytic intermediates in the 1Ti cycle, determined by DFT calculations. Si’ = SiMes.

We begin with 1Ti, modelled as a neutral singlet with two Ti(IV) centers. Calculation gives Ti—Ti = 7.813
A and average Ti-O = 1.808 A, which compare well with the experimental values of 7.890 A and 1.812 A
respectively. From 1Ti we move to K»-1Ti, here modelled as a monoanionic triplet with only the internal K
cation present, and the external countercation excluded from the calculation. The structural agreement with
experiment is once again very good: calculated Ti-Ti = 7.728 A, Ti-K = 3.864 A and average Ti-O = 1.913
A, vs 7.676 A, 3.838 A and 1.914 A from XRD. The Mulliken spin density is 1.029 on each Ti(lll) center. At
this stage we introduce an additional K, and an N2 molecule. The latter was initially placed in a variety of
starting orientations, midway between the two Ti centers and with overall C; symmetry. Subsequent
geometry optimizations of systems with different spin multiplicities yielded little evidence of N2 reduction,
with N—N distances close to that in free dinitrogen. Harmonic vibrational frequency analysis indicated that
one of the converged geometries — a quintet in which the N2 unit is oriented approximately along the Ti—Ti
vector — is a transition state, with an imaginary mode of 69.2i cm* corresponding to translation of the N2
unit between the Ti centers. Removal of symmetry constraints, displacement along the imaginary mode,
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and re-optimization of the geometry yielded a structure that is 67.3 kJ/mol more stable than the transition
state, in which the N2 unit bonds to only one of the Ti centers and the N-N distance lengthens to 1.172 A.

Subsequent re-optimisation of this system in different spin states established that the most stable
structure is a triplet, 46.5 kd/mol more stable than the quintet, and with a very similar geometry (N-N =
1.174 A, Ti-N = 1.901 A), intermediate A in Scheme 3. The spin density data suggest the N2-bound Ti is
Ti(IV), with minimal spin density on the Nz unit. The other Ti center has spin density = 1.929. We were
surprised to find that one Ti center plays the dominant role because almost all electropositive metal
complexes containing reductively functionalized N2 reported to date contain the reduced N2 anion bound to
two metals, and all these are symmetrical.2! However, we note that only 1Ti and the two tren-supported
complexes cited above!®'” have shown N2RR catalysis. Moreover, the distal mechanism, which invokes
end-on binding, is more common for those whose mechanism has been studied so far, and end-on bound
N2 is more reactive towards further functionalization than side-on N2 in reported d-block chemistry.53 Note
also that, while the computed mechanism for N2 reduction by our uranium-based catalyst!® featured side-
onbound N2 coordinated by both metals, the U-U distance in the precatalyst 1U is ca. 1.3 A shorter than
the Ti-Ti distance in 1Ti (which features significantly smaller metal ions). All reported Sm-N2 complexes to
date contain side-on bound N2, yet a molecule of N2 placed centrally in an end-on geometry in the cavity of
the Sm'' starting material 1Sm would have a Sm-N distance of 4.13 A, too long for any significant orbital
overlap. There is apparently minimal energy difference between the side-on and end-on bound (N2)%
adducts in the series {XzLn(sol)n}2(h-N2)?4-32 complexes described above, although these are isolated for
Ln"" that are hard to reduce, such as cerium. These data agree with the importance of the heterobimetallic
combination of group 1 and Ln cations for the reactivity.

From A we move to species B in which one of the K ions bound to the distal N is replaced by SiMes*.
This system, as with all the others in Scheme 3, except 1Ti and K»-1Ti, is a dianionic triplet. The spin
density is distributed such that the Nz-free Ti is Ti(lll), with the remainder spread over the other Ti (0.363)
and the Nz unit (0.538). The build-up of spin density on the latter is consistent with the lengthening of the
N-N distance to 1.265 A, in a formal [KSiMesN2]%5 group. Replacement of the second N-bound K with
SiMes* leads to species C, in which there is greater spin density build-up on the N2 (0.702) and an even
longer N-N (1.297 A). The Nz-free Ti remains Ti(lll), and the Ti-N2 distance remains short, 1.770 A.

The final structure we have located is D. Two hydrogen atoms are added to the proximal N, leading to
substantial changes in the spin density distribution and key distances. Both Ti centers are now Ti(lll), and
the N2 unit now carries almost no net spin density. This is consistent with further lengthening of the N—-N
distance to 1.438 A, an N-N single bond. The Ti-N: distance also lengthens substantially, and at 2.116 A
is now 0.346 A longer than in C. The overall structure of D is essentially a doubly reduced version of 1Ti
with an H2N2(SiMez)2 molecule sitting in the cavity, and the cavity limits silylation to two per Na.

Release of the disilylhydrazine bound inside the Tiz:L> cavity, Scheme 3, is easy, and the 1,2
rearrangement of silylalkyl groups in disilylhydrazine is known to be rapid, so upon release from the cavity,

H2NNSi'2 rapidly forms the more stable 1,2-disilylhydrazine (Z),5* that can react with the excess *SiMes
radicals®5%6 to form the HN(SiMes)2 product.
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Roles of the precatalysts and off-cycle complexes in the proposed mechanism:

Ke-1Ti
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3
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Scheme 4 Proposed catalytic N2RR cycle for 1Ti (W, X) and the routes to amine release (Y, Z) and by-
product formation (BYP), off-cycle competitive dehydrometalation (DHM), and over-reduction to 1Ti-N2
(OVR). The N2-containing intermediates [K2TizL2(N2)]? KA and [TizL2(H2NSi'2)]? K2D, shown in Scheme 4,
are expected to be on-cycle. e- = electron derived from potassium metal; Si' = SiMea.

We combine the proposed mechanism for 1Ti with the off-cycle components for 1Ti in Scheme 4,
recognizing that it is likely the same for 1Ln and 1Zr. From K»-1Ti, two directions are possible: the N2RR
pathway, through X in which K,-1Ti reacts with N2 and K metal to form intermediate [K2Ti2L2(N2)]?, DFT
structure K2A in Scheme 3 or the competing off-cycle dehydrometalation pathway (DHM). The N2RR
pathway then follows through DFT structure D, drawn here as K;D. The by-product N(SiMes)s can form
from a secondary reaction (BYP) between HN(SiMes): and reductant to yield KN(SiMes)2 then an
irreversible reaction with CISiMes.

The most highly reduced, metalated complexes such as Nz-containing 1Sm-N, and 1Ti-N,, and
dehydrometalated K4-1Ti and Ke-1Ti which are formed from overreduction prior to N2 binding, and have
the smallest cavities, are off-cycle. This is reasonable since it would be difficult to achieve this high level of
reduction in the presence of acid and electrophile in the catalytic mixture. Nevertheless, 2Ln and 2Ti are
active precatalysts, and K4-1Ti and Ke-1Ti can both reform Kz-1Ti and re-enter the N2RR cycle.

Conclusions

Metalacyclic group 4 and f-block complexes of tetradentate, bridging aryloxides are capable of binding
dinitrogen in the cavity formed by the chelating aryloxide ligands upon reduction, even in a competing donor
solvent such as THF. This enables the first non-radioactive instance of catalytic functionalization of
dinitrogen to secondary amines; a product yet to be made catalytically by all the other d-block catalysts to
date. The group 4 complexes selectively make the secondary amine in yields of up to 84.1 equivalents per
complex, while the more coordinatively flexible f-block complexes can catalyze the N2RR reaction to make
either HN(SiMes)2 or N(SiMes)s amine from ambient, atmospheric dinitrogen in yields of up to 6.4 and 7.8
equivalents per complex, respectively.

Kinetics and computational studies show that the bis(silyl)amine is the favored product and show how

the ligand framework can help control the product selectivity by accommodating the additional group 1
countercations associated with the reduction, such that the various reduced N2-containing intermediates
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are stabilized. DFT calculations find end-on binding to just one of the metal centers, with the reducing group
1 metal cations stabilizing the other N prior to functionalization.

The N2RR catalysis by 1Zr is the first example for a zirconium complex to our knowledge. Comparing
the pairs of catalysts 1Sm vs. 1Ce and 1Ti vs. 1Zr implies the accessibility of a one-electron reduced M
that is, in turn, sufficiently reducing to a bound N2, is most important here for N2 reduction. Meanwhile, the
size of the metalacyclic pocket is crucial in dictating the selectivity toward secondary amines for the smaller
Group IV systems and to secondary or tertiary amines by the larger Ln. The differences between Na, K,
and Rb as electron sources for N2RR contribute additional datapoints to the growing body of as yet,
unexplained importance of the choice of group 1 metal in heterobimetallic dinitrogen reduction chemistry.

In addition to demonstrating N2RR catalysis with the most abundant of the lanthanides, the formation of
secondary amines using plentiful titanium under ambient conditions is notable. The ability to function in
polar solvents suggests the chemical reductant in these reactions could be replaced by a greener
electrochemical source of electrons in the future.57:58
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