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The low-energy conversion of atmospheric dinitrogen to amines is a grand
challenge and could bring food and energy justice to many. For decades, chemists
targeting homogeneous catalysts for this, citing biology as inspiration, have
focused on electron-rich d-block complexes. Now, metallacycles formed from
cheap, earth-abundant f-block and group-4 complexes with bridging phenolates
can trap dinitrogen and moderate its reduction and functionalization. Studies
demonstrate the importance of the metal-ligand architecture and cooperativity in
controlling for unusual bis(substituted) nitrogen reduction products.
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Catalytic reduction of dinitrogen to silylamines
by earth-abundant lanthanide and group 4 complexes

Anthony Wong,' Francis Y.T. Lam," Matthew Hernandez,! Jaden Lara,’ T. Michael Trinh," Rory P. Kelly,’
Tatsumi Ochiai,” Guodong Rao,” R. David Britt,” Nikolas Kaltsoyannis,® and Polly L. Arnold™**

SUMMARY

Dinitrogen is a challenging molecule to reduce to useful products
under ambient conditions. The range of d-block metal complexes
that can catalyze dinitrogen reduction to ammonia or tris(silyl)
amines under ambient conditions has increased recently but lacks
electropositive metal complexes, such as those of the f-block, which
lack filled d-orbitals that would support classical binding modes of
N,. Here, metallacyclic phenolate structures with lanthanide or
group 4 cations can bind dinitrogen and catalyze its conversion to
bis(silyl)Jamines under ambient conditions. The formation of this un-
usual product is controlled by metallacycle sterics. The group 4 com-
plexes featuring small cavities are most selective for bis(silyl)amine,
while lanthanide complexes and the solvated uranium(lV) congener,
with larger cavities, can also make a conventional tris(silyllamine
product. These results offer new catalytic applications for plentiful
titanium and more earth-abundant members of the lanthanides
that are also less toxic than many base metals used in catalysis.

INTRODUCTION

One of the most interesting challenges in homogeneous bond activation chemistry
is dinitrogen (N3). The strong N=N bond (bond dissociation free energy [BDFE] =
945 kJ mol~") and large highest occupied molecular orbital-lowest unoccupied mo-
lecular orbital gap (10.82 eV) result in a high activation energy barrier and significant
energy input requirement for the nitrogen reduction reaction (N2RR)." Taking inspi-
ration from nature, electron-rich, mid-d-block complexes®™ have been widely stud-
ied for the reductive functionalization of N, to ammonia or its protected equivalent
tris(trimethylsilylJamine N(SiMe3); (Scheme 1A). The number of complexes showing
turnover has recently started to increase rapidly. For example, one of the most suc-
cessful studies to date has focused on developing a family of Mo-based PXP (X = C,
N, P) pincer complexes that convert N, to NH;. Through extensive catalyst optimi-
zation involving tuning of both the ligand and the reaction conditions, yields have
improved with each generation from 12 equiv of ammonia per Mo atom to thou-

sands, although the most effective catalysis is stoichiometric in Sm'" reductants.®"*

N2RR catalysts with Lewis acidic early d-block metals are significantly rarer. A small
number of titanium complexes have been reported to effect catalytic reductive func-
tionalization of dinitrogen. " In the 1990s, Mori and co-workers reported that the re-
action of Ti(O'Pr), with lithium, 45 equiv of Me3SiCl, and dinitrogen (1 atm) gave a
mixture assumed to contain [CITi=NSiMes], [Cl,Ti-N(SiMes),], and N(SiMe3z); which
could subsequently be converted into benzamide by treatment with HCI." The other
previously reported homogeneous titanium N3RR catalysts, both supported by the

THE BIGGER PICTURE
Small-cavity metallacycles
containing two earth-abundant
lanthanide, actinide, or group 4
cations catalyze the conversion of
ambient, atmospheric N, to
bis(silyl)amines. The reduction of
dinitrogen is challenging and has,
for a century, been studied with
electron-rich d-block metal
compounds since conventional
f-block metal complexes do not
have filled d-orbitals that would
enable binding of N,. The metal
cations, reductant, and ligand
architecture work cooperatively,
providing new fundamental
information on this important
transformation and showing how
the nitrogen-binding cavity can be
used to control the selective
formation of bis(substituted)
amines. The development of a
new catalyzed reaction using
f-block ions teaches us more
about these less commonly
studied metals. Because this
system works in a polar solvent,
opportunities to use a green
source of electrons, e.g., from
solar power, could enable smaller-
scale amine production from
atmospheric nitrogen wherever
the sun shines.

)
opcnter Chem Catalysis 4, 100964, May 16, 2024 © 2024 Elsevier Inc. All rights reserved. 1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.checat.2024.100964&domain=pdf

¢? CellPress

chelating, more electron-donating, substituted tris(ethylenediamino)amine (tren)
ligand, showed catalytic N;RR forming up to 9 equiv of NH3 or 16.5 equiv of
N(SiMes); per Ti."o"®

Homogeneous N,RR catalysts remain limited to d-block metals with the sole excep-
tion of our f-block metallacyclic uranium catalyst Ux(L), 1 U,"” where L = the O-donor
tetraphenolate [{2-(OC¢H-2-Bu,4-Me),CH}-1 ,3-CoHal),? which was able to catalyze
the conversion of ambient N to secondary silylamines in the presence of reductant,
weak acid, and Me3SiCl electrophile, generating 6.4 equiv of amine per complex
(Scheme 1B). Calculations and the characterization of an intermediate containing
the [N,H,]?~ fragment suggested that the reactive ligand C-H in L facilitates delivery
of a proton to the activated N, ligand."'? Prior to this, we had shown dinitrogen
reduction by U" centers with monodentate aryloxide or siloxide ligands, but reac-
tions to target the further N, reduction needed for N-element bond formation usu-
ally results in O-ligand scrambling.?'=°

The Uy(L); complex 1U was also the first catalyst to selectively make a secondary
amine from catalytic N,RR.'” Our discovery of the uranium catalysis was unexpected
since the valence electrons that electron-rich d-block cations use to stabilize N, ad-
ducts, via back bonding from metal to the unoccupied nitrogen m-orbitals,?* are not
readily accessible to f-block metal cations, whose valence f-orbitals are contracted.
The first evidence for N, binding in f-block chemistry came from the Sm" organome-
tallic complex Cp*,Sm, which exists in a dynamic equilibrium with the formally Sm"!,
reduced dinitrogen adduct {Cp*,Sm}z(n-N5) (Cp* = n-CsMes) in toluene solution un-
der an N atmosphere, demonstrating a minimally activated N, group.”® More
recently, combining simple Ln"' complexes with potassium metal or KCg under a di-
nitrogen atmosphere forms complexes containing the N, dianion in the form
{XoLn(sol)a}a(p-Ny) (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 N, com-
plexes [K(sol)][{XsLn(sol)n}2(1-N2)] (Ln =Y, Er, and La, Gd-Er, Lu; sol = monodentate-
or crown-ether or cryptand).?~** This new family of complexes upturned 90 years of
accepted wisdom by proving that rare earths can bind and reduce dinitrogen, thus
transforming conceptualizations of d- and f-orbital participation in bonding.****
Indeed, some of the complexes display remarkable magnetic properties as a result
of their unusual electronic structures.*® However, the only rare-earth complexes that
have shown N-element bond formation to date are the methylation of the N trianion
in [{X2Sck(u-No)T™, which forms a (N,Me)?™ unit,®” and protonation of the side-on,
reduced (N,)*~ yttrium analog with [HNEt3][BPh4], which forms a crystallographically
characterized bridging (NH5)?™ unit.*®

We considered the most significant discovery of our work in N,RR catalysis to be the
formation of a secondary amine HN(SiMe3), as opposed to the usually observed
product N(SiMe3)s. Here, we show that earth-abundant 4f and group 4 metal conge-
ners of 1U can form metallacyclic catalysts for the conversion of N to bis(silyl)amines
at ambient conditions. The THF-solvated f-block complexes, which have larger met-
allacyclic cavities, can also catalyze the transformation of N to tris(silyl)amines, high-
lighting the increased flexibility of f-block catalysts compared to the d-block.*

RESULTS

Synthesis and structures of the group 4 and lanthanide catalysts

The colorless bis-Ln" metallacycles [KoLno(L)o(THF),] 1Ln-THF (Ln = Ce, n = 4; Ln =
Sm, n = 3) and bis-M" metallacycles [My(L),] 1M, M = Ti yellow, Zr colorless) are
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A Nitrogen Reduction Reaction (N,RR) to silylamines
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Scheme 1. The N2RR catalysts 1Ln-THF, 1An, 1U-THF, and 1Ti/Zr

(A) Generic catalyzed reaction for the conversion of N, to tris(silyl)amine.

(B) Previous work on the unsolvated tetravalent 1U, which has a small metallacyclic cavity, as a
catalyst for N2RR.

(C) This work on lanthanide 1Ln-THF and solvated uranium 1U-THF catalysts with larger
metallacyclic cavities (top) and unsolvated group 4 complexes 1Ti and 1Zr with smaller cavities
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Scheme 1. Continued

(bottom). All catalyze the ambient conversion of N to secondary silylamines, and the larger-cavity
complexes (1Ln-THF, 1U-THF) also catalyze the ambient conversion of N3 to tertiary silylamines.
Ln=Ce,n=4;Sm,n=3;U,n=4; M=Ti, Zr; xs., excess.

prepared via protonolysis reactions between metal precursors and the tetraphenol
HaL in THF or arene solvent. The molecules (Scheme 1C) have been fully character-
ized, including by single-crystal X-ray diffraction (XRD) (see Figures S77-S83 and 1).
Complex 1Ti is air stable. Cyclic voltammetry data for THF solutions of 1Ln-THF, 1U-
THF, 1Ti, and 1Zr with supporting alkyl ammonium-based electrolytes are shown in
Figures S1-S5. The cyclic voltammogram of 1Ti contains two reversible reductions at
Ei/2=—-1.91Vand —2.11 V vs. Fc/Fc* assigned as metal-based events.*® No reduc-
tion event that could be assigned to a metal reduction was measurable for the other
precatalysts within the electrochemical solvent window, i.e., as far as —3.2 V vs.
Fe/Fct. 4142

The relationship between the geometry of the metallacycle pocket and the potential
for reactivity within it is of greatest interest. The solid-state structure of 1Sm-THF
shows two octahedral Sm centers that form a rectangular cavity through coordina-
tion of two anionic aryloxide donors of each tetraanionic L (Figure 1A). The Sm-
Sm distance in 1Sm-THF is 9.3830(7) A, significantly longer than the U-U distances
in both the unsolvated 1U (6.5732(5) A) and the hydrazido adduct [KqUs(p-nZ:n?-
N2Ho)(L7)2] (4.6422(7) A), which contains the four-electron reduced (N,Hz)* ™. How-
ever, itis similar to the U=U distance in the solvated 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."" In addition, there is one potassium counter
cation located in the 1Ln-THF cavity with bonds to Ln through two phenolate O
atoms and an " interaction with the central carbon in the bridging arene of each
L; the arenes are co-planar but offset. A second K™ counter cation is solvated outside
the cavity by six THF molecules. The structure of the cerium congener 1Ce-THF is
very similar to that of 1Sm-THF (see Figure S80) except for slightly longer Ln-O
bonds (feov, 6-coora: Cellll) = 1.15, Sm(Ill) = 1.098 A, U(IV) = 1.03 A).

In contrast, both 1Ti and 1Zr display two tetrahedral metal centers (Figure 1B for Ti)
and shorter M=M distances (7.8902(4) A for 1Ti and 7.8240(9) A for 12r), likely due
to their smaller ionic radii of Ti and Zr compared to those of the lanthanides
(Figure S83; reoy, a-coora: Ti(IV) = 0.56, Zr(IV) = 0.73 A).

A common feature between 1Ln-THF and 1M (Ln = Ce, Sm; M =Ti, Zr) is that all four
benzylic C-H bonds point into the metallacyclic cavity, whereas in 1U and 1U-THF,
only two (one from each L) point inwards; the benzylic CH, assigned C7 and C30, in
the structure of 1Sm-THF are further from the center of the cavity than they are in 1U
by an average of 1.31 A. The distances between the closest benzylic C-H and the
midpoint between the two Sm in 1Sm-THF or two Ti in 1Ti are 3.72 A'in 1Sm-THF
and 3.70 A in 1Ti.

Catalytic N,RR

The metallacyclic complexes 1Ln-THF, 1U-THF, and 1M are catalysts for the conver-
sion of N, to bis(silyllamine HN(SiMes),; the general reaction involves stirring a THF
solution of the catalyst with an excess of potassium metal to provide electrons, excess
chlorotrimethylsilane Me3SiCl (electrophile), and excess weak acid [HNEt3][BPh,]
together under an ambient N, atmosphere for 24 h (Scheme 2A). Reactions of 1Ln-
THF, 1U-THF, and 1M were also carried out in the absence of acid to target formation
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Figure 1. Structure of the N,RR catalysts 1Sm-THF and 1Ti

(A) Anion of 1Sm-THF and (B) 1Ti. Hydrogen atoms, lattice solvent, and the [K(THF),] counter cation
for 1Sm-THF 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
supplemental information).

of the tris(silyl)amine (Scheme 2B). In THF, 1U is converted to 1U-THF, which is much
more catalytically active compared to the unsolvated 1U was in arene solvent. A range
of control reactions and reactions under different conditions and with alternative re-
agents and isotopomers are described in the supplemental information.

The most informative reactions are outlined in Table 1. Nitrogen reduction products
are identified and quantified by 2°Si nuclear magnetic resonance (NMR) spectros-
copy and gas chromatography (GC) (Figures S9-511 and S37-550), and yields are
reported as an average of three runs.

Under an atmosphere of N, at room temperature, the complex 1Sm-THF catalyti-
cally converts dinitrogen to the bis(silyllamine HN(SiMe3),, forming 3.71 + 0.62
equiv of amine per binuclear 1Sm-THF complex (Table 1, entry 2). This is the second
instance of catalytic N, reduction providing a selective route to secondary amine
product formation, following 1U."” Under the same conditions, 1Ce-THF produces
silylamines in close to stoichiometric quantities (Table 1, entry 1), affording a com-
bined 2.1 equiv of bis(silyllamine and tris(silyl)lamine by-product (see below) per
molecule of 1Ce-THF. Lastly, 1TU-THF generates 20.5 + 1.7 combined equiv of
amine and is a better catalyst than 1U (6.4 equiv of amines in our initial report).’”

In the absence of weak acid, 1Sm-THF is an even better catalyst for the conversion of
N; to tris(silyl)lamine, making 5.44 + 0.81 equiv per 1Sm-THF. Yields for 1Ce-THF
are substoichiometric (Table 1, entries 6 and 7) unless Rb is used as the reductant
partner instead of K (Table 1, entry 4), yielding 2.80 + 0.48 equiv of tris(silylJamine.
For 1Sm-THF, K is the most effective group 1 metal reductant (Tables 1; Table S1,
entries 1-18). 1U-THF also catalyzes the formation of N(SiMe3)s, yielding 10.1 +
1.5 equiv of the tris(silyl)amine; this contrasts with the inability of 1U to produce
the tris(silyl)amine in arene solvent, which we attribute to the larger cavity of solvated
TU-THF. The precatalyst 1Sm-THF is more active for the synthesis of tris(silyl)Jamine
than bis(silyl)amine because a side reaction with the weak acid takes the active cata-
lyst out of the solution. The reaction of 1Sm-THF with [HNEt3][BPh,] (8 equiv) in THF
shows the release of some HylL after 1 h (Figure S55). The group 4 complexes do not
release Hyl, even after prolonged reaction times.

Compound 1Ti gives the highest turnovers for N;RR yet reported for any molecular
Ti catalyst with combined 35.1 + 1.4 equiv of amine being produced (Table 1,

Chem Catalysis 4, 100964, May 16, 2024 5
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1Ln-THF or 1M
xs. reductant
xs. CISiMes,
xs. [HNEt3]BPh,

THF, rtp, 24 h

HN(SiMes),

1Ln-THF
xs. reductant
B xs. CISiMe,,

THF, rtp, 72 h

\

N(SiMes);

Scheme 2. N;RR catalyzed by the lanthanide, uranium, and group 4 complexes 1Ln-THF, 1U-THF,
and 1M (Ln = Ce, Sm; M =Ti, Zr)

(A) Ambient temperature and pressure formation of HN(SiMe3), from N, catalyzed by the
lanthanide metallacycles 1Ln-THF, TU-THF, or 1M using a group 1 metal reductant,
trimethylchlorosilane electrophile, and a weak acid.

(B) The conventional product N(SiMe3); can be made by 1Ln-THF or 1U-THF if acid is omitted. rtp,
room temperature and pressure; xs., excess.

entry 9; Table S2, entry 2). Furthermore, the catalyst longevity of 1Ti was tested by
adding further reagent to the post-run catalytic mixture, yielding a combined 84.1
equiv of amine for the four collected runs (Table 1, entry 12; Table S2, entry 11).
The two reported homogeneous titanium N;RR catalysts gave up to 9 equiv of
NH; or 16.5 equiv of N(SiMe3); per Ti."*""® The heavier Zr metallacycle 1Zr is the first
Zr-based N3RR catalyst, though it is poorer and less selective than 1Ti, forming
HN(SiMe3), (5.46 + 0.45 equiv) and N(SiMe3); (2.74 £ 1.56 equiv) (Table 1, entry
11). Even Ti(OAr)s (OAr = OCyH3-2-'Bu-4-Me) supported by monodentate arylox-
ides can catalyze the formation of bis(silyl)amine in the presence of a 2:1 ratio of silyl
electrophile to acid, albeit in poorer yields than 1Ti (see Table 1, entry 13). We
considered if the ratio of acid to electrophile might dominate the product selectivity,
but others have not seen this selectivity.’” Therefore, we suggest that the combina-
tion of Ti(OAr), and potassium counter cations in the reaction mixture can also form
a protected space around the Ti-N; species that gives some selectivity for the
bis(silyllamine. Further, decreasing the fraction of acid below the 2:1 ratio of
R3Si*:H™ decreases both yield and selectivity for bis(silyl)amine with 1Ti (Table S2,
entry 4).

Interestingly, both 1M and 1U are inactive for the catalytic formation of N(SiMej3)3
(Table 1, entry 10; Table S2, entry 20)."” We suggest that this is due to insufficient
space in the metallacycle for product turnover. For 1Sm-THF, 1Ti, and 1Zr, K is
also the most effective group 1 metal reductant (Table S2, entries 1-24). In all cases
studied, sodium as reductant gives little or no turnover for N,RR. Replacement of the
reductant K with Na for 1 results in substoichiometric yields of the silylamines (e.g.,
0.42 equiv of HN(SiMe3), and 0.43 equiv of N(SiMe3); for 1Sm-THF). The replace-
ment of [HNEt3]" salts with other weak acids including [HPCy;][Cl] and phenol are
described in Figure S41 and Table S2 (entries 6 and 8-10).

In the catalytic reactions to form HN(SiMe3),, N(SiMe3); is a by-product of a second-
ary reaction between the newly formed HN(SiMe3), and K metal to form KN(SiMe3),,
which reacts with CISiMe3. To demonstrate this, aliquots were removed over the
course of different runs, using 1Ti, 1U-THF, or Ti(OAr),, and analyzed by GC. In
the 1Ti-catalyzed reaction, the amount of HN(SiMe3), increases over the first 9 h (Fig-
ure S12) and then plateaus and starts to decrease as the N(SiMe3); by-product starts
to form (Figure S14). We repeated the kinetic study using the standard conditions,
except we replaced [HNEt;3][BPh,] with [DNEt3][BPh4], and observed a decrease in
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Table 1. Catalytic conversion of N, to silylamines by metallacycles 1Ln-THF, 1U-THF, and 1M
under ambient conditions

Reductant CISiMe; [HNEt3][BPhy] HN(SiMe3), N(SiMes)3

Entry  Precatalyst (300 equiv)®  equiv equivb equiv® equiv

1 1Ce-THF K 225 131 1.84 0.26

2 1Sm-THF K 225 131 371+062 0

8 1U-THF K 225 131 175+ 1.4 291 +1.71
4 1Ce-THF Rb 300 0 0 2.80 + 0.48
5 1Sm-THF Rb 300 0 0 3.29 £ 0.22
6 1Ce-THF K 300 0 0 1.21

7 1Sm-THF K 300 0 0 5.44 + 0.81
8 1U-THF K 300 0 0 10.1 £ 1.5
9 1Ti K 225 131 29.7 £ 0.9 535 + 0.51
10 1Ti K 300 0 0 1.44

11 1Zr K 225 131 546 £ 045 274 + 1.56
124 1Ti K 225 (4x) 131 (4x) 75.9 8.16

13 Ti(OAr), K 225 131 163+ 1.0 243 £ 0.79
“Reductant.

BCatalysis results with other weak acids are in the supplemental information.

“Yields quoted for all these complexes are per molecule rather than per Ln/M; average of 3 or more runs.
dAdditional reagent added to recycled, post-run 1Ti catalyst showing catalyst longevity; product yield re-
ported for the four collected runs.

the overall rate of formation of H/DN(SiMe3),, which may suggest that N-H bond for-
mation/cleavage is involved in the rate-determining step (Figure S13). Analogous ki-
netic studies with both 1TU-THF and Ti(OAr), show the same trend as 1Ti: the bis
(silyllamine product is made early in the reaction, while the tris(silylJamine product
is only produced during later time points (Figures S15 and S16).

Studies of potential intermediates arising from N, reduction and reductive
dehydrometallation

In the 1TU N,RR system, we characterized an intermediate containing a doubly
reduced and doubly protonated, side-on-bound dinitrogen and demonstrated
that the NH in HN(SiMe3), derives from the benzylic CH group within the metalla-
cycle. We targeted a reduced Ny-containing complex from the reactions between
1Sm-THF or 1Ti and excess potassium under N, (Scheme 3).

In each case, we isolate a dark red powder that contains a mixture of complexes, de-
noted 25m and 2Ti, respectively, containing a reduced N species and products con-
taining M—=Cpenzyiic bonds arising from the deprotonation of one or more ligand
benzylic CH groups, i.e., dehydrometallated congeners of 1Sm/Ti. We were unable
to isolate pure compounds from the mixture 25Sm 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. Analysis (electron-spray ionization mass spectrometry and NMR spectros-
copies) of the reduced mixtures 2Sm and 2Ti after quenching with the weak acid
[DNEt3][BPhy] reveals the overall level of dehydrometallation to be around one-
quarter of the total ligand benzylic CH groups in each case (Figures S6, S7, 529,
S30, and S34-S36).

Complete deprotonation of the benzylic carbons forms [Ko(THF),M"MS5(L27),] (Kg-1
Sm/Ti) as red-orange Kg-1Sm or olive green Ke-1Ti, which we can make indepen-
dently and have structurally characterized for both M = Sm (as the THP solvate
[Ke(THP)sM"'5(L27),]) and Ti (supplemental information). L%~ is the hexaanionic

Chem Catalysis 4, 100964, May 16, 2024 7
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N,
1smiTi X8 Ko 1SmITi-N, + Ko-1Sm/Ti + K4-1Sm/Ti + Kg-1Sm/Ti

THF, rtp major minor minor major

dehydrometallated
| by-products

T
(15N-) 2Sm/Ti

Kg-1Sm-THP =

1Ti-N, =

Scheme 3. Reduction of 1Sm-THF or 1Ti under dinitrogen in the absence of electrophile and acid

The products are reduced, N,-containing and dehydrometallated mixtures denoted 2Sm or 2Ti, and line drawings of proposed structures of 1Sm-N5,
1Ti-N3, and the structurally characterized THP solvate of Kg-1Sm, Kg-1Sm-THP. The solid-state structures of K¢-1Sm-THP, K4-1Zr, and the three K,-1Ti
(n =2, 4, 6) are shown in the supplemental information. THP, tetrahydropyran.

ligand [{2-(OC¢H2-2-Bu-4-Me),C}-1,3-C4Hyl. The respective M-M distancesin 1 Sm/
Tivs. Kg-1 Sm/Ti are 9.3830(7) vs. 6.8395(7) A for Sm and 7.8902(4) vs. 6.9919(12) A
for Ti. We expect that these metallations that reduce the cavity size disfavor N, bind-
ing since the M—=Cpenzyiic bonds reduce the void volume: only the complexes without
Ti—Cpenzyl bonds (1Ti and K»-1Ti) are capable of binding N, upon further reduction
(see Scheme S1). The stoichiometric reduction of 1Ti with 2 equiv of reductant gen-
erates yellow [Ko(THF)4Ti",L,] (Ko-1Ti), while dark brown [Ka(THF)4Ti"V 5(L%7),] Kys-1Ti
can be made from careful reoxidation of Ke-1Ti (see the supplemental information).
The solid-state structure of [Ka(THF)4Zr'V5(L?7),] K4-1Zr is also shown in the supple-
mental information.

The reduced mixtures are active precatalysts for the N;RR reactions and give similar
product yields (Table S3, entries 1-4), although they may not be on-cycle intermedi-
ates according to the calculations described below. However, the metallated com-
plexes Kn-1Ti (n = 4, 6) can become catalytically active upon the addition of weak
acid, which reprotonates the benzylic C in K,-1Ti (n = 4, 6).

The N-N bond orders of the two reduced N, complexes were determined by Raman
spectroscopy. Spectra of the 25m mixture contain an absorption at 1,337 cm ™", which
is shifted to a lower energy (1,306 ecm~ ") for ®N-2Sm, consistent with a doubly reduced
N, with a double-bond character (Figures S61-S63). Raman spectroscopy of 2Ti shows
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the presence of an N-N single bond. The absorption at v(**Ny) = 796 cm™ in the

Raman spectrum of the mixture reduced under >N,, N-2Ti, shows a bathochromic
shift compared to 2Ti (v(**N,) = 846 cm™) (Figures S65-S67). 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 Fourier transform infrared spectros-
copy. Addition of weak acid to either ">N-2Sm or '®N-2Ti also generates a doublet
inthe "H NMR spectrum at 7.35 ppm ("Jyn = 71.3 Hz) indicative of ">NH,Cl, confirming
that the amine N is derived from N, (Figures S28 and S33).

We were able to separate the other paramagnetic Ti complexes, K»-1Ti and Ke-1Ti,
from the 2Ti mixture by fractional crystallization. We then used pulsed electron para-
magnetic resonance (EPR) spectroscopy to probe the remaining N;-bonded tita-
nium species, 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 37K, a comparison between the frequency domain spectra of
1Ti-N; and 1Ti-">N; shows a sharp difference peak at 5.36 MHz, exactly at the Lar-
mor frequency of SN at the Q-band (1,241 mT). The coupling to >N is corroborated
by the two-dimensional hyperfine sublevel correlation spectroscopy, 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 a Ti-N distance of 3-4 A,
which suggests that there is little or no covalency in the Ti-N, bonding in
1Ti-N,.*® Given the Ti"'-Ti" distance of 6.36 A calculated from the EPR spectra (see-
supplemental information section 13) and the estimated N-N bond length of 1.2—
1.4 A, the Ti-N distance suggested by EPR for 1Ti-N, is estimated to be ~3.3 A,
Together, these data are consistent with a reduced N5 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 several independently synthesized sam-
ples of 2Sm at 15 K show only a resonance assigned to an organic radical impurity at
g = 2.005 without any discernable hyperfine features (Figure S73).

Because isolation of a highly reduced N-containing compound proved difficult, we
carried out reactions targeted to trap the reduced N; anion in 25m and 2Ti with
various electrophiles (e.g., alkyl halides, phenyl isocyanate, and stoichiometric
MesSiCl) (see supplemental information section é). Comparison of 'H NMR spectra
between reactants and products showed subtle shifts in complex ligand resonances,
but structural characterization of these products by XRD failed under numerous crys-
tallization conditions.

DISCUSSION

Selectivity for secondary amine

This is the second report of catalytic N, reduction providing a selective route to sec-
ondary amine product formation, following our identification of the U,(L), catalyst
1U. To the best of our knowledge, all other systems reported to date make tri-
substituted amines in the presence of CISiMe; except for Hidai's cis-Mo(Ny),
(PMezPh), complex, which catalytically converts Ny into mixtures of silylamines in
up to 25.5 combined equiv per Mo; the best selectivity they could achieve for the
bis(silyllamine was at lower conversions, with excess Na metal and BrSiMes,
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Figure 2. Pulsed EPR spectra of the isolated product of reduction of 1Ti under dinitrogen
Q-band frequency domain 3-pulse ESEEM spectra of the isolated product of reduction of 1Ti under
dinitrogen of (A) 1Ti-N; (black trace) and 1Ti-"®N, (red trace) reveal a difference peak at 5.36 MHz,
exactly at the Larmor frequency for '°N at Q-band (1,241 mT). Q-band hyperfine sublevel
correlation spectroscopy (HYSCORE) spectrum (B) of 1Ti-'®N; reveals the magnitude of the
hyperfine coupling interaction of '*N and Ti"' to be ~0.2 MHz. T = 20 K, /2 = 12 ns, 7 = 300 ns.

converting N to a mixture of HN(SiMes), (1.8 mol/Mo atom) and N(SiMe3)3 (3.2 mol/
Mo atom).** The protons were suggested to derive from THF or trace water. Relat-
edly, Sita devised a stoichiometric route to HN(SiMes3), by functionalizing a terminal
Mo imido with sequential additions of acid, electrophile, and reductant.*® Here, the
pseudo-tetrahedrally coordinated 1Ti/Zr, like the unsolvated U;(L), catalyst we pre-
viously reported, catalyze the synthesis of bis(silyl)Jamine but are inactive for the cata-
lyzed formation of tris(silyl)amine. All these unsolvated complexes have smaller met-
allacyclic cavities than 1-Ln-THF, suggesting that the selective formation of bis(silyl)
amine is most effectively controlled by the size of the metallacyclic pocket.

The 1Ln-THF precatalysts have pseudo-octahedral, THF-solvated metal cations (as
does 1U-THF), large metallacyclic cavities, and presumably relatively flexible coor-
dination geometries. They can catalyze the formation of bis(silyl)amine in the pres-
ence of silyl electrophile and acid but, in the absence of acid, can also catalyze
the formation of tris(silyl)amine.
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Above, we noted that all four benzylic H point into the cavity for 1Ln-THF and 1M
(Ln = Ce, Sm; M = Ti, Zr); tetra-dehydrometallation takes the complex off cycle as
Ke-1M. The geometries of 1U and 1U-THF only allow for double dehydrometallation,
leaving space for N, binding in the cavity. Reprotonation of the tetra-dehydrometal-
lated Ke-1M complexes brings them back on cycle, corroborating the calculations
that find that the reaction takes place inside the cavity for Ti and U.

The kinetic studies of 1Ti, TU-THF, and Ti(OAr)4 all confirm that HN(SiMe3), is the
dominant initial product of these aryloxide-supported electropositive-metal-medi-
ated N3RRs, and secondary reactions lead to tris(silyllamine. Combined with the
fact that neither 1Ti nor unsolvated 1U is able to produce the larger N(SiMe3); cata-
lytically, we reason that the small cavity space dominates the control of selectivity for
the formation of the bis(silyl)amine product, while the R3Si":H™ ratio influences the
final product distribution. We have probed the latter by allowing a catalytic reaction
involving 1Ti to stir for a longer time period (3 days) and observed higher yields of
tris(silyl)amine at the expense of bis(silyllamine (Table S2, entry 3).

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

The Ln" and M"Y metallacycles 1 all feature the stable metal oxidation state and
strong Ln/M-0O bonding that characterized 1U, and again, there is no evidence of
N2 binding until the reductant is added.

The group 4 complexes that do not bind donor solvents (reoy, 4-coord: Ti(IV) = 0.56,
Zr(IV) = 0.73 A) and the unsolvated 1U can only form the smaller bis(silylJamine prod-
uct. The solvated 1Ln-THF and 1U-THF have a larger and likely more flexible metal-
lacyclic cavity (reov, 6-coora: Ce(lll) = 1.15 A, Sm(lll) = 1.098, U(IV) = 1.03 ,&) and can
catalyze the formation of either bis- or tris(silyl)amine.

Complex 1Ti can be reversibly reduced twice at Ey/, = —1.91 Vand —2.11 V vs. Fc/
Fc*, whereas no reduction event for 1Ln-THF, 1U-THF, and 1Zr that could be as-
signed to a metal reduction was measurable as far as —3.2 V vs. Fc/Fc*. The values
measured for 1Ti are very negative for a Ti"""" couple, in line with the strongly elec-
tron-donating nature of the ligand set. In line with this observation, group 4 metal-
locene complexes that reductively functionalize N»**~*® did not show catalytic turn-
over, perhaps because the cyclopentadienyl ligands do not support a sufficiently
reducing metal center.®” The higher reactivities for the Ti, Sm, and U catalysts,
compared to their Zr, Ce, and Th'? congeners, respectively, suggest that access
to the reducing TiVM Sm! “and UVMS05T redox states, respectively, may be ad-
vantageous in N2RR even if the binding mode of the reduced N, intermediates is
different in these different metal catalysts.*?

Finally, the identity of the group 1 reductant is very important. Incorporation of the
reductant counter cations is found to be essential in the calculated mechanism,
providing electrostatic stabilization to intermediates, and was also shown to be
essential for 1U."? Various groups have noted the importance of group 1 counter-
cation choice when stabilizing reduced N, complexes,”®°? If the first reduction po-
tential of the Lewis acidic metal Ln"""" or M"Y in the metallacycle is less negative
than the MY! potential of the reductant, then catalytic N, 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.**
It is not clear why K is a better reductant partner for 1Sm-THF while Rb is a better
partner for 1Ce-THF, but this could be due to a better fit of the s-block cations within
the cavity that helps stabilize the reduced intermediates. The inability of the smaller,

Chem Catalysis 4, 100964, May 16, 2024 11



¢ CellP’ress Chem Catalysis

\ \F O\‘ K Q é
Ti Ti f— Ti
\ {\ ) -’rl NQN\ \I\O
Poy Q On sit, ©
> B
1Ti T35 N-N1.265A Tid*

o] VF
\\ sirQ
-— Ti—N=N T\l\
+2 H* P ! Ssit
\ +2 e ‘\\7 H H
Ti** N-N1.438A Ti** Ti** N-N1.297 A Ti®*

Scheme 4. DFT-calculated structures of catalytic intermediates in the 1Ti cycle
The intermediates found by theory are shown as simplified cartoon line drawings, with the charges and redox states drawn underneath as found from the
calculations. Si' = SiMes.

harder sodium to function as an effective reductant supports this, although there
may be more of a redox potential difference between K and Rb in THF.

The most highly reduced, metalated complexes such as N,-containing 1Sm-N; and
1Ti-N; are off cycle, while dehydrometallated K4-1M and Kg-1M, which are formed
from overreduction prior to N, binding and have the smallest cavities, are not
involved in the catalysis. Nevertheless, 2Ln and 2Ti are active precatalysts, and K,-
1Ti and Kg-1Ti can both reform Ko-1Ti and re-enter the N,RR cycle.

Proposed mechanism for 1Ti and comparison with possible mechanisms for
1Ln and 1An

Density functional theory (DFT) calculations were undertaken to identify possible re-
action intermediates for an N;RR catalytic cycle mediated by 1Ti, and the structures
of theoretical catalytic intermediates are shown in Scheme 4. The methods used
mirrored those for the 1U system, but we have found that, computationally, the
3d and 5f compounds behave differently. The lack of formation of any bis(silylamine)
by 1Ln-THF catalysts in the absence of weak acid also implies mechanistic differ-
ences between 1Ln-THF and 1U. The side-on N arrangement from the U modeling
was initially used for the Ti calculations, but numerous attempts at getting N, reduc-
tion in this configuration were unsuccessful (vide infra). End-on-bound N, is more
reactive toward further functionalization than side-on-bound N; in reported d-block
chemistry.®” Further, reduced U pathways were not previously considered for U, as it
was not necessary to do so. The U mechanism calculations focused on transforma-
tions between intermediates in which K cations were replaced by silyl cations and
did not consider the potential role of SiMes radicals. While others suggest that
the Me3Si- radical may be involved in solution-phase catalytic N,RR at low temper-
atures (150-200 K), the Me3Si- radical has a half-life of 0.005-0.01 s.%®

We begin with 1Ti modeled 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 and 1.812 A respectively. From 1Ti, we move to K»-
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1Ti, here modeled as a monoanionic triplet with only the internal K cation present
and the external counter cation excluded from the calculation. The structural agree-
ment with experiment is once again very good: calculated Ti-Ti = 7.728 A, Ti-K =
3.864 A, and average Ti-O = 1.913 Avs. 7.676, 3.838, 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 Nz molecule. The latter was initially placed in a variety of starting
orientations, midway between the two Ti centers, and with overall C;symmetry. Sub-
sequent symmetry-constrained geometry optimizations of systems with different
spin multiplicities yielded little evidence of N, reduction, with N-N distances close
to those in free dinitrogen. Harmonic vibrational frequency analysis indicated that
one of the converged geometries—a quintet in which the N unit is oriented approx-
imately along the Ti-Ti vector—is a transition state, with an imaginary mode of 69.2i
cm ™~ corresponding to translation of the N, unit between the Ti centers. Relaxed ge-
ometry optimization yielded a structure that is 67.3 kJ/mol more stable in energy
than the transition state, in which the N, unit bonds to only one of the Ti centers
and the N-N distance lengthens to 1.172 A.

Subsequent reoptimization of this system in different spin states established that the
most stable structure is a triplet, 46.5 kJ/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 4).
The spin-density data suggest that the N,-bound Ti is Ti(IV), with minimal spin den-
sity on the N2 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 N, reported to date contain
the reduced N anion bound to two metals, and all of these are symmetrical.?’ How-
ever, we note that only 1Ti and the two tren-supported complexes cited above'®"’
have shown N3RR catalysis. Moreover, the distal mechanism, which invokes end-on
binding and would seem most reasonable for Ti(OAr)g, is more common for those
catalysts whose mechanisms have been studied so far.”” Note also that while the
computed mechanism for N, reduction by our uranium-based catalyst'? featured
side-on-bound N, coordinated by both metals, the U-U distance in the precatalyst
1U is ~1.3 A shorter than the TiTi distance in 1Ti (which also features significantly
smaller metal ions). Upon reductive activation of dinitrogen by 1U, the U-U distance
decreases by 1.931 A."? A molecule of N, placed centrally in an end-on geometry in

" starting material 1Sm-THF would have an Sm-N distance of

the cavity of the Sm
4.13 A, which is too long for any significant orbital overlap, but the mechanism calcu-
lated for 1Ti shows N, binding to only one Ti during catalysis, and group 1 metal
cations fill the remaining space before being replaced by electrophiles. There
appears to be only a minimal energy difference between the side-on- and end-on-
bound (N,)?> isomers in the instances where both have been reported for

{XoLn(sol)}o(u-Ny). 7

From A we move to species B, in which one of the Kions bound to the distal N is re-
placed by SiMe3". This system, as with all the others shown in Scheme 4 except 1Ti
and Kx-1Ti, is a dianionic triplet. The spin density is distributed such that the N,-free
Ti is Ti(lll), with the residual spin spread over the other Ti (0.363) and the N, unit
(0.538). The buildup of spin density on the latter is consistent with the lengthening
of the N=N distance to 1.265 A in a formal [KSiMesN,]~%° group. Replacement of
the second N-bound K" with SiMe3" leads to species C, in which there is greater
spin-density buildup on the N, (0.702) and an even longer N-N (1.297 A). The N,-
free Ti remains Ti(lll), and the Ti-N, distance remains short at 1.770 A.

¢? CellPress
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The final structure we have located is D. Two hydrogen atoms are added to the prox-
imal N, leading to substantial changes in the spin-density distribution and key dis-
tances. Both Ti centers are now Ti(lll), and the N, unit now carries almost no net
spin density. This is consistent with further lengthening of the N-N distance to
1.438 A and an N-N single bond. The Ti-N distance also lengthens substantially
andat2.116 Aisnow 0.346 A longer than in C. The overall structure of D is essentially
a doubly reduced version of 1Ti with an H,N(SiMe3), molecule sitting in the cavity,
and while intermediates with one silyl group on each nitrogen were also investigated
computationally, the Ti cavity limits silylation to two per N».

Release of the disilylhydrazine bound inside the Ti,L, cavity (Scheme 4) is easy, and
the 1,2 rearrangement of silylalkyl groups in disilylhydrazine is known to be rapid, so
upon release from the cavity, HNNSi’; rapidly forms the more stable 1,2-disilylhydra-

60,61

zine (2),°° which can react with the excess -SiMes radicals to form the

HN(SiMe3), product.

We have combined the DFT-calculated proposed mechanism for 1Ti with the obser-
vations made for 1Ln-THF and 1U(-THF) in Scheme S1.

Conclusions

Metallacyclic group 4 and f-block complexes of tetradentate, bridging aryloxides,
are capable of binding dinitrogen in the cavity formed by the chelating aryloxide li-
gands upon reduction. The complexes demonstrate selective catalytic functionaliza-
tion of dinitrogen to secondary amines by the rare earths and zirconium, 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 equiv per
complex, while the more coordinatively flexible f-block complexes can catalyze
the N2RR to make either HN(SiMej3), or N(SiMe3); amines from atmospheric dinitro-
gen in yields of up to 6.4 and 7.8 equiv per complex, respectively.

Kinetic and computational studies show that the bis(silyl)amine is the favored prod-
uct when weak acid and trimethylsilyl electrophile are present. The ligand framework
also helps to accommodate the group 1 counter cations needed to stabilize the
reduced Nj-containing intermediates. DFT calculations on the titanium-catalyzed
reaction find that the major functionalization steps are associated with N, adopting
an end-on binding to just one of the metal centers, with the reducing group 1 alkali
cations, rather than the second metal, stabilizing the distal N. This mechanism,
involving the reduction of at least one metal in all the located intermediates, differs
from the side-on mechanism reported by Arnold et al.”” in which reduction to U(lIl)
was not considered or required. Further work is in progress to determine the nature
of N, binding in the intermediates in the lanthanide-catalyzed reactions and if
reduced f-block metal centers can play a role in the catalysis.

The N2RR catalysis by 1Zr is the first example of N;RR for a zirconium complex to our
knowledge. Differences in the reactivity of the group 4, lanthanide, and actinide
metallacycles, coupled with theory, suggest that the N, coordination to electropos-
itive metal cations that are easier to reduce enables sufficient activation of the bound
N in the cavity such that it can be functionalized. Furthermore, the metallacycles
with smaller cavities, 1Ti, 1Zr, and unsolvated 1U, make secondary silylamines, while
the solvated Ln and U systems with larger cavities, 1Ln-THF and 1U-THF, make sec-
ondary or tertiary amines depending on the reagents. The differences between Na,
K, and Rb as reductants show the importance of the choice of group 1 metal in dini-
trogen reduction chemistry.
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In addition to demonstrating N,RR catalysis with the most abundant lanthanides, the
formation of secondary amines using plentiful titanium under ambient conditions is
notable. The ability to function in polar solvents suggests that the chemical reduc-
tant in these reactions could be replaced by a greener electrochemical source of

electrons in the future.®4*

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Polly L. Arnold (pla@berkeley.edu).

Materials availability

The catalysts described are available upon request, but we might require a payment
because of their need to be synthesized by researchers with suitable expertise in an
appropriate facility.

Data and code availability

Crystallographic data in CIF format are available at https://ccdc.cam.ac.uk/ under
accession codes CCDC: 2181896-2181898, 2195247 and 2204194, 2210077-
2210079, 2210081-2210083, and 2307225. Raw datasets for all other processed
data in this paper are available at https://doi.org/10.5061/dryad.3r2280gpz. Full
synthetic and characterization data for the compounds and catalysts described are
available in the supplemental information. Computational details and xyz coordi-
nates of the computed intermediates are provided in Scheme 4.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
2024.100964.
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