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Abstract
The homogeneous  conversion  of  ambient  dinitrogen to  amine  products  via  the  N2 reduction 
reaction (N2RR) remains a prized yet  challenging feat  for  d-block complexes and is  scarcely 
reported for f-block complexes. New, mononuclear TiIV and ZrIV aryloxide complexes Ti(DP)2 

(1Ti), Zr(DP)2 (1Zr), and DP = [2-(OC6H2-2-tBu,4-Me)2CHPh] produce up to 51 eq. and up to 7.0 
eq. of HN(SiMe3)2 per Ti/Zr, from N2, K0, weak acid, and chlorotrimethylsilane. Complex  1Ti 
exhibits more than double the activity toward N2-silylation of any previously reported Ti N2RR 
catalyst and can also catalyzes the formation of up to 19 eq. of NH3, a new feature in early metal 
N2RR chemistry. The mononuclear  1Zr is the most active Zr catalyst for N2-silylation to date. 
[KSm(DP)2(THF)3] (1Sm), the mononuclear analogue of our previously reported dinuclear A-Sm 
complex, displays only stoichiometric N2-silylation due to its vulnerability to deleterious side-
reactions. DFT calculations confirm the catalysis can proceed via a monomeric Ti complex with a 
terminally-bound, activated N2, agreeing with experimental 1H DOSY NMR measurements; the N-
H  bond  is  formed  first,  directing  the  catalyst  selectivity.  The  isolable  reduction  product 
[K3(THF)Ti(DP)(DP-)(N2)] is also an active catalyst, and an intermediate in the calculated cycle.

Introduction
The suite of homogeneous catalyst systems capable of reductive functionalization of dinitrogen, 
N2RR, has expanded to include metals from across the periodic table.1-6 While the first step in each 
system’s catalytic cycle involves the formation of a metal-N2 complex, the coordination geometry of 
these complexes is primarily dependent on the metal identity.7, 8 The first isolable intermediate in 
the catalytic cycle typically consists of a mononuclear, end-on (η1), terminally-bound N2 adduct for 
mid- to late- d block metal complexes (chart 1c).5, 9, 10 In contrast, the dinuclear bridging M-µ-N2-M 
motif predominates in structurally characterized early transition metal and lanthanide N2 adducts. 
Yet for electropositive metal (i.e. group 4 and rare-earth) complexes in particular, the preference for 
the  N2-coordination  mode  is  less  well-defined,  and  is  still  a  topic  of  great  interest.11 All 
homogeneous N2RR catalysts based on d-block complexes require an external source of reducing 
electrons which are most often provided by an alkali metal, in elemental or supported form (e.g. 
potassium graphite (KC8), sodium amalgam (Na(Hg)), or potassium naphthalenide (KNaphth)). 
Catalysts based on early d- and f-block N2RR systems require the external reductant to initiate N2 

binding, due to the lack of valence electrons available for back-donation to a weak π-acid.12-14 These 
alkali metal cations brought from the reducing group 1 metal often play an important role in charge-
stabilizing the anionic dinitrogen ligand.15
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The number of complexes that can catalyze the ambient temperature and pressure conversion of N2 

to tris(trimethylsilyl)amine (N(SiMe3)3), or ammonia, using external reductant in the presence of 
Me3SiCl electrophile or a weak acid respectively, is small but increasing. Efficient N-silylation 
requires slow reaction kinetics between reductant and electrophile.2, 4, 6, 16 The tertiary silylamine is 
readily hydrolyzed to NH3, however, its uses as a reagent in its own right remain somewhat limited to 
niche synthetic organic transformations.9, 17-20

Chart  1a)  The  reductive  transformation  of  dinitrogen  to  ammonia.  b)  reductive  transformation  of  dinitrogen  to 
tris(trimethylsilyl)amine. c) reductive transformation of dinitrogen to  bis(trimethylsilyl)amine d) Mid d-block group 6 catalyst 
produces up to 1.8 eq. HN(SiMe3)2 alongside 3.2 eq. N(SiMe3)3 per Mo atom under N2 with excess reductant and silyl electrophile. 
e) Representative late transition metal catalyst producing up to 36 eq. N(SiMe3)3 per Co atom, but no HN(SiMe3)2. f) Early transition 
metal catalyst producing up to 16.5 eq. N(SiMe3)3 per Ti atom.
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Scheme  1. a)  Dinitrogen  functionalization  to  secondary  amines  by  group  4  and  (b)  lanthanide  complexes  by 
manipulation of the cavity size within the metallacyclic pocket. Inspiration for the mononuclear ligand is highlighted 
by the red box. c) a key intermediate in the Ti-catalyzed reaction, showing terminal, end-on coordination of N2 d) The 
key intermediate in the Sm-catalyzed reductive silylation of N2, showing the end-on bridging coordination mode.

Our  group  has  previously  established  precedent  for  catalytic  reductive  dinitrogen  silylation 
mediated by group 4, lanthanide, and actinide complexes A-M (Scheme 1a & 1b; M2(mTP)2, M = 
Ti4+, Zr4+, U4+ or K2Ln2(mTP)2(THF)10, Ln = Sm3+, Ce3+) using a bridging tetraphenolate (mTP = [{2-
(OC6H2-2-tBu,4-Me)2CH}-1,3-C6H4])21, wherein the space and accessibility of dinitrogen substrate 
binding is controlled by the metal identity and the ligand scaffold.2, 6 The tetraphenolate proligand 
mTP4- bridges two metal centers and incorporates K+ counter-cations that help stabilize reduced N2-
containing intermediates through π-interactions with the electron-rich arenes and dative bonds 
from O lone pairs.22 When complexed with group 4 metals as M2(mTP)2 (A-M, M = Ti, Zr, Scheme
1a) they active catalysts for the selective formation of HN(SiMe3)2. In this system, reactivity and 
DFT studies agreed that the reductive functionalization of the N2 in the confined cavity in A-Ti 
enabled the catalytic conversion to HN(SiMe3)2 rather than N(SiMe3)3. This secondary silylamine 
exhibits greater synthetic versatility than its more conventionally generated tertiary counterpart, 
finding use as a precursor for sterically-hindered bases, itself as a reagent for silylation of alcohols, 
and in the chemical vapor deposition of silicon carbonitride thin films.23-25 The computational work 
on the catalytic mechanism for A-Ti suggested that the N2 remained bound through the α-N to only 
one of the two Ti centers during the catalysis (B-Ti in Scheme 1c), while the potassium counter-
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cations  within  the  metallacyclic  cavity  provided  electrostatic  stabilization  of  the  β-N  atom 
throughout the reductive functionalization steps.  

In contrast, the f-block K2Ln2(mTP)2(THF)10, and THF-solvated {U(THF)2}2(mTP)2 (A-Ln, Ln = 
Sm3+, Ce3+, A-U) can also make tris(silyl)amine from N2, which we attributed to the larger and more 
flexible cavity. Although a detailed mechanism for the selective N2RR catalyzed by the lanthanide 
analogues  (A-Ln) hadn’t  yet  been  elucidated,  an  end-on  Sm(η1:η1-μ-N2)Sm  (B-Sm) was 
characterized, and we have since provided a DFT-computed mechanism for conversion of N2 to 
N(SiMe3)3 that agrees with this binding mode.2, 6, 26

Experimental confirmation of our theoretical study on N2-silylation mediated by A-Ti would invoke 
a mononuclear, terminal Ti-N2 adduct. Terminally bound Ti-N2 adducts have been reported (Chart 
2), but most equilibrate between different N2-coordination modes, and none thus far are competent 
for catalytic N2 functionalization.27 The N2 binding in these instances was characterized by UV-vis, 
NMR, and IR spectroscopies, and the 2004 example reported by Chirik et al. (Chart 2a) releases 
stoichiometric quantities of H2, N2 and N2H4·2HCl upon treatment with HCl at -80°C. 28,  29 We 
hypothesized  that  a  mononuclear  metal-aryloxide  complex  with  the  capacity  to  incorporate 
stabilizing K+ counter-cations into the scaffold could demonstrate similar reactivity to its dinuclear 
analogue. We hoped this simpler system, essentially half of the original tetraphenolate complex 
(Scheme 1a), could help determine whether a second redox-active metal center is required for 
catalytic N2 silylation by group 4 metal and Ln-complexes.

Chart 2 a) Temperature-dependent equilibration between terminal end-on and side-on titanocene-dinitrogen complex, 
with η1 favored at higher temperatures. b) Temperature-dependent coordination of dinitrogen at titanocene-derivative 
complexes. c) Temperature-dependence on the coordination environment of a dinuclear titanocene-N2 complex.

Here,  we  show  that  homoleptic,  mononuclear  metal-diphenolate  complexes  (1M)  can  effect 
catalytic transformation of N2 to HN(SiMe3)2 in the presence of reductant (K0), weak acid ([HNEt3]
[BPh4]), and electrophile (Me3SiCl) at ambient temperature and pressure for M = Ti and Zr, but not 
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for Sm. Measurements from 1H DOSY NMR, EPR spectroscopy, and DFT calculations agree that 
these  complexes  remain  mononuclear  upon  reductive  N2 binding  and  functionalization, 
representing a noteworthy departure from the bridging coordination mode typically observed for 
group 4 metal-based N2RR catalysts. 30,31 Selectivity for the secondary silylamine is a unique feature 
of our previous metal-aryloxide-based catalyst  systems that is  preserved in the present study, 
providing a viable route to a chemical frequently encountered in synthetic laboratories. We also 
show that  1Ti can produce up to 19 eq. NH3 (Table S2, entry 2) under similar conditions with 
omission of the silyl electrophile, demonstrating the first example of an N2RR catalyst capable of 
selectively producing either HN(SiMe3)2 or NH3. The robustness of 1Ti is again highlighted by its 
resistance  to  decomposition  over  multiple  batch  recharges  of  catalytic  reagents  (Table  S1), 
furthering its utility as a catalyst for the reductive transformation of dinitrogen. 

Results and Discussion

Scheme 2 Synthetic routes to the precatalysts used for N2RR in this work.
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The diphenol H2DP (HOC6H2-tBu-2,Me-4)2CHPh can be prepared in one pot with inexpensive, 
commercially available reagents in 60 % yield. Metalation via protonolysis or salt-elimination 
pathways (vide infra, Syntheses) furnishes the new, fully characterized complexes 1Ti, 1Zr, 1Sm, 
and 1Sm-I in good yields (Figure 1). While the group 4 complexes are soluble in hydrocarbon and 
ethereal solvents, the -ate complex 1Sm is sparingly soluble in THF but dissolves in pyridine. The 
1H NMR spectra of 1Ti and 1Zr show two sets of methyl- and tert-butyl resonances assigned to a 
rigid,  pseudo-tetrahedral coordination geometry around the central metal cations, in agreement 
with the solid-state structure (SCXRD) shown in Figure 1a, 2b. The toluene adduct of 1Sm, 1Sm-
tol, has a similar solid-state structure (Figure 1c) but the corresponding resonances for solutions of 
1Sm are equivalent on the 1H NMR timescale, in agreement with the larger ionic radius of the 
SmIII center and greater flexibility of the ligand coordination.32 We also made the heteroleptic 1Sm-
I, hypothesizing that elimination of the iodide upon reduction could facilitate N2-binding; the solid-
state structure is shown in Figure 1d.

(a) (b)

(c) (d) (e) 
Figure 1 Solid-state structures of the N2RR catalysts (a) 1Ti, (b) 1Zr, (c) 1Sm-tol and (d) 1Sm-I. Solid-state structural 
data for (e) 1TiMe is of poor quality and is shown only for connectivity. Selected distances (Å) and angles (o): Average 
Ti-O bond length in 1Ti = 1.809(6) Å, average Zr-O bond length in 1Zr = 1.954(2) Å, average Sm-O bond length in 
1Sm-tol = 2.224(3) Å, and Sm-I bond length in 1Sm-I = 3.105(1) Å. Probability ellipsoids set at 50 %, H and lattice 
solvent atoms omitted for clarity. Color key: white = Ti, turquoise = Zr; green = Sm; purple = K; red = O; grey = C. 
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Catalytic conversion of N2 to HN(SiMe3)2

Scheme 3 Various conditions employed for N2RR using the mononuclear group 4 and Ln complexes 1M (M = Ti, 
TiMe,  Zr,  Sm,  Sm-I)  using K0  as  reductant,  trimethylchlorosilane  as  electrophile,  and a  weak acid.  rtp  = room 
temperature and pressure; xs. = excess. The highlighted reaction generates catalytic product yields.

We  tested  these  novel  mononuclear  complexes  for  the  ambient  conversion  of  N2 to 
bis(trimethylsilyl)amine, HN(SiMe3)2, and  tris(trimethylsilyl)amine, N(SiMe3)3, under the same 
reaction conditions as used with our previously reported bimetallic catalysts (Scheme 3). The 
reaction mixture comprises a THF solution of the precatalyst (1M, M = Ti, Zr, Sm, Sm-I) sealed in 
a Schlenk flask under 1 atm N2 in the presence of a solid piece of potassium metal reductant, an 
excess chlorotrimethylsilane (Me3SiCl), and, according to the entry in Table 1, an excess of [HNEt3]
[BPh4] all stirred vigorously with a glass-covered stir-bar. As mentioned, K0 was chosen as the 
preferred reductant rather than KC8, due to its slower background reactions with the other reagents. 
Alternative proton sources were screened ([HDBU][BPh4], 2,4,6-tri-tert-butylphenol, and tBuOH), 
but  reactions  employing  the  triethylammonium  salt  consistently  perform  best.  Inclusion  or 
omission of H+ allowed us to target formation of the 2° or 3° silylamine, respectively. After 24 hours 
the volatile components in the reaction mixture are collected by trap-to-trap vacuum transfer and 
analyzed by gas chromatography, 1H, and 29Si NMR spectroscopies (figures S39-S43).

Table 1 Conversion of N2 to silylamines by the mono- and dinuclear aryloxide complexes under ambient conditions 
(1 atm N2, room temperature) with 300 eq. K0 as reductant. “Equivalents” reported correspond to (mol product)/(mol 
precatalyst). This number also conveniently corresponds to the percent yield with respect to reducing electrons 
added; for example, 30 eq. silylamine = 30% yield. All catalytic yields (≥2 eq.) of silylamine are reported as an 
average of triplicate experiments with standard error. Reaction mixtures including H+ were allowed to stir at room 
temperature for 24 hours before distilling out the products, while those omitting H+ stirred for 72 hours.

Entry Precatalysta Me3SiCl (eq.) [HNEt3][BPh4] (eq.) HN(SiMe3)2 (eq.) N(SiMe3)3 (eq.)

1 1Ti 225 131 26 ± 2 4.0 ± 1.2
2 1Ti 300 0 - 0.61
3 A-Tia 225 131 30 ± 1 5.4 ± 0.5
4 A-Tia 300 0 - 1.4
5 1TiMe 225 131 34 ± 2 3.1 ± 2.2
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6 1TiMe 300 0 - 0.59
7 1Zr 225 131 7.0 ± 0.8 1.4 ± 0.3
8 1Zr 300 0 - 0
9 A-Zra 225 131 5.5 ± 0.4 2.7 ± 1.6

10 A-Zra 300 0 - 0.62
11 1Sm 225 131 0 0
12 1Sm 300 0 - 1.6
13 A-Sma 225 131 3.7 ± 0.6 0
14 A-Sma 300 0 - 5.4 ± 0.8
15 1Sm-I 300 0 - 1.4
16 A-Sm-Ia 300 0 - 2.8 ± 0.2
17 1Tib 225 (4x) 131 (4x) 51 5.1
18 A-Tia,b 225 (4x) 131 (4x) 76 8.2

a) Values reported from previous study.2 b) Silylamine yields are the cumulative result from 4 consecutive catalytic N2 silylation reactions, see page 
S17 for details. Equivalents are not reported in triplicate for these entries.

Most notably,  like their  dinuclear analogues  A-M,  mononuclear group 4  1M  complexes only 
catalyze conversion of N2 to HN(SiMe3)2; neither is competent for catalytic N(SiMe3)3 production 
under our conditions. HN(SiMe3)2 is the only product released from the catalytic cycle for 1Ti and 
1Zr; we have previously determined that the quantities of 3° silylamine reported in Table 1 result 
from the reaction of HN(SiMe3)2 with K0 and Me3SiCl.2

Subjecting 1Ti (table 1, entry 1) to the same catalytic reaction conditions as its dinuclear analogue, 
A-Ti (table 1, entry 3), gives nearly identical upper limits for total silylamine yield (36 eq. vs. 35 
eq.)  and  selectivity  (82% vs.  85%)  for  HN(SiMe3)2,  experimentally  corroborating  the  DFT-
calculated  mechanism for  reductive  N2 functionalization  at  a  single  Ti  center  in  A-Ti. The 
equivalents of product is effectively doubled with respect to the number of Ti atoms. Like A-Ti, 1Ti 
only catalyzes the conversion of N2 to HN(SiMe3)2 when a H+ source is included (table 1, entry 2). 
We infer that the smaller ionic radius of the 3d metal increases the steric influence of the ligands on 
the bound N2 and prevents a third N-silylation, even outside the formal cavity employed by A-Ti. 
DFT calculations support this inference, (vide infra, figure 2) invoking protonation of the distal N 
atom as the first electrophilic functionalization.33 Our previous kinetic studies of A-Ti and A-U all 
confirm  that  HN(SiMe3)2  is  the  product  of  these  aryloxide-supported  electropositive-metal-
mediated N2RRs, and it is a subsequent reaction of this product with the K and TMSCl in solution 
that form the N(SiMe3)3 byproduct at later stages in the reaction.2 1Ti strikes a lucrative balance 
between reactivity toward N2 and stability toward our catalytic reagents. It is sufficiently robust to 
withstand exposure to large excesses of electrophiles, as well as the elevated temperatures and 
reduced pressures associated with amine product collection. The catalyst even continues to function 
effectively over four consecutive additions of additional substrate and reagents (table 1, entry 17), 
yielding a maximum of 56 eq. amine per Ti catalyst for 1Ti. The product yield steadily decreased 
after each catalytic cycle, amounting to a 14.0% total yield with respect to reducing equivalents, but 
whether that decrease is attributed to catalyst decomposition or incomplete post-run extraction is 

8



difficult to rigorously determine (figure S22). We also measure up to 19 eq. of NH3 (scheme 4) by 
1H NMR (figure S23) when subjecting  1Ti to excess K0 and H+, making  1Ti the first reported 
complex to demonstrate efficacy in the transformation of N2 to both HN(SiMe3)2 and NH3. This 
result is consistent with the possibility that, under otherwise similar reducing and protonating 
conditions but in the absence of TMSCl, protonated N-containing intermediates within the catalytic 
manifold  are  diverted  away  from  N-silylation  and  instead  proceed  through  further 
protonation/reduction to NH3.

Scheme 4. Catalytic NH3 production by 1Ti.

To determine the value of the benzylic C-H in the DP ligands on 1Ti (vide infra, scheme 5), we 
synthesized the methylated analogue Ti{(OC6H2-tBu-2,Me-4)2CMe2}2 1TiMe via salt metathesis 
(vide infra, Syntheses) from the proligand, H2DPMe34, wherein two methyl groups replace the –H 
and  –Ph  substituents  at  the  methylene  bridge.  This  substitution  precludes  opportunity  for 
deprotonation and subsequent metalation at the acidic,  benzylic position on the ligand in the 
presence of excess reductant and thus was posited to give higher silylamine yield. 1TiMe is similarly 
competent for HN(SiMe3)2 production as 1Ti under catalytic conditions, giving 30 eq. 2° silylamine 
(table 1, entry 5). Targeting the 3° silylamine by omission of H+ from the reagents again gives sub-
stoichiometric conversion (table 1, entry 6). However, the complex is much less robust than the 
parent 1Ti and all reactions targeting a 1TiMe-N2 adduct, by KC8 or K0 reduction of 1TiMe in THF at 
-78°C, result in complete decomposition and release of the potassium salt of the ligand, K2DPMe 

(Figure S34), hindering further study.

Cyclic voltammetry studies on solutions of 1M show negative reduction potentials for all three, 
anticipated given the strong donation from the aryloxide ligands raising the energy of a metal-
centered LUMO.   1Ti  outperforms  1Zr, possibly due to the difference in reduction potentials 
(Figures S1 and S2) of the two tetravalent metal centers, which is valuable in N2 binding. A 
reversible  one-electron  electrochemical  reduction  wave  attributed  to  the  M4+/3+ couple  was 
measured at -1.82 V vs. Fc+ for  1Ti, and an irreversible wave at -3.1 V vs. Fc0/+ for  1Zr. No 
reduction was observed within the THF solvent window (above -3.3 V vs.  Fc0/+)  for the Sm 
precatalysts (1Sm, and 1Sm-I). 

Another contributing factor for the performance differences of  1Ti,  1Zr and  1Sm can also be 
explained by the catalytic mixture’s (1M + N2 + K0 in THF) tendency to decompose in the presence 
of the acid [HNEt3][BPh4]. For 1Zr, a mixture of these reagents in d8-THF in a Young’s tap-fitted 
NMR  tube  shows  partial  conversion  to  H2DP (Figure  S26).  In  contrast,  the  1Ti mixture 
demonstrates  almost  no  decomposition  to  H2DP under  the  same  conditions  (Figure  S25). 
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Nonetheless, 1Zr is a catalyst for production of the 2° silylamine (7.0 eq.) formation, table 1, entry 
7),  and  to  our  knowledge  is  the  most  active  zirconium-N2RR catalyst  reported  so  far,  even 
outperforming its  dinuclear analogue  A-Zr (table 1,  entry 9).  The third N-silylation event to 
generate  the  3°  amine,  however,  is  still  inaccessible  for  the  4d  cation  (table  1,  entry  10), 
emphasizing the steric requirements at the metal for a third N-silylation event. The mixture of 1Sm 
+ N2 + K0 quickly decomposes upon treatment with [HNEt3][BPh4] to release H2DP (Figure S27), 
preventing the conversion of any bound N2 to HN(SiMe3)2 (table 1, entry 11). This is a significant 
decrease in kinetic inertness compared to the dinuclear analogue A-Sm, which was able to make 3.7 
eq. of HN(SiMe3)2 under these reaction conditions. The sub-stoichiometric yield of 1.6 eq. of 
N(SiMe3)3 by 1Sm (table 1, entry 12) is also substantially lower than that observed for A-Sm which 
produces up to 5.4 eq. N(SiMe3)3. The heteroleptic 1Sm-I (table 1, entry 13) performs similarly to 
1Sm giving sub-stoichiometric conversion of N2 to the 3° silylamine (1.40 equivs N(SiMe3)3). We 
also  measure  a  decreased  yield  with  1Sm-I relative  to  its  dinuclear  counterpart  B-Sm 
K2Sm2(mTP)2(THF)10, (table 1,  entry 16).  Nonetheless,  the lanthanide congeners are the only 
complexes evaluated capable of facilitating production of the 3° silylamine in near-stoichiometric 
yields.
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Studies of the products of reduction of 1M under N2

Scheme 5. Reduction of  1Ti with KC8 under N2 in the absence of protons or electrophile to make reduced, N2-
containing 1Ti-N2. Subsequent quench with additional equivalents of reducing electrons and H+ releases NH3 which 
can be protonated and quantified by 1H NMR. Reduction of 2Ti in the absence of N2 produces 3Ti. Precise locations 
and solvation of the K+ counterions are solvent-dependent.

We endeavored to isolate a metal-N2 adduct en route to the silylamine product that could provide 
more information about the intermediate(s). While K0 was the reductant evaluated for catalytic 
silylation reactions, KC8 was preferred for studying the N2-adduct for several reasons discussed in 
greater detail below.

We characterize the major product formed from the reduction of 1Ti under N2 in THF at -78°C with 
excess (greater than 3 eq.) KC8 as [K3(THF)][TiIV(N2)(DP)(DP-)] 1Ti-N2 wherein one DP ligand has 
been deprotonated and metalated at the benzylic position (Scheme 5). After isolation as a dark red 
solid, the compound is stable at room temperature under an N2 atmosphere. We suggest the reaction 
proceeds via an initial 1e- reduction to [K(THF)n][TiIII(DP)2], 2Ti. This is because 1Ti-N2 can also 
be  formed  by  KC8 reduction  of  2Ti which  itself  can  be  independently  synthesized  from 
TiIIICl3(THF)3 (see SI). Treatment of this material with a THF solution of [DNEt3][BPh4] followed 
by filtration through silica gel with CDCl3 reveals 43% deuteration by 1H NMR suggesting one of 
the  two  ligands  has  been  deprotonated  at  the  benzylic  carbon  (Figures  S21  and  S22).  A 
desymmetrized ligand set is reflected in both the integration and number of distinct  1H NMR 
resonances. Complex  1Ti-N2 displays  1H NMR spectra consistent with a diamagnetic complex 
while X-band CW EPR shows no features that would be attributable to a paramagnetic TiIII complex 
(g  =  2.003,  figure  S44).  Evans  method  NMR  spectroscopic  determination  of  solution 
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paramagnetism further confirms the absence of TiIII.35 A stoichiometric quantity of NH3 (2.2 eq. as 
NH4Cl per mol precatalyst) is formed from reduction of 2Ti under N2 with excess KC8 at -78°C to 
form 1Ti-N2, followed by quench with [HNEt3][BPh4] in the presence of K0 to supply the additional 
e- required to complete N-N bond cleavage (Table S2). We recover a similar yield (1.8 eq. 14NH4Cl + 
15NH4Cl) when performing this reaction on 1Ti-15N2 (Figure S36). This 1:2 Ti:N ratio supports 
formulation of 1Ti-N2 as a mononuclear N2 complex, and is further confirmed by a 1H DOSY NMR 
spectroscopic study (Table S4). Because the diffusion coefficient (D) is inversely correlated with 
molecular weight, the nuclearity of 1Ti–N2 is inferred by comparison with complexes of related 
composition. The diffusion coefficient of 1Ti–N2 (D = 6.89 × 10-10 m2s-1) is comparable to those of 
1Ti (D = 6.89 × 10-10 m2 s-1) and 3Ti (D = 6.02 × 10-10 m2s-1), and significantly greater than that of A-
K4Ti (D = 4.70 × 10-10  m2s-1), which serves as a representative di-titanium the 2:2 metal:ligand 
complex. Accordingly, we characterize 1Ti–N2 as a monomeric complex in solution.  This is an 
interesting finding, as all previously isolated and characterized examples of homogeneous group 4 
metal- and lanthanide-mediated catalytic N2RR feature a (μ-N2)n- unit ligated between two redox-
active metal centers.11, 12, 36-41 Here, N2-silylation yields, 1H DOSY NMR and DFT calculations (vide 
infra) all support the formulation of a terminally-bound N2 ligand to a single Ti atom  (Figure 2). 
The  calculated  starting  point  of  the  catalytic  cycle,  intermediate  I,  corresponds  to  the  non-
deprotonated three-electron-reduced species 1Ti-N2', whereas the isolated complex 1Ti-N2 is its 
benzylically deprotonated analogue. Numerous attempts to grow crystals suitable for SCXRD were 
unsuccessful, and 1Ti-N2 is too sensitive for both electrospray ionization (ESI) and MALDI mass 
spectrometry measurements in our instruments. We also attempted stoichiometric, electrophilic 
functionalization of the N2 moiety in  1Ti-N2 with various reagents to trap and characterize a 
catalytic intermediate, though none were successful. However, subjecting a THF solution of 1Ti-
N2 to excess K0, Me3SiCl, and [HNEt3][BPh4] results in catalytic production of 2° silylamine (14 
eq.),  supporting our  positioning of  this  complex as  a  catalytically  competent,  experimentally 
accessible species that can re-enter the catalytic manifold. Elemental analysis of 1Ti-N2 returns 
erroneously low values for C, H, and N, emphasizing the highly unstable nature of these catalytic 
intermediates.

Conversely, when THF solutions of either  1Ti or  2Ti are treated with excess K0 at -78°C, no 
reaction is observed on a reasonable timescale. Slow warming of either reaction mixture to room 
temperature results in the formation of a product mixture we denote as 2Ti-N2 that consists of 1Ti-
N2, 3Ti, and an uncharacterized TiIII species. Large brown blocks of  3Ti can be recovered by 
diffusion  of  hexane  vapor  into  a  concentrated  THF solution  of  2Ti-N2 but  we  struggled  to 
thoroughly  separate  the  remaining  products,  hence  most  of  the  characterization  efforts  were 
focused on 1Ti-N2 (the product of -78°C reductions with KC8). X-band EPR measurements on the 
mother liquor of 2Ti-N2 after crystallizations to remove 3Ti reveal the signature of the unidentified 
TiIII species (g = [1.97, 1.94, 1.89] figure S44). Our previous study of the N2 silylation catalyzed by 
A-Ti suggested that dehydrometalated Ti complexes, formed via reductive deprotonation of a close 
benzylic C-H by a transient TiII center, lacked adequate space to reductively bind N2 at the Ti center. 
Thus, H+ was required to liberate the N2 coordination site and re-enter the catalytic cycle. Although 
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3Ti forms  as  a  by-product  from the  treatment  of  1Ti with  K0 at  room temperature  in  the 
mononuclear system, we similarly hypothesize here that the presence of H+ in the reaction solution 
reprotonates the ligand’s benzylic position to bring the complex back into the catalytic cycle. This 
hypothesis is supported by the catalytic yields of HN(SiMe3)2 (14 eq.) obtained from the reaction 
between 3Ti and excess K0, [HNEt3][BPh4], and TMSCl. Nonetheless, a decreased yield of NH4Cl 
(1.4 eq.) is obtained from a quench with additional K0 and [HNEt3][BPh4] due to the presence of 
additional species in the mixture that do not contribute to the reductive functionalization of N2.

The same procedure with 1Sm to form NH3 (THF slurry of precatalyst with KC8 at -78°C under N2 

followed by K0 and [HNEt3][BPh4]) yields 0.043 eq. NH4Cl relative to 1Sm (Figure S38), but the 
extreme air sensitivity of the system precluded attempts to isolate any reduction intermediates. 

Vibrational Spectroscopy
We anticipated  that  vibrational  spectroscopy  would  aid  in  characterization  of  1Ti-N2.  After 
reduction of 1Ti with excess KC8 under an atmosphere of N2 at -78°C, a broad feature at 1571 cm-1 

appears in the ATR-FTIR spectra of a sample of the solid material which is within reasonable range 
of literature values reported for moderately activated N2 ligands. 42-44,28, 45 Upon treatment of a THF 
solution of  1Ti  with [HNEt3][BPh4]  and TMSCl the intensity of  the IR feature substantially 
decreases, confirming consumption of the starting material (Figure S45). Unfortunately, efforts to 
compare the vibrational properties of 1Ti-14N2 and 1Ti-15N2 by both Raman and IR spectroscopies 
were  unsuccessful,  attributed  to  the  weak  oscillator  strength  of  the  N-N  vibration  in  these 
complexes.

DFT-proposed mechanism for Ti-mediated catalytic N2 silylation
DFT calculations were performed to elucidate the mechanism for catalytic N2-silylation mediated 
by 1Ti. Computational details are provided in full in the ESI under the section “Computational 
Methods” (page S48). A key vibrational feature at 1577 cm ¹ was assigned to the three-electron-⁻
reduced species  1Ti-N2, rather than to its singly or doubly reduced precursors (Fig. S49). This 
species, denoted as intermediate (a) (I in Figure S51), was identified as the starting point of the 
catalytic cycle, consistent with experimental IR data. Formation of a dinuclear, μ-N2 intermediate 
from  I was evaluated but found to be less thermodynamically favorable than its  protonation. 
Because some elementary steps can involve ion-pairing/association or charge-separated species, 
our mechanistic conclusions are based primarily on internally consistent relative comparisons of 
ΔG and ΔG‡ between competing pathways computed with the same protocol.
 
Nine possible reaction pathways (A–I) were evaluated to determine the most viable route for 
dinitrogen reduction and functionalization under the given experimental conditions; the full set of 
competing pathways is provided in the ESI (Figure S51). Comparison of the computed Gibbs free 
energy profiles and kinetic barriers identified pathway F as the most favorable, and it is therefore 
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the  pathway discussed  here  and  shown in  Figure  2.  This  catalytic  pathway initiates  with  a 
protonation step, where a proton donor, [HNEt3][BPh4], transfers its proton to the terminal nitrogen 
of the 1Ti-N2 (a) (I in Figure S51) complex, leading to K2[TiIIIDP2(N)NH] (b) (I in Figure S51). 
During efforts to model this proton transfer, optimization of the corresponding encounter reactant 
complex proceeded directly  to  the protonated product  rather  than to  a  stable  pre-protonation 
minimum; on this basis, within our DFT protocol, protonation is treated as effectively barrierless 
and was therefore taken as the initiating event in each half of the catalytic cycle. This step, which 
replaces  a  potassium  cation  with  a  proton,  is  highly  exergonic  (ΔG  =  –24.8  kcal  mol–1), 
demonstrating a strong thermodynamic driving force, and directs the catalyst selectivity.
 
Following protonation, the reaction proceeds through a concerted reduction and trimethylsilyl 
chloride (TMSCl) uptake step, wherein an additional electron is transferred to the titanium center, 
enabling nucleophilic  attack on TMSCl.  This transformation yields the silylated intermediate 
K2[TiIIIDP2(N)NHTMS] (c) (IX in Figure S51), with a moderate kinetic barrier of 11.0 kcal mol–1, 
which  is  readily  surmountable  at  ambient  temperature  and  is  strongly  exergonic,  with  a 
thermodynamic driving force of –41.1 kcal mol–1. This order of functionalization is chemically 
reasonable because protonation occurs first at the distal N atom, which is the less sterically hindered 
and more accessible site for subsequent silylation, and is consistent with the observed formation 
and release of HN(SiMe3)2 rather than pathways leading to disilylhydrazine formation. Within the 
proposed mechanism, the reduction/TMSCl uptake step from (a) to (c) is the stage at which TMSCl 
likely diverts the reaction pathway toward N-silylation, whereas in its absence the protonated N-
containing  intermediate  could  instead  undergo  further  protonation/reduction  toward  NH3 

formation. A subsequent reduction and silylation event results in K2[TiIIIDP2(N)NHTMS2] (d) (IV 
in Figure S51), which releases –11.6 kcal mol–1 in Gibbs energy via an activation barrier of 18.8 
kcal mol–1, surmountable under standard laboratory conditions.
 
A critical transformation in the catalytic cycle occurs with product elimination, where the silylated 
secondary  amine  HN(SiMe3)2 dissociates  from  K2[TiIIIDP2(N)NHTMS2] (d),  generating 
K3[TiIIIDP2(N)] (e) (V in Figure S51). This step is highly exergonic (ΔG = –64.8 kcal mol–1), 
indicating that product release is a major driving force sustaining the catalytic cycle. Notably, the 
presence  of  potassium  counterions  is  crucial  in  stabilizing  the  reduced  nitrogen-containing 
intermediates throughout the process, as computational results suggest that potassium engages in 
electrostatic interactions that facilitate electron transfer and structural stabilization.
 
The  second  half  of  the  catalytic  sequence  follows  a  similar  pattern,  starting  with  a  second 
protonation event at the titanium-bound nitrogen, forming K2[TiIIIDP2(NH)] (f) (X in Figure S51) 
(ΔG = –42.4 kcal mol–1). A subsequent concerted reduction and TMSCl uptake step converts 
K2[TiIIIDP2(NH)] (f)   into  K2[TiIIIDP2(NHTMS)] (g)  (XI in  Figure  S51),  accompanied  by  a 
substantial driving force (ΔG = –98.4 kcal mol–1). Finally, dinitrogen coordination and reduction 
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restore the initial catalytic species K3[TiIIIDP2(N2)] (a), completing the cycle and giving ΔG = –60.8 
kcal mol–1.

Finally, the formation of a dinuclear intermediate from 1Ti-N2' was also computationally explored, 
see page S50 for details. The formation of a dinuclear intermediate was found to have a driving 
force of –18.8 kcal mol–1, which is 5.8 kcal mol–1 less favorable compared to the protonation step at 
the mononuclear complex. Given that  protonation occurs spontaneously without an activation 
barrier  and  is  more  favorable  thermodynamically,  the  computational  data  clearly  support  a 
mononuclear pathway.

Figure 2 a) Calculated mechanistic pathway F for titanium-catalyzed dinitrogen functionalization. Free energies (in 
kcal mol–1) and bond orders, determined using Wiberg bond indices, were both calculated at the PBE0-D3BJ/BS2/SMD 
// PBE0-D3BJ/BS1 level of theory. TMS = Me3Si. Full computational details and the full comparison of competing 
pathways are provided in the ESI (page S48 and Figure S51).

Conclusions
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Mononuclear  titanium  and  zirconium  bis(aryloxide)  complexes  selectively  catalyze  the 
homogeneous transformation of N2 to HN(SiMe3)2 in the presence of K0, TMSCl, and weak acid at 
ambient temperature and pressure. The strong σ/π-donor aryloxide ligands stabilize the metal 
complex to the electrophilic reagents and facilitate binding and reduction of N2. The Sm congener 
facilitates conversion of N2 to N(SiMe3)3 but reacts too fast with the weak acid to catalyze the 
conversion to the bis(silyl)amine. The titanium catalyst  1Ti is so stable that it  can be reused 
multiple times, producing up to 51 eq. HN(SiMe3)2 over the course of four experiments. It is also a 
capable catalyst for the more difficult conversion of N2 to ammonia. Most notably, like their 
dinuclear analogues A-M, mononuclear group 4 1M complexes only catalyze conversion of N2 to 
HN(SiMe3)2; neither is competent for catalytic 3° silylamine production under our conditions. We 
suggest  that  steric  constraints  formed  by  the  surrounding  combination  of  aryloxides  and  K 
countercations  around the  3d/4d metal  cation prevents  a  third  N-silylation,  even without  the 
formally defined cavity employed by group 4 A-M.

The similar catalytic yields of secondary silylamine obtained  per complex using  1Ti (26 eq. 
silylamine per complex) and A-Ti (30 eq. silylamine per complex) as N2RR catalysts support the 
DOSY measurements and DFT-calculated mechanism invoking N2 functionalization at a single Ti 
site. Here, DFT calculations again provide key insights into the mononuclear titanium-catalyzed 
dinitrogen  silylation  mechanism,  reinforcing  experimental  observations,  and  highlighting  the 
crucial role of potassium counterions, whose π-interactions with the ligand scaffold modulate both 
catalyst reactivity and the degree of amine substitution. Further, they identify the three-electron-
reduced, non-deprotonated species 1Ti-N2' as an important intermediate in which three-electron 
reduction stabilizes the bound dinitrogen ligand while potassium counterions facilitate electron 
transfer and structural stabilization. The first replacement of a potassium cation with a proton is 
highly exergonic, and directs the catalyst selectivity for bis(silyl)amine. Then the exergonic release 
of HN(SiMe3)2 emerges as a critical driving force, ensuring efficient catalytic turnover. These 
findings establish a mononuclear, terminally bound N2 activation mechanism, fully consistent with 
earlier studies that also indicated reaction progression primarily through a single titanium center. 
The  evidence  that  when  electropositive  metal  complexes  can  accommodate  this  atypical  N2 

coordination geometry, they can function as effective N2 reduction catalysts, and generate new 
amine products, offers a new approach to N2RR catalyst design for other parts of the periodic table 
such as the p-block, where current reports of N2 binding are drawing increasing interest.

Materials and Methods

General Details
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All  manipulations  were  carried out  under  a  dry,  oxygen-free  atmosphere  of  dinitrogen using 
standard Schlenk and glovebox techniques. Glassware, glass microfiber filters and cannulae were 
dried in an oven at 160 °C for at least 12 hours before use.

Solvents and Reagents

THF, hexanes, and toluene were collected from an MBraun Solvent Purification System packed 
with columns of activated alumina, degassed, and stored over activated 4 Å molecular sieves prior 
to use. Deuterated solvents were purchased from Cambridge Isotope Laboratories. C6D6, THF-d8 

and pyridine-d5, and 2-MeTHF were refluxed over potassium, distilled, degassed, and stored on 
activated 4 Å molecular sieves prior to use. Pyridine was stirred over K0, distilled, and degassed 
prior to use. DMSO-d6 and d-chloroform were used as received.

All commercial solid reagents were used as purchased from Sigma Aldrich, following rigorous 
drying under dynamic vacuum. Na metal (ingot, 99.8 %) was brought into a glovebox, washed with 
hexanes, and thoroughly polished of any residual oxide and hydroxide coatings. K0 metal (99.95 %) 
and Rb0 metal (99.75 %) was used as received. KH was purchased as a dispersion in paraffin oil; the 
oil was washed away with hexane prior to use. Me3SiCl and Ti(OiPr)4 was degassed and distilled 
prior to use. SmI3(Et2O)1.68, CeI3(Et2O)0.66, TiCl4(THF)2, TiCl3(THF)3, ZrBn4, KBn, KC8, SmN″3 (N
″ = N(SiMe3)2), CeN″3, H2DPMe2 ((HOC6H2-tBu2-2,4)2CMe2), [HNEt3][BPh4], [DNEt3][BPh4], and 
[HDBU][BPh4] were prepared according to literature procedures. 46-49

No uncommon hazards are noted.

Spectroscopy and Analytical Techniques

All NMR spectroscopic analyses were recorded at 298 K using Bruker AV-600, AVB-400, and 
AVQ-400 spectrometers. 1H and 13C NM50R spectra are referenced internally to the residual solvent 
1H and  13C resonance respectively in deuterated solvents. Resonances are reported in parts per 
million (ppm). 15N and 29Si NMR spectra were referenced using an external standard of CH3NO2 

(0.0 ppm) and SiMe4 (0.0 ppm), respectively.  Resonances are reported in parts per million (ppm).

ATR-FTIR spectra were recorded on a Shimadzu IRSpirit FTIR spectrometer on neat powders. 
Absorption bands are reported in wavenumbers (cm-1) with a note on intensity: s – strong; m – 
medium; w – weak.

GC data were obtained by an Agilent Technologies 7890A GC System equipped with an Agilent 
7693A Automatic Liquid Sampler. An Agilent VF-200ms GC column with dimensions 30 m × 0.25 
mm × 0.25 µm was used. The sample injection temperature was 160 ºC. The method used an initial 
oven temperature of 50 ºC (held for 5 minutes), followed by a 20 ºC min-1 ramp to 160 ºC (held for 
1 minute), followed by a 40 ºC min-1 ramp to 200 ºC (held for 1 minute). The retention times for the 
analytes of interest are as follows: 4.204 minutes for HN(SiMe3)2 and 9.273 minutes for N(SiMe3)3.
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EPR experiments were carried out in the CalEPR center in the University of California, Davis. X-
band continuous-wave spectra were recorded on the Bruker Biospin EleXsys E500 spectrometer 
equipped with a super high Q resonator (ER4122SHQE) and an ESR900 liquid helium cryostat 
with a temperature controller (Oxford Instrument ITC503), under slow-passage, non-saturating 
conditions. Spectrometer settings were as following: frequency = 9.4 GHz, conversion time = 60 
ms, modulation amplitude = 0.5 mT, modulation frequency = 100 kHz.

Cyclic  voltammetry  (CV)  experiments  were  performed  under  a  dinitrogen  atmosphere  in  a 
glovebox with an EC Epsilon (BASi) potentiostat, equipped with a 3 mm diameter glassy carbon 
working electrode, a Ag wire pseudoreference electrode, and a Pt wire counter electrode with either 
[Bu4N][PF6] (0.1 M) or [Bu4N][BPh4] supporting electrolyte solution in THF. The glassy carbon 
working electrode was cleaned prior to each experiment by polishing with Al2O3 (1 µm, 0.3 µm, 
0.05 µm) in descending order and rinsed with ultrapure water and acetone before the measurements. 
All voltammograms were referenced to the Fc/Fc+ or Fc*/Fc*+ redox couple. Analyte concentrations 
were kept at 0.1 mM (1Ti, 1Zr, 1Sm, 1Sm-I) for the measurements.

Elemental analyses were carried out by Dr. Elena Kreimer and Dr. Ashleigh Lightbody at UC 
Berkeley.

X-ray crystallographic data for 1Ti, 1Zr, 1Sm-tol, 1Sm-I, 2Ti, and 3Ti were collected on a Rigaku 
XtaLAB Synergy-S diffractometer fitted with a HyPix-6000HE detector with Mo Kα radiation (λ = 
0.71073 Å) or Cu Kα radiation (λ = 1.54184 Å) at 100 K. X-ray crystallographic data was collected 
on an Oxford Diffraction Excalibur Eos diffractometer with Mo Кα radiation (λ = 0.71073 Å) at 170 
K. All structures were solved using SHELXT in Olex2 and refined using SHELXL in Olex2. 
Absorption corrections were completed using CrysAlis Pro (Rigaku Oxford Diffraction) software. 
Analytical numeric absorption corrections used a multifaceted crystal model based on expressions 
derived by Clark and Reid. Numerical absorption correction was based on a Gaussian integration 
over a multifaceted crystal model. Solvent accessible voids were treated using the Olex2 solvent 
mask S 6 function, and the final output of the mask was appended to the cif file and described in the 
additional details below.

Abbreviations:
' = SiMe3

HN" = HN(SiMe3)2 

N''' = N(SiMe3)3

eq. = equivalent
2-Me-THF = 2-methyltetrahydrofuran
Fc = ferrocene
Fc* = decamethylferrocene
DBU = 1,8-Diazabicyclo[5.4.0]undec-7-ene
DP = diphenolate
mTP = meta-tetraphenolate

Syntheses
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(HOC6H2-tBu-2,Me-4)2CHPh, H2DP
Modification of a literature procedure.21

A Schlenk flask equipped with a magnetic stir bar and oil bubbler was charged with 2-tert-butyl-4-
methylphenol (5.0224 g, 30.580 mmol, 2.2 eq.), benzaldehyde (1.418 mL, 13.900 mmol, 1 eq.), and 
p-toluenesulfonic acid monohydrate (264 mg, 1.3900 mmol, 0.1 eq.). The flask was placed under 
nitrogen flow, stirred, and heated to 75 °C. The solids melted to yield a brown solution which 
darkened over time. After circa 16 hours, the reaction mixture had turned into a reddish-white solid 
at which point 50 mL of MeCN was added. The resulting brown suspension was filtered to provide 
(HOC6H2-tBu-2,Me-4)2CHPh as a colorless solid which was washed with additional MeCN. The 
solid was dried under vacuum at 70 °C overnight and stored in a glovebox, and characterized as 
HOC6H2-tBu-2,Me-4)2CHPh, H2DP, C29H36O2. Yield 3.4745 g (60 %). 

(HOC6H2-tBu-2,Me-4)2CMePh, H2DPMe

Prepared according to a literature procedure.34

Ti(DP)2, 1Ti
To a magnetically stirred toluene solution (4 mL) of H2DP (167.5 mg, 0.4021 mmol, 2 eq.) was 
added Ti(OiPr)4 (60.0 mg, 0.2111 mmol, 1.05 eq.) dropwise in toluene (1 mL). The resulting 
transparent  orange-red  solution  was  stirred  at  reflux  in  a  teflon-tapped  ampoule  under  at 
atmosphere of N2 for 16 hours. The volatiles were removed in vacuo resulting in the recovery of a 
yellow-orange solid.  The solid was repeatedly washed with cold hexanes (5 x 1 mL) to give 
Ti[CHPh(OC6H2-tBu-2,Me-4)2]2, 1Ti, as a bright yellow-orange powder. (159.2 mg, 0.1815 mmol, 
90% yield). The compound is stable to air both in the solid and solution phase for several hours. 
Single crystals can be grown from a room temperature solution of the solid in 1:1 n-hexane/toluene. 
1H NMR (500 MHz, C6D6 25°C) δ 7.47 (d, J = 8.4 Hz, 4H, ArH), 7.35 (d, J = 2.4 Hz, 2H, ArH), 
7.28 (d, J = 2.4 Hz, 2H, ArH), 7.09 (m, J = 7.2 Hz, 6H; overlapping resonances, ArH), 7.03 (t, J = 
6.6 Hz, 2H, ArH), 6.92 (d, J = 2.4 Hz, 2H, ArH), 6.63 (s, 2H, Ar3CH), 2.12 (s, 6H, ArCH3), 1.97 (s, 
6H, ArCH3), 1.54 (s, 18H, ArCMe3), 1.38 (s, 18H, ArCMe3). 13C{1H} NMR (151 MHz, C6D6, 
25°C) δ 161.67, 160.55, 143.25, 139.31, 136.73, 136.32, 134.75, 132.04, 131.85, 130.63, 128.47, 
128.15,  126.58,  126.42,  126.36,  47.25,  35.64,  35.26,  30.85,  30.71,  21.33,  21.23. Elemental 
analysis (%) calc. for C58H68O4Ti (877.04 g·mol-1): C, 79.43; H, 7.82. Found: C, 78.79; H, 7.96.

Ti(DPMe)2, 1TiMe

To a magnetically stirred THF solution (2 mL) of  H2DPMe (217.1 mg, 0.480 mmol, 2 eq.) was 
slowly added a THF slurry (2 mL) of KH (38.5 mg, 0.959 mmol, 4 eq.). The mixture was allowed to 
stir  for  45 min to  ensure stoichiometric  deprotonation,  then a  yellow THF slurry (4 mL) of 
TiCl4(THF)2 (80.1 mg, 0.240 mmol, 1 eq.) was added dropwise to the colorless solution of K2DPMe. 
The reaction mixture was allowed to stir at room temperature for 3 h, during which time the yellow 
color deepened. The product mixture was concentrated in vacuo and filtered to remove KCl. The 
filtrate was dried in vacuo and washed with hexanes (2 mL) to afford Ti(DPMe)2, 1TiMe as a yellow 
powder (119 mg, 0.125 mmol, 52.3% yield). Single crystals were grown from a saturated pyridine 
solution of the product stored at -35°C. 1H NMR (500 MHz, d5-Pyr, 25°C) δ 7.78 (s, 2H, ArH) 7.48 
(s, 2H, ArH), 7.24 (s, 2H, ArH), 7.23 (s, 2H, ArH), 2.50 (s, 6H, -CMe2-), 1.98 (s, 6H, -CMe2-), 1.96 
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(s, 18H, ArCMe3), 1.62 (s, 18H, ArCMe3), 1.47 (s, 18H, ArCMe3), 1.24 (s, 18H, ArCMe3). 13C{1H} 
NMR (126 MHz, d5-pyr, 25°C) δ 167.05, 164.78, 141.59, 139.20, 137.58, 137.50, 137.17, 121.43, 
120.70, 119.41, 71.94, 68.29, 47.04, 43.67, 43.36, 37.91, 36.69, 36.59, 35.22, 35.04, 34.89, 34.67, 
33.06, 32.81, 32.52, 32.13, 32.03, 30.81, 28.96, 26.27, 23.30, 14.69. Elemental analysis (%) calc. 
for  C62H92O4Ti (949.28 gmol-1):  C,  78.45;  H,  9.77.  Found:  C,  68.15;  H,  8.98.  HRMS (ESI, 
positive): m/z 949.6628 (calc for [M+H+] 949.6553).

[KTi(DP)2(THF)2], 2Ti
To a magnetically stirred THF solution (2 mL) of H2DP (99.9 mg, 0.240 mmol, 2 eq.) was slowly 
added a THF slurry (2 mL) of KH (19.2 mg, 0.480 mmol, 4 eq.). The mixture was allowed to stir for 
30 min to ensure stoichiometric deprotonation, then a blue THF suspension (4 mL) of TiCl3(THF)3 

(44.4 mg, 0.120 mmol, 1 eq.) was added dropwise to the colorless solution. The reaction mixture 
was allowed to stir at room temperature for 16 h, during which time the color changed from blue to 
yellow, then to red-brown. The product mixture was concentrated in vacuo and filtered to remove 
KCl.  Diffusion  of  n-hexane  vapor  into  a  concentrated  THF solution  of  the  filtrate  afforded 
[KTi(DP)2(THF)2], 2Ti as yellow crystals that were suitable for SCXRD. (77.9 mg, 0.0735 mmol, 
61.2% yield). 1H NMR (500 MHz, d8-THF, 25°C) δ 11.10, 7.27, 6.97, 6.63, 4.50, 3.83, 3.62 (m, 
8H; 2 THF CH2) 2.80, 1.77 (m, 8H; 2 THF CH2), 1.73, 1.55. Elemental analysis (%) calc. for 
C66H84O6KTi (1060.36 g·mol-1): C, 74.76; H, 7.99. Found: C, 75.42; H, 8.23. EPR g = [2.00, 1.95, 
1.93]

[K3Ti(DP-)2(THF)2], 3Ti
To a stirring solution of 2Ti (100.0 mg, 0.094 mmol) in THF (2 mL) was added KC8 (25.5 mg, 0.189 
mmol,  2  equiv.)  suspended  in  THF  (2  mL).  The  resulting  suspension  was  stirred  at  room 
temperature overnight. The mixture was filtered through a glass microfiber plug and the resulting 
red solution was collected. The volatiles were removed in vacuo and the solids were redissolved in 
THF (1.5 mL). Hexanes (1 mL) were layered on top of this solution and allowed to stand at -38°C 
undisturbed overnight after which point large red crystals of the product had formed, suitable for 
SCXRD. The mother  liquor  was  decanted  off and the  red  crystals  were  washed with  a  1:1 
THF:hexanes mixture followed by an additional aliquot of hexanes. After removal of all volatiles in 
vacuo, the K3[Ti(DP-)2(THF)2] product was isolated as a dark-red powder (58.1 mg, 0.0511 mmol, 
54.2 % yield). 1H NMR (500 MHz, d8-THF, 25°C) δ 13.39, 9.04, 6.23, 3.62 (m, 8H; 2 THF CH2), 
1.78 (m, 8H; 2 THF CH2), 0.56, -4.94, -11.93.
 13C{1H} NMR δ 140.57, 122.18, 91.06, 68.39, 68.10, 39.72, 33.56, 32.70, 30.65, 30.44, 26.55, 
25.98, 23.69, 18.11, 14.59. Elemental analysis (%) calc. for C66H82O6K3Ti (1163.54 g·mol-1): C, 
69.75; H, 7.27. Found: C, 68.80; H, 7.24. EPR g = [1.98, 1.92, 1.74]

Zr(DP)2,  1Zr
To a magnetically stirred toluene (2 mL) solution of H2DP (62.8 mg, 0.151 mmol, 2 eq.) was added 
ZrBn4 (34.4 g, 0.0755 mmol, 1 eq.) dropwise in toluene (2 mL). The resulting brown solution was 
stirred at room temperature in a 20 mL scintillation vial inside an N2-filled glovebox for 16 hours. 
The volatiles were removed in vacuo to afford an off-white solid. The solid was recrystallized from 
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a saturated toluene solution at  -35°C to give Zr(DP)2,  1Zr,  as  colorless  crystals  suitable  for 
SCXRD. (29.4 mg, 0.0292 mmol, 38.7 % yield). 1H NMR (400 MHz, C6D6, 25°C) δ 7.45 (d, J = 7.6 
Hz, 4H, ArH), 7.36 (s, 2H, ArH), 7.31 (s, 2H, ArH), 7.13 – 7.07 (m, 6H, ArH), 7.03 (t, J = 7.2 Hz, 
2H, ArH), 6.98 (s, 2H, ArH), 6.08 (s, 2H, Ar3CH), 2.12 (s, 6H, ArCMe), 2.03 (s, 6H, ArCMe), 1.51 
(s, 18H, ArCMe3), 1.36 (s, 18H, ArCMe3). 13C{1H} NMR (160 MHz, C6D6, 25°C) δ 157.45, 137.48, 
137.09, 130.37, 126.86, 126.67, 126.61, 35.42, 35.24, 30.78, 30.53, 21.29, 21.26. Elemental 
analysis (%) calc. for C64H82O4Zr (1006.58 g·mol-1): C, 76.37; H, 8.21. Found: C, 76.17; H, 8.11.

KSm(DP)2(THF)3, 1Sm
To a magnetically stirred THF (5 mL) solution of H2DP (311.6 mg, 0.748 mmol, 2 eq.) first was 
added a THF solution (3 mL) of Sm(N(SiMe3)2)3 (236.2 mg, 0.3740 mmol, 1 eq.), followed by a 
THF solution of KN(SiMe3)2 (74.6 mg, 0.3740 mmol, 1 eq.). The resulting pink solution was stirred 
at room temperature in a 20 mL scintillation vial inside an N2-filled glovebox for 16 hours, during 
which time a colorless solid precipitated from solution. The precipitate was isolated by filtration on 
a  fine-porosity  glass  fritted  funnel  and  washed  with  5  x  1  mL  portions  of  THF  to  yield 
KSmDP2(THF)3 as a colorless powder which was further dried in vacuo for several hours (435.7 
mg, 0.3528 mmol, 94.3 % yield). Single crystals of the toluene adduct 1Sm-tol, characterized as 
KSmDP2(PhMe)2, can be grown from a concentrated toluene product solution at -35°C of an 
identical procedure to that described for 1Sm but performed in toluene. 1H NMR (500 MHz, d5-pyr, 
25°C) δ 8.90 (4H, ArH), 7.84 (4H, ArH), 6.70 (4H, ArH), 6.45 (6H, ArH), 5.02 (2H, Ar3CH), 3.66 
(m, 12H; 3 THF CH2), 2.86 (12H, ArMe), 1.62 (m, 12H; 3 THF CH2), 1.38 (36H, ArCMe3). 13C{1H} 
NMR (126 MHz, d5-pyr, 25°C) δ 139.40, 136.50, 131.12, 130.12, 129.65, 128.90, 126.63, 126.05, 
121.40,  68.07,  36.84,  31.64,  26.05,  22.86.  Elemental  analysis  (%)  calc.  for  C70H92O7KSm 
(1234.96 g·mol-1): C, 68.08; H, 7.51. Found: C, 64.7; H, 7.11.

SmI(DP)(THF)3, 1Sm-I 
To a magnetically stirred THF solution (2 mL) of H2DP (64.3 mg, 0.154 mmol, 1 eq.) was added a 
THF solution (2 mL) of KN(SiMe3)2 (61.6 mg, 0.309 mmol, 2 eq.). The colorless, homogeneous 
reaction mixture was allowed to stir for 1 hour, after which time the solution was added dropwise to 
a magnetically stirred yellow-green THF slurry of SmI3(Et2O)x (94.2 mg, 0.154 mmol, 1 eq.). The 
reaction mixture was allowed to stir at ambient temperature for 16 hours then filtered through a 
glass fiber pipette filter. The yellow filtrate was dried in vacuo and the resulting solid was washed 
with hexanes (3 x 1 mL). The solids were resuspended in THF and filtered again through a glass 
fiber pipette filter. The filtrate was concentrated and subjected to slow vapor diffusion of hexanes, 
which afforded crystals suitable for SCXRD (104.8 mg, 0.131 mmol, 85.1% yield). 1H NMR (500 
MHz, d8-THF, 25°C) δ 8.85 (s, 1H, Ar3CH), 7.77 (s, 2H, ArH), 7.20 (d, 2H, ArH), 7.09 (s, 2H, 
ArH), 6.97 (t, 2H, ArH), 6.85 (t, 1H, ArH), 3.62 (m, 12H; 3 THF CH2), 2.32 (s, 6H, ArMe), 1.98 (s, 
18H, ArCMe3), 1.78 (m, 12H; 3 THF CH2). 13C{1H} NMR (126 MHz, d8-THF, 25°C) δ 165.20, 
149.66, 135.69, 134.19, 131.03, 130.44, 128.00, 126.13, 125.36, 125.08, 68.38, 49.07, 37.47, 
31.74, 26.54, 22.30.
Elemental analysis  (%) calc. for C35H44O3.5ISm (800.00 g·mol-1): C, 52.54; H, 5.56.  Found: C, 
51.7; H, 5.75.
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K3Ti(DP)(DP-)(N2)(THF), 1Ti-N2

To a stirred solution of 2Ti (15.3 mg, 0.0144 mmol) in THF (2 mL) at -78°C was added KC8 (19.5 
mg, 0.144 mmol, 10 eq.) suspended in THF (2 mL) also at -78°C inside an N2-filled glovebox. The 
resulting mixture was allowed to warm to room temperature overnight with stirring, then filtered 
through a glass microfiber plug to collect the resulting red solution. The volatiles were removed 
under reduced pressure and the solids were washed with hexanes (2 mL). After removal of all 
volatiles under reduced pressure, K3Ti(DP-)(DP)2(N2)(THF), 1Ti-N2 was isolated as a dark-red 
powder (16.7 mg, 0.0144 mmol, 99% yield). This compound can also be prepared from 1Ti as the 
starting material via an analogous procedure in slightly lower yields. 1H NMR (600 MHz, d8-THF, 
25°C) δ 7.20 (d, 2H, ArH), 7.06 (t, 2H, ArH), 6.93 (t, 1H, ArH), 6.79 (s, 1H, ArH), 6.74 (d, 1H, 
ArH), 6.60 (d, 2H, ArH), 6.58 (d, 1H, ArH), 6.50 (d, 2H, ArH), 6.44 (s, 1H, ArH), 6.34 (d, 2H, 
ArH), 6.27 (t, 2H, ArH), 6.00 (broad s, 1H, Ar3CH), 5.02 (1H, m), 3.62 (m, 4H; THF CH2), 2.03-
1.99 (ArCH3, 12 H), 1.77 (m, 4H; THF CH2), 1.37-1.32 (ArCMe3, 36H). 13C{1H} NMR (126 MHz, 
d8-THF,  25°C) δ  168.084,  167.116,  166.458,  151.084,  136.485,  135.919,  134.943,  131.347, 
129.838,  129.743,  129.469,  129.074,  128.021,  126.209,  124.714,  119.967,  114.519,  68.386, 
68.101, 43.872, 35.920, 35.767, 32.708, 30.775, 30.698, 26.554, 23.693, 21.888, 21.698, 21.471, 
14.593.
Elemental analysis  (%) calc.  For C66H84K3N2O6Ti (1093.46 gmol-1): C, 67.95; H, 7.26; N, 2.4. 
Found: C, 58.21; H, 6.09; N, 1.09. EPR g = 2.003.

1Ti-15N2

The 15N-labeled complex 1Ti-15N2 is made in an identical manner to that of 1Ti-N2, except under a 
15N2 atmosphere. A  1H NMR spectrum of the  1Ti-15N2 is shown in Figure S21, but  15N NMR 
spectroscopy of 5 mM solution of 1Ti-15N2 gave no measurable resonance within a spectral window 
of –4000 to 4000 ppm.

Supporting Information: 
Additional experimental details, materials and methods, NMR spectra, electrochemical data, 
crystallographic data, EPR spectra. Open data are at doi: 10.17632/949k3hnwsm.1.
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