
Molecular Capacitors: Accessible 6- and 8-electron Redox 
Chemistry from Dimeric “Ti(I)” and “Ti(0)” Synthons Supported 
by Imidazolin-2-Iminato Ligands. 

Alejandra Gómez-Torres,a Niki Mavragani,b Alejandro Metta-Magaña,a Muralee Murugesu,b and 
Skye Fortiera,* 

aDepartment of Chemistry and Biochemistry, University of Texas at El Paso, El Paso, Texas 79968 
bDepartment of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, Ontario K1N 6N5

ABSTRACT: Reduction of the diamagnetic Ti(III)/Ti(III) dimer [Cl2Ti(μ-NImDipp)]2 (1) (NImDipp = [1,3-bis(Dipp)imidazolin-2-iminato]-, Dipp 
= NC6H3-2,6-Pri

2) with 4 and 6 equiv of KC8 generates the intramolecularly arene-masked, dinuclear titanium compounds [(μ-N-μ-η6-
ImDipp)Ti]2 (2) and {[(Et2O)2K](μ-N-μ-η6:η6-ImDipp)Ti}2 (3), respectively, in modest yields. The compounds have been structurally charac-
terized by X-ray crystallographic analysis and inspection of the bond metrics within the η6-coordinated aryl substituent of the bridging 
imidazolin-2-iminato ligand show perturbation of the aromatic system most consistent with two-electron reduction of the ring. As such, 
2 and 3 can be assigned respectively as possessing metal centers in formal Ti(III)/Ti(III) and Ti(II)/Ti(II) oxidation states.  Exploration of 
their redox chemistry reveal the ability to reduce several substrate equivalents. For instance, treatment of 2 with excess C8H8 (COT) 
forms the novel COT-bridged complex [(ImDippN)(η8-COT)Ti](μ-η2:η3-COT)[Ti(η4-COT)(NImDipp)] (4) that dissociates in THF solutions to 
give mononuclear (ImDippN)Ti(η8-COT)(THF) (5).  Addition of COT to 3 yields heterometallic [(ImDippN)(η4-COT)Ti(μ-η4:η5-
COT)K(THF)(μ-η6:η4-COT)Ti(NImDipp)(μ-η4:η4-COT)K(THF)2]n (6).  Compounds 2 and 5 are the products of the 4-electron oxidation of 
2, while 6 stands as the 8-electron oxidation product of 3. Reduction of organozides was also explored.  Low temperature reaction of 2 
with 4 equiv of AdN3 gives the terminal and bridged imido complex [(ImDippN)Ti(=NAd)](μ-NAd)2[Ti(NImDipp)(N3Ad)] (7) that undergoes 
intermolecular C-H activation of toluene at room temperature to afford the amido compound [(ImDippN)Ti(NHAd)](μ-
NAd)2[Ti(C6H4Me)(NImDipp)] (8-tol). These complexes are the 6-electron oxidation products of the reaction of 2 with AdN3.   Furthermore, 
treatment of 3 with 4 equiv of AdN3 produces the thermally stable Ti(III)/Ti(III) terminal and bridged imido [K(18-crown-6)(THF)2]{[(Im-
DippN)Ti(NAd)](μ-NAd)2K[Ti(NImDipp)]} (10).  Altogether, these reactions firmly establish 2 and 3 as unprecedented Ti(I)/Ti(I) and 
Ti(0)/Ti(0) synthons with the clear capacity to effect multi-electron reductions ranging from 4 – 8 electrons.

INTRODUCTION 

     Discrete molecular compounds capable of achieving multi-
electron transfers, outside of molecular electrochemical cata-
lysts, are important for modeling the electron transfer chemistry 
of enzymatic systems,1-2 enabling new charge transport layers in 
solar devices3 and anodic materials for batteries,4 while also ef-
fecting such biologically relevant transformations as O2 and CO2 
reduction.5-7 Extended aromatic π-systems such as fullerenes 
are competent charge carriers C60

n- (n = 0 – 6)8-9 but are limited 
in their ability to accomplish the chemical transformation of small 
molecules. With regards to this latter aspect, multi-metallic sys-
tems have demonstrated most promise.  
     In principle, polynuclear clusters, LMn (n > 2), are ideal can-
didates for enabling the reduction of small molecules as the 
chemistry is facilitated by redox cooperativity, namely distributing 
multielectron transfers across several metal centers. Addition-
ally, each metal may offer a binding site that provides separate 
reaction centers allowing for the synergistic activation of small 
molecule substrates.7, 10-11 For instance, nitrogenase features a 
Fe7MoS9C active site that mediates the 6-electron reduction of 
N2, and work by Hoffman and co-workers implicates involvement 
of several of the iron atoms in the intermediate steps of the re-
action.10   
     Building upon this idea, the Betley group has shown that the 
trinuclear iron compound (tbsL)Fe3(THF) ([tbsL = [1,3,5-
C6H9(NC6H4-o-NSitBuMe2)3]6-) performs 2 and 4-electron reduc-
tion of hydrazines and azobenzene, respectively, to generate 
(tbsL)Fe3(μ3-NH) and (tbsL)Fe3(μ3-NPh)(μ2-NPh).1 Electrochemi-
cal study supports a cooperative electron transfer mechanism in 
the hydrazine and diazene activation. Mazzanti and co-workers 
have combined hexanuclear iron assemblies with redox active 
salophen ligands in Na12Fe6(tris-cyclo-salophen)2(THF)14 that 

synergistically reduce CO2 with selective formation of car-
bonate.6 Using β-diketiminate functionalized cyclophane ligands, 
Murray and co-workers have elegantly demonstrated multielec-
tron transfer and cooperative reactivity in their trimetallic clus-
ters.7 Treatment of (cyclophane)Co3 (cyclophane = 
{(C6Et3CH2)2[(N)CCH3CH3C(N)]3}3-), possessing a metal-metal 
bonded core, with N2 leads to scission of the metallic bonds and 
formation of (cyclophane)Co3(N2) with reduction of the dinitrogen 
bond order, where adding Me3SiBr produces N(SiMe3)3 in good 
yield.12  With respect to the earlier 3d metals, Matson et al. have 
demonstrated the successful implementation of a vanadium pol-
yoxometalate cluster for the reduction of O2 to H2O.5 Reduction 
of [V6O13(TRIOLNO2)2]2- (TRIOLNO2 = [(OCH2)3C(NO2)]3-) by 6-
electron and proton equivalents yields [V6O7(OH)6(TRIOLNO2)2]2-

, where the latter product reacts with excess O2 to produce 3 
equiv. of H2O. Notably, in all these cases, the reduced species 
are isolable and clearly carry a capacitance for multielectron 
transfer. 
     Alternatively, multiply bonded metal-metal complexes have 
been shown capable of storing high charge capacity within their 
metallic bonds. Quintuply bonded dichromium and dimolyb-
denum complexes have been demonstrated to readily undergo 
2, 4, 6, and even 8-electron oxidations.13 Power’s Ar’2Cr2 (Ar’ = 
C6H3-2,6-(C6H3-2,6-iPr2)2]-) reacts with excess N2O to produce 
Ar’Cr(μ-O)2Cr(O)Ar’ via 6-electron oxidation,14 releasing N2 as 
the byproduct. Moreover, exposure of Kempe, Kaupp, and co-
workers’ L’2Cr2 (L’ = [(C6H3

iPr2)NC5H3(NC6H3Me2)]-) to molecular 
oxygen results in the formation of the doubly terminal and oxo 
bridged complex [L’2Cr(O)(μ-O)]2, via formal 8-electron oxidation 
distributed over the two chromium centers.15 
     In recent years, impressive strides have been made in the 
development of the low-valent chemistry of the early metals 



2 

 

(electron counts ≥d2), showing these systems to be formidable 
reductants capable of small molecule activation that can also 
mediate important organic chemistries.16-19 In our own labora-
tory, we have shown that the reduced arene-masked titanium 
complexes (Arketguan)Ti(η6-NImDipp)  (Arketguan = 
[(tBu2CN)C(NAr)2]-, Ar = C6H3-2,6-iPr2 (A), C6H3-3,5-Me2 (B); Im-
DippN = [1,3-bis(Dipp)imidazolin-2-iminato]-, Dipp = NC6H3-2,6-
iPr2) can perform the catalytic hydrogenation of mono- and poly-
cyclic aromatic hydrocarbons as well as accomplish the hy-
drodesulfurization (HDS) of thiophene.20-22 The latter example is 
particularly noteworthy as the titanium complex shows a very 
rare display of fully reversible, early-metal oxidative-addition/re-
ductive-elimination during the initial HDS step involving ring 
opening of the thiophene. Nevertheless, these chemistries are 
limited to two-electron redox cycling.  
     Highly reduced multi-metallic assemblies containing early-
metals that can promote redox transformations involving 4 or 
more electrons are few in number. Cloke et al. have shown that 
the Ti=Ti pentalene sandwich complex (μ-η5:η5-Pn)2Ti2 (Pn = 
[1,4-(iPr3Si)2C8H4]2-) reacts with a host of small molecules to per-
form 2 and 4-electron reductions.19, 23-27 As an example, (μ-η5:η5-
Pn)2Ti2 reacts with 1 equiv. of CO2 to produce [(η5:η5-Pn)Ti]2(μ-
O),24 releasing an equiv. of CO, while the reaction with azoben-
zene provides [(η5:η5-Pn)Ti]2(μ-NPh)2.25 Similarly, Arnold and co-
workers have shown that the N2-bridged complex 
{[PhC(NSiMe3)2]2Ti}2(μ-N2) reduces O2 to afford [κ2-
PhC(NSiMe3)2][κ1-PhC(NSiMe3)2]Ti(μ-O)2Ti[κ2-
PhC(NSiMe3)2]2.28 The titanium-hydride cluster 
{[(C5Me4SiMe3)Ti]3(μ3-H)(μ2-H)6} reported by Zhou et al. cleaves 
N2 to yield {[(C5Me4SiMe3)Ti]3(μ2-NH)(μ3-N)(μ2-H)2}. Yet, the re-
active hydride cluster formally features high valent titanium 
(Ti(IV), Ti(III)), where the reducing equivalents are provided by 
the hydride ligands.29 
     The 2-electron redox chemistry observed in A and B is ena-
bled by the unexpected redox non-innocence of the ImDippN 

ligand. Leveraging this, we reasoned that paring the guanidinate 
ligand from these systems would favor the formation of highly 
reduced, multi-metallic early-metal compounds able to perform 
redox chemistry exceeding that observed for A and B. To this 
end, reduction of (ImDippN)TiCl3 with sodium amalgam produces 
the dinuclear Ti(III) complex  [Cl2Ti(μ-NImDipp)]2 (1), which can be 
subsequently reduced to afford [(μ-N-μ-η6-ImDipp)Ti]2 (2) and 
{[(Et2O)2K](μ-N-μ-η6:η6-ImDipp)Ti}2 (3). To the best of our 
knowledge, 2 and 3 are the first examples of discrete Ti(I)/Ti(I) 
and Ti(0)/Ti(0) synthons, respectively.  In an initial examination 
of their reactivity profiles, 2 and 3 react with organoazides and 
cyclooctatetraene (COT) through a series of 4, 6, and 8-electron 
transfers, successfully demonstrating high charge storage in bi-
metallic early-metal complexes. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Reduced Titanium Di-
mers.  Compound 1 is synthesized from the room temperature 
reduction of (ImDippN)TiCl3 with 2 equiv of Na/Hg in toluene over 
two days (Scheme 1). Diamond-shaped dark blue crystals of 

1‧1.5C7H8 can be isolated in 79% yield from concentrated tolu-

ene solutions layered with pentane and stored at -35 °C for 12 h.    

     Complex 1‧1.5C7H8 crystallizes in the monoclinic space 

group C2/c with one full molecule in the asymmetric unit (Figure 
1). The molecule consists of a dimer possessing terminal chlo-
rides with bridging imidazolin-2-iminato ligands giving a Ti2(μ-

NImDipp)2 diamond core. The Ti-N distances in 1‧1.5C7H8 range 

from 1.963(2) to 1.974(2) Å, which are similar to the Ti-Nimido = 
1.938(3) – 1.994(4) Å bond distances found in the imido-bridged 
Ti(III) dimer [(tBu3SiNH)Ti(μ-NSitBu3)]2.30 This is interesting as 
the ImDippN ligand is monoanionic, suggesting an ylidic  zwitteri-
onic resonance structure where the bridging N-atom adopts di-
anionic character. This is a common resonance form for imidaz-
olin-2-iminato ligands,31 and in line with this assessment, the N1-
C1 = 1.327(3) Å and N4-C28 = 1.322(3) Å bond distances are 
significantly elongated as compared to the corresponding bond 
lengths found in the dimeric lithium salt [Li(μ-NimDipp)]2 (N-C =  
1.241(3) 1.242(4) Å).32  

     The Ti1-Ti2 bond length in 1‧1.5C7H8 is 2.6183(6) Å, which 

is longer than that found in [(tBu3SiNH)Ti(μ-NSitBu3)]2 (Ti-Ti = 

 
Figure 1. Solid-state molecular structure of 1‧1.5C7H8 with 30% 

probability ellipsoids. Hydrogen atoms and co-crystallized toluene 

molecules are omitted for clarity. Selected bond lengths (Å) and 

angles (deg): Ti1-Ti2 = 2.6183(6), Ti1-N1 = 1.972(2), Ti1-N4 = 

1.974(2), Ti2-N1 = 1.963(2), Ti2-N4 = 1.974(2), N1-C1 = 

1.327(3), N4-C28 = 1.322(3), Ti1-N1-Ti2 = 83.43(7), Ti1-N4-Ti2 

= 83.09(7). 
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Scheme 1. Synthesis of 1, 2, and 3. 
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2.442(1) Å) and (η5:η5-Pn)2Ti2(CO)2 (Ti-Ti = 2.425(1) Å)23 that 
possess titanium-titanium single bonds. However, the Ti-Ti dis-

tance in 1‧1.5C7H8 is well under the sum of the van der Waals 

radii (Σ(rvdW)Ti-Ti = 4.3 - 4.92 Å),33 possibly signifying the pres-
ence of a Ti-Ti bond. Consistent with this, the 1H NMR spectrum 

of 1‧1.5C7H8 in C6D6 displays a set of diamagnetic resonances. 

     Treatment of toluene solutions of 1 with 4 equiv. of KC8 in the 
presence of small amounts of 1,2-bis(dimethylphosphino)ethane 
(DMPE) at -35 °C for 5 d yields a mixture of two products in an 
approximate 2:1 ratio consisting of a paramagnetic and diamag-
netic species, respectively. The major product formed from the 
reaction is paramagnetic 2 (Scheme 1), which can be isolated in 
63% yield as dark brown crystals from either concentrated 
THF/Et2O or DME/hexanes solutions stored at -35 °C overnight. 
Persistent attempts to grow crystals of the minor, diamagnetic 
reaction product failed. The presence of DMPE is necessary for 
the successful synthesis of 2, though its role in the reaction is not 
clear, which is reminiscent of the synthesis of the arene-hafnate 
[K(18-crown-6)]2[Hf(C14H10)3] that also requires the presence of 
a phosphine (PMe3) for success.34   
     Compound 2 provides polymorphic crystalline material de-
pendent on the solvents of crystallization, yielding crystals in the 
orthorhombic space group Pccn (2-Pccn) from THF/Et2O solu-
tions (Figures 2a and S36) and crystals in the triclinic space 

group P1 (2-P1) from the combination of DME/hexanes (Figure 
S37). The former, 2-Pccn, possesses one half molecule in the 

asymmetric unit, while the latter, 2-P1, displays two crystallo-
graphically independent half-molecules in its asymmetric unit 
with both generating the full molecules through inversion sym-
metry. 
     Comparison of the two polymorphs reveal the titanium-tita-
nium and titanium-nitrogen distances to be nearly identical. The 
Ti-Ti distances (avg., 3.07 Å) in 2 are significantly elongated than 

in 1‧1.5C7H8, while exhibiting inequivalent Ti-NIm bridging dis-

tances with average lengths of 1.98 and 2.17 Å.  Subtle structural 
changes between the two polymorphs do exist, namely the tita-
nium bonded η6-aryl ring in 2-Pccn exhibits a boat conformation 
where the ipso and para carbon atoms deviate from the ring 
plane by 11° and 5°, respectively, whereas the masking aryl sub-

stituent in 2-P1  adopts a puckered ring, similar to that found in 
A35 and B,21 with an average fold angle of 12.6°, slightly larger 

than the 10° of A. However, the ring fold in 2-P1  falls along an 
ortho/meta carbon atom vector, unique from the ipso/para car-
bon atom fold planes of A and B. These ring plane distortions 
are consistent with population of the π*-system. Obvious Caryl-
Caryl bonding patterns within the masking Dipp ring, indicative of 
charge localization, is absent from 2-Pccn with Caryl-Caryl bond 
lengths ranging from 1.413(4) – 1.439(3) Å (avg., 1.42 Å). The 

analogous Caryl-Caryl bonds in 2-P1 fall over a wider range of    
1.390(3) – 1.473(3) Å displaying some 1,4-cyclohexadiene dian-
ion resonance contributions.  
     Alternatively, addition of 6 equiv of KC8 to Et2O solutions of 1 
at -35 °C affords a very dark brown solution after 12 h. Analysis 
of the crude reaction mixture by 1H NMR spectroscopy only 
shows small amounts of 2 accompanied by a relative increase in 
the unknown diamagnetic product. Nonetheless, concentrated 
Et2O solutions layered with pentanes and stored at -35 °C for 12 
h yields small, dark brown plate-shaped crystals of the NMR si-
lent dinuclear titanium complex 3 in 30% isolated yield (Scheme 
1).   
     Complex 3 crystallizes in the monoclinic space group P21/c 
with one half molecule in the asymmetric unit. Its solid-state mo-
lecular structure exhibits a [(μ-N-η6-ImDipp)Ti]2 core analogous to 
that observed in 2, with two diethyl ether supported potassium 
cations coordinating to the opposing face of the titanium-masked 
Dipp substituents in an η6-fashion (Figures 2b and S38). The Ti1-
Ti1* separation of 3.1578(9) Å and C-C bond lengths (averaged 
to 1.46 Å) within the masking Dipp ring are appreciably length-
ened as compared to 2.   
     Inspection of the μ-η6:η6-bound Dipp ring in 3 reveals a half-
chair conformation with ipso atom C2 sitting out of the ring plane 
with a 23.2° deviation from planarity (Figure 2b). The sum of the 
angles around atom C2 (∑C2 = 342.3°) indicates pyramidalization 
at the carbon atom consistent with monoanionic charge localiza-
tion. The remaining carbon atoms of the coordinated Dipp ring 
plane show elongated C-C bonds that range from 1.429(3) to 
1.463(3) Å that can be rationalized through delocalization of 
charge through the C3-C10 π-system (Figure 2b). 
     Based upon bond metrics and our understanding of A and B, 
we tentatively assign dimers 2 and 3 as formally containing 
Ti(III)/Ti(III) and Ti(II)/Ti(II) centers, respectively. In line with this 
assessment, the 1H NMR spectrum of 2 in C6D6 or THF-d8 dis-
plays broad paramagnetically shifted resonances (Figures S6 
and S7) over a -40 – 26 ppm window, shifts not unexpected for 
a Ti(III)/Ti(III) complex with two-unpaired electrons. Preliminary 
magnetic study of the compounds by SQUID magnetometry 
show 2 to possess an effective magnetic moment of μeff = 1.81 
μB (0.41 cm3·K·mol-1) at 300 K (Figure S40). This number is sig-
nificantly lower than the expected value of μeff = 2.43 μB (0.74 
cm3·K·mol-1) for two non-interacting Ti(III) ions (S = 1/2, C = 0.37 
cm3·K·mol-1), strongly suggesting some antiferromagnetic inter-
actions even at room temperature between the two metal centers 
in 2. Moreover, the SQUID magnetic analysis of 3 shows an μeff 
= 3.26 μB (1.34 cm3·K·mol-1) at 300 K, which is below the 4.0 μB 

(2.0 cm3·K·mol-1) expected for two isolated Ti(II) ions (S = 1, C = 
1.0 cm3·K·mol-1). Comprehensive electronic study of these sys-
tems is currently underway and further detail of their electronic 
and magnetic properties will be reported in due course.       

 
Figure 2. Solid-state molecular structures of a) 2-Pccn and b) 3 with 30% thermal probability ellipsoids. Hydrogen atoms are omitted for 

clarity. Asterisks denote symmetry-generated atoms. 
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Preliminary Reactivity Studies of Reduced Titanium Dimer 
Complexes 2 and 3. Of note, 2 and 3 can be synthesized under 
argon or nitrogen atmospheres with no evidence for N2 binding 
under standard pressures. These dimers are surprisingly stable 
in solution, exhibiting no change in C6D6 when heated at 80 °C 
for several weeks. This contrasts the thermal instability of A, 
which undergoes rapid intramolecular C-H activation under 
these conditions.35 With respect to B, heating its solutions leads 
to conversion of inter- to intramolecularly masked arene-bind-
ing.21 On this note, we have begun exploring the redox chemistry 
of 2 and 3 towards π-acids, unsaturated hydrocarbons, namely 
cyclooctatetraene (COT), and two-electron oxidants such as or-
ganoazides.   
     Exposure of C6D6 solutions of 2 to an atmosphere of CO (5 
psi) results in the immediate change to an intense red-color with 
quantitative formation of a new paramagnetic product as ob-
served by 1H NMR spectroscopy (Figure S34). Analogous treat-
ment of 3 with CO in the presence of 2 equiv. of 18-crown-6 af-
fords dark orange-brown solutions with a 1H NMR spectrum that 
is nearly identical to that observed in the reaction of 2 with CO 
(Figure S35). Unfortunately, crystallization attempts under a va-
riety of temperatures in multiple solvent mixtures failed for both 
reactions, yielding either dark powders or oils. Curiously, FTIR 
measurements do not present obvious CO stretching vibrations. 
(Figures S55 and S56). 
     Pressurization of C6D6 solutions of 2 under 150 psi H2 at room 
temperature does catalyze the formation of C6D6H6, presenting 
chemistry similar to that of B.21 Yet, this results in decomposition 
of the titanium compound over 12 h. Comparably, exposure of 3 
to H2 under the same reaction conditions does promote the hy-
drogenation of C6D6 to C6D6H6, albeit at a much slower rate and 
also at the expense of the titanium compound. 
     Reactivity of 2 and 3 with alkynes was explored as cyclotri-
merization by low-valent titanium has been extensively docu-
mented.36-42 Treating solutions of either 2 or 3 with excess 
PhCCPh or Me3SiCCSiMe3 at variable temperatures resulted in 
no evident reactivity, while treatment with MeCCMe promotes 
rapid consumption of the starting materials as reflected by a sig-
nificant change in coloration from dark brown to dark red. At-
tempts to characterize the composition of the product were un-
fruitful with no evidence for the formation of hexamethylbenzene. 
     In contrast, greater success in producing tractable products 
was met when using COT with 2 and 3.  Addition of 3 equiv. COT 
to room temperature toluene suspensions of 2 results in an im-
mediate color change to intense dark red, which evolved into 

dark brown upon prolonged stirring. Storing concentrated tolu-
ene solutions layered with hexanes at -35 °C over 2 d promotes 
growth of crystalline dark-brown plates corresponding to the in-
verted sandwich-type species [(ImDippN)(η8-COT)Ti](μ-η2:η3-
COT)[Ti(η4-COT)(DippNIm)] (4) in 73% isolated yield (Scheme 2).   

     Complex 4‧2C7H8 crystallizes in the monoclinic space group 

P21/n with one full molecule accompanied by two disordered tol-
uene equivalents in the asymmetric unit. The molecule is com-
prised of two [(ImDippN)Ti(COT)] fragments bridged by a COT unit 
(Figure 3). Interestingly, all three COT ligands exhibit distinct 
hapticities and conformations in the solid-state. While the η8-
COT unit coordinated to Ti1 is slightly puckered, the Ti2 bound 
η4-COT and the sandwiched μ-η2:η3-COT units display a boat-
type conformation.  Whereas Zr and Hf complexes displaying η4-
COT and η4-C8H6(SiMe3)2 units are well-known,34, 43-48 their tita-
nium counterparts are uncommon.49-51 Moreover, the η3-confor-
mation adopted by the sandwiched COT unit in 4 is unique 
among known titanium-COT complexes.   
     The simple convention for identifying neutral and dianionic 
COT conformations, tub-shaped vs. planar,52 falls short when ex-
plaining the dianionic charge assignments in η4-COT34, 49, 53 and 
η3-COT34, 49 coordination modes observed in other Group 4 com-
plexes, which is further complicated by the ability of COT to 
adopt a radical monoanionic state as found in the  η4-COT bound 
iron complex [PhP(CH2CH2PPh2)2]Fe(η4-COT).54 Unfortunately, 
poor crystallographic data quality precludes a meaningful 

 
Scheme 2. Reaction of 2 with COT to give 4 and 5. 

 
Figure 3. Solid-state molecular structure of 4‧2C7H8 presented as 

ball and stick model to demonstrate connectivity. Hydrogen atoms 

and co-crystallized toluene molecules omitted for clarity.  
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analysis of the COT bond metrics; however, preliminary room 
temperature magnetic measurements by SQUID magnetometry 
reveal a μeff

 = 2.45 μB (0.75 cm3·K·mol-1) (Figure S42) for 

4‧2C7H8, as would be expected for a Ti(III)/Ti(III) dimer with non-

interacting nuclei.  
     Standing solutions of 4 in THF stored at low temperature for 
more than 12 h affords thin dark orange plates of the monomeric 
Ti(III) species (ImDippN)Ti(η8-COT)(THF) (5) (scheme 2), which 
crystallizes from THF/hexanes solutions as 

5‧0.375C6H14‧0.125THF  in the monoclinic space group P21/n, 

featuring two independent molecules in the asymmetric unit (Fig-

ure 4). Alternatively, 5‧0.375C6H14‧0.125THF can be accessed 

directly in 76% yield from the reaction of 2 with 2 equiv. COT in 
toluene at room temperature for 12 h followed by recrystallization 
in THF/hexanes (Scheme 2).   

     Comparison of 5‧0.375C6H14‧0.125THF  with the Ti(IV) com-

plex (ImDippN)Ti(η8-COT)Cl and the isostructural Sc species (Im-
DippN)Sc(η8-COT)(THF) reveals similar COT ring puckering and 
average C-C bond lengths of 1.400(5) Å, 1.40(2) Å, and 1.40(2) 
Å,55 respectively, denoting the localization of dianionic charge in 

the COT unit and 3+ oxidation state of the titanium center in 5‧

0.375C6H14‧0.125THF.  This is in agreement with the paramag-

netic behavior observed in its 1H NMR spectrum (Figure S10).   
     Inspection of the M-Ccent, M-NIm distances, and M-NIm-C angle 
reveal significantly shorter metal-ligand separations and a 

slightly narrower bending angle  in 5‧0.375C6H14‧0.125THF 

(Ti1-Ccent = 1.527(3) Å; Ti1-N1 = 1.941(2) Å, Ti1-N1-C9 = 
162.0(2)°) as compared to (ImDippN)Sc(η8-COT)(THF) (Sc-Ccent = 
1.617(3) Å; Sc-NIm = 1.97(1) Å; Sc-NIm-CIm = 167(1)°), suggest-
ing a stronger bonding interaction of titanium with the COT2- and 
ImDippN- ligands. In comparison to the more oxidized Ti(IV) spe-
cies (ImDippN)Ti(η8-COT)Cl, it displays a significantly shorter Ti-
NIm bond length (1.79(2) Å) and more acute M-NIm-C angle 
(149.5(1)°).   
     Of note, the room temperature 1H NMR spectra of both 

4‧2C7H8 and 5‧0.375C6H14‧0.125THF are nearly identical (Fig-

ures S8 and S10), indicating that the dimeric structure of 4 is not 
preserved in solution. We posit that the loss of the bridging COT 
ligand is facile in solution, leading to the formation of  coordina-
tively unsaturated  (ImDippN)(η8-COT)Ti, not dissimilar to the 
structurally characterized zirconium pogo-stick complex (η7-
C7H7)(ImDippN)Zr.56 This would explain the formation of 5 from 4 
in standing THF solutions, where the coordinating solvent readily 
displaces the neutral COT. Variable temperature 1H NMR 

spectroscopy in tol-d8 of 4‧2C7H8 shows signal sharpening and 

decoalescence of resonances upon cooling to -50 °C, allowing 
for the identification of two separate sets of resonances attribut-
able to two distinct COT environments (Figure S9).  
     Room temperature reactions of 3 with 4 equiv. COT in tolu-
ene/THF solution yield crystals of a one dimensional polymeric 
species formed by repeating [(ImDippN)(η4-COT)Ti(μ-η4:η6-
COT)K(THF)(μ-η5:η4-COT)Ti(NImDipp)(μ-η4:η4-COT)K(THF)2]n 
(6) units as shown through X-ray crystallographic analysis 
(Scheme 3). Complex 6·0.7THF·0.15C6H14 crystallizes in the tri-

clinic P1 space group with one complete molecule in the asym-
metric unit containing two titanium centers, each connected to 
two COT and one imidazolin-2-iminato ligands, brought together 
by interaction of bridging potassium cations with the COT rings 
(Figure 5). All four COT units in 6·0.7THF·0.15C6H14 exhibit an 
intermediate conformation between half-chair and boat with var-
iable degrees of deviation from planarity (Figure 5). Inspection of 
the C-C bonds within the COT rings show two of the moieties to 
possess localized -ene dianion character through η4-coordina-
tion to the titanium centers while the remaining COT ligands ex-
hibit charge delocalization that coincides with the greater planar-
ity of those rings.  
     Regardless of the differing coordination environments in the 
solid-state, the 1H NMR spectrum of 6·0.7THF·0.15C6H14 in C6D6 
shows a diamagnetic compound with the resonance correspond-
ing to the COT protons appearing as a single peak at 5.39 ppm, 
indicating equivalence in solution (Figure S11).  Consistent with 
this notion, a signal assignable to the carbon atoms of the COT 
ring does not appear in the 13C{1H} NMR spectrum due to high 
fluxionality on the NMR timescale.  Similar proton equivalence 
has been observed in NMR studies performed on the mixed-hap-
ticity zirconium and hafnium COT species Zr(η8-COT)(η4-COT) 
(5.95 ppm, CD2Cl2)47 and [K(THF)0.5]2[Hf(η3-COT)2(η4-COT)] 
(5.00 ppm, THF-d8).34 
     Together, the formation of 4, 5, and 6 unequivocally demon-
strates the ability of 2 and 3 to behave as low-valent titanium 
synthons capable of transferring reducing equivalents to multiple 
COT ligands. In the case of 4 and 5 containing trivalent titanium 
centers, the reactions occur through four-electron oxidation of 2, 
positioning it as a monovalent “Ti(I)/Ti(I)” synthon. With respect 
to 6, it arises from the two-electron reduction of 4 COT ligands, 
providing in sum an 8-electron oxidation of 3 that produces a 

 
Figure 4. Solid-state molecular structure of one molecule of 

5‧0.375C6H14‧0.125THF with 30% probability ellipsoids. Hydro-

gen atoms and co-crystallized solvent molecules are omitted for 

clarity. Selected bond lengths (Å) and angles (deg): Ti1-N1 = 

1.941(2), Ti1-Ccent = 1.525(3), N1-C9 = 1.254(3), Ti1-N1-C9 = 

162.0(2).  
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Scheme 3. Synthesis of 6 from 3. 
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dimer possessing tetravalent titanium, therefore establishing 3 
as a zerovalent "Ti(0)/Ti(0)” synthon.  
     Discrete Ti(I) compounds are exceedingly rare and limited to 
the arene sandwich complexes [(η6-1,3,5-iPr3C6H3)2Ti][BAr] (BAr 
= C6H5, p-C6H4F, 3,5-C6H3(CF3)2).42, 57 Therefore, our system of-
fers a novel entry point for examining the reactivity of monovalent 
titanium. On the other hand, Ti(0) complexes, stabilized by π-
acceptors such as CO or arenes, are well established though 
relatively few in number,58-59 paling in comparison to the known 
chemistry of Ti(II), Ti(III), and Ti(IV) compounds. 
     Further probing the chemistry of these highly reduced dimers, 
the reaction of 2 and 3 with organoazides was explored. For in-
stance, addition of 3 equiv of 1-azidoadamantane (AdN3) to a 
toluene suspension of 2 at -35 °C results in immediate gas evo-
lution accompanied by formation of a dark-red, soluble product. 
Concentration of the solution and layering with hexanes stored 
at -35 °C for several days produces crystalline red blocks of the 
dinuclear tris(imido) species [(ImDippN)Ti(=NAd)](μ-
NAd)2[Ti(DippNIm)(N3Ad)] (7) (Scheme 4). Compound 7 forms 
from the 6-electron reduction of three molecules of AdN3, giving 
a compound featuring one terminal and two bridging imido lig-
ands with a site on the non-terminal imido coordinated titanium 
occupied by a neutral molecule of AdN3. Surprisingly, repeating 
the reaction with 4 equiv of AdN3 leads to an insignificant im-
provement in the total yield. Compound 7 is exceedingly soluble 
in aromatic, ethereal, and non-polar solvents such as pentane 
and hexanes. As a result of this, lengthy crystallizations are re-
quired to isolate it in reasonable amounts. 
     Complex 7·3C7H8 (Figure 6a) crystallizes in the monoclinic 
space group P21/c with an asymmetric unit composed of three 
co-crystallized toluenes and a full molecule of 7 that depicts dis-
order of the coordinated AdN3 unit over two positions. The poor 
quality of the refinement parameters, namely a high weighted R-
factor (wR2 = 27.30%), prevents consequential analysis of its 
metrical parameters. Nonetheless, the bond metrics point to a 
clear asymmetry in the bridging titanium-imido bond lengths, 
where the Ti1-Nbridge bonds are approximately 0.25 Å longer than 
the Ti2-Nbridge distances, pointing to significant multiple bond 
character in the latter. 
     The 1H NMR spectra of product mixtures of 7·3C7H8 are al-
ways accompanied by the presence of another minor, 

diamagnetic product that exhibits sharp resonances consistent 
with a low-symmetry, adamantyl-containing species with a dis-
tinctive set of aromatic resonances. This product can be selec-
tively synthesized by carrying out the reaction of 2 with 3 equiv 
of AdN3 in toluene at room temperature for 12 h, giving red/yel-
low solutions of the aryl C-H activated product [(Im-
DippN)Ti(NHAd)](μ-NAd)2[Ti(C6H4Me)(DippNIm)] (8-tol) in 73% 
yield (Scheme 4). 
     X-ray diffraction analysis shows 8-tol to crystallize in the or-
thorhombic space group P212121 accompanied by highly disor-
dered solvent molecules of crystallization (Figure 6b). The asym-
metric unit possesses one full molecule of 8-tol with crystallo-
graphic disorder at the tolyl ligand, showing regioselective C-H 
activation at the meta and para positions in a 7:3 ratio, respec-
tively. Complex 8-tol exhibits a Ti2(μ-NAd)2 diamond core with 
each metal center additionally coordinating one terminal ImDippN 
ligand. The Ti1-N3 = 1.912(2) Å bond distance and Ti1-N3-C21 
= 143.8(2)° angle reveal an adamantyl-amido group. This Ti-
NHAd bond in 8-tol is slightly elongated compared to the only 
other crystallographically characterized titanium adamantyl-am-
ido complex trans-C6H4-{1,2-[N,2-N(Dipp)-C6H4]2Ti-NHAd}2 (Ti-
NHAd = 1.886(3) Å, Ti-NHAd-CAd = 140.63(19)°).60 The Ti2-C31 = 
2.157(3) Å bond distance is unremarkable and falls within the 
range of structurally characterized titanium-tolyl bonds found in 
[p-tBu-calix[4]-(OMe)2-(O)2Ti(p-MeC6H4)] (2.110(7) Å),61 [(o-
MeC6H4)Ti(OiPr)2(μ-OiPr)]2 (2.134(4) Å),62 and [(C5H5)2Ti(p-
MeC6H4)]2N2 (2.216(7) Å).63 Structural analysis within the core 
shows slightly shorter metal-imido bonds for the tolyl-coordi-
nated titanium atom (Ti2-N1 = 1.906(4) Å, Ti2-N2 = 1.905(4) Å) 
than for the amido-coordinated metal atom (Ti1-N1 = 1.949(4) Å, 
Ti1-N2 = 1.962(4) Å). 
     Resonances assignable to the amido proton appear closely 
at 6.64 and 6.65 ppm for the two regioisomers of 8-tol in its room 
temperature 1H NMR spectrum in C6D6 (Figure S19). Moreover, 
the signals corresponding to the methyl protons of the tolyl moi-
ety appear for the meta- and para-isomers at 2.47 and 2.26 ppm, 
respectively. 
     Toluene metallation to form regioisomeric mixtures is prece-
dented.64-65 For example, [(tmeda)Na(μ-tBu)(μ-tmp)Zn(tBu)]64 
(tmp = 2,2,6,6-tetramethylpiperidine) reacts with toluene to yield 

 
Figure 5. Solid-state molecular structure of one molecule of 6·0.7THF·0.15C6H14 with 30% probability ellipsoids. Hydrogen atoms and co-

crystallized solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ti1-N1 = 1.845(2), Ti1-C1 = 2.433(3), 

Ti1-C2 = 2.222(3), Ti1-C3 = 2.266(3), Ti1-C4 = 2.688(3), Ti1-C9 = 2.413(3), Ti1-C10 = 2.268(3), Ti1-C11 = 2.297(3), Ti1-C12 = 2.524(4), 

Ti2-N4 = 1.845(2), Ti2-C47 = 2.569(4), Ti2-C48 = 2.225(3), Ti2-C49 = 2.237(3), Ti2-C50 = 2.686(4), Ti2-C56 = 2.451(3), Ti2-C57 = 

2.285(3), Ti2-C58 = 2.281(3), Ti2-C59 = 2.400(3), Ti1-N1-C17 = 172.6(2), Ti2-N4-C64 = 171.8(2). 
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a regioselective mixture of the meta- and para- toluene insertion 
products [(tmeda)Na(μ-C6H4CH3)(μ-tmp)Zn(tBu)] in a 64.5:35.5 
ratio accompanied by isobutane formation.64 Similarly, selective 
meta- over ortho- C-H activation of toluene by the β-diketiminate 
aluminum complex (DippBDI)Al (DippBDI = CH[C(CH3)N(Dipp)]2) 
takes place at room temperature in the presence of catalytic 
amounts of the calcium hydride compound [(DippBDI)Ca(H)]2.65   
     The intermolecular C-H activation of aromatic and aliphatic 
hydrocarbons by group 4, d0 terminal metal-imido complexes is 
well documented.30, 66-73 Based upon this, 7 and 8-tol may be 
delineated as the respective kinetic and thermodynamic prod-
ucts of the reaction of 2 with AdN3 in toluene, where terminal im-
ido 7 is an intermediate in the formation of  8-tol. To test this, 
C6D6 solutions of 7 were heated to 60 °C. After 12 h, complete 
consumption of the starting material and formation of the ex-
pected benzene C-D activated product [(ImDippN)Ti(NDAd)](κ2-
NAd)2[Ti(C6D5)(DippNIm)] (8-C6D5) was observed (Scheme 4, Fig-
ure S28). Moreover, conversion of 7 to 8-tol was observed to 
happen even at -35 °C over the course of several days (Figure 
S29) or at room temperature after 60 h.  
     Complex 8-C6H5 can be prepared in 60% yield independently 
using a synthetic procedure analogous to that used to make 8-
tol and exhibits comparable solubility and structural features 
(Figure S39). Its phenyl protons appear as a doublet at 8.20 ppm 
(ortho H) with overlapping signals at 7.27-7.33 ppm (assignable 
to the 3 meta and para hydrogens); while the N-H proton of its 
adamantyl-amido is observed as a singlet at 6.65 ppm (Figure 
S23).   
     The successful 6-electron oxidation of 2 to produce 7 and 8 
encouraged us to explore the reactivity of 2 towards a more ste-
rically encumbering and more electron deficient azide. In this re-
gard, the 6 h reaction of 2 with 3 equiv of Ph3CN3 in toluene at -
35 °C yields dark red-yellow solutions. The 1H NMR spectral 
characterization of the crude material revealed the presence of 
a complicated mixture of products. A small amount of orange 
crystals in trace yield (4%) of the dinitrogen bridged titanium trityl 
imido complex [(ImDippN)Ti(NCPh3)(κ1-DME)]2(μ-η2:η2-N2) (9) 
were obtained after evaporation and crystallization from DME at 
-35 °C (Scheme 4).  
     Complex 9 crystallizes in the monoclinic space group P21/c 
with one half molecule contained in the asymmetric unit (Figure 
7).  The full molecule, generated by crystallographic mirror 

symmetry, consists of two [(ImDippN)Ti(NCPh3)(DME)]n+ frag-
ments bridged by a side-on bound N2 unit.  The titanium-imido 
distance Ti1-N5 = 1.736(1) Å is longer than that found for the 
only other crystallographically characterized titanium trityl imido 
complex (salophen)Ti(NCPh3) (salophen = [1,4-(1-O-C6H4-2-
CHN)2-C6H4]2-) with its shorter Ti-N = 1.686(4) Å bond length. 
The titanium-imidazolin-2-iminato distance of Ti1-N2 = 1.900(1) 
Å is elongated in comparison to the Ti-NIm = 1.845(2) Å bonds in 
6.  These longer titanium-nitrogen bonds in 9 may be due to ste-
ric congestion at the metal center, which further manifests in 
monodentate coordination of the DME ligand.  Its solid-state 
structure reveals a planar Ti1-(μ-η2:η2-N2)-Ti1* core with slightly 
different Ti-N bond lengths (Ti1-N1 = 2.089(1), Ti1-N1* = 
2.135(1) Å) with a N1-N1* separation of 1.236(3) Å.   
     Insights regarding the extent of N2 reduction cannot be pro-
vided on the sole basis of bond metric analysis as demonstrated 
by the rather contrasting electronic assignments reported for 
other group 4 bimetallic complexes featuring side-on bound N2 
units. For instance, while side-on N2 coordinated titanocene 
complexes [(η5-C5H2-1,2,4,-Me3)2Ti]2(µ,η2,η2-N2) (N-N = 1.216(4) 
Å),74 and [(η5-C5H3-1-iPr-3-R)2Ti]2(µ,η2,η2-N2) (R = Me, N-N = 
1.217(6) Å; R = iPr, N-N = 1.226(6) Å)75 were found to be para-
magnetic at room temperature with moderately activated (N2)2- 

bridging units; the titanium dimer [{[(Me3Si)2N]2Ti}2(μ-η2:η2-
N2)2][Li(TMEDA)2] displays a much more elongated N-N bond of 
1.38(2) Å in length,76 which was suggested to be neutral despite 
this complex exhibiting a low effective magnetic moment of 1.37 
μB and formally having 5 metal-based electrons available for do-
nation to the N2. This is significantly differentiated from the di-
meric zirconium and hafnium dinitrogen species {(η5-
C5Me4H)Hf[N(iPr)C(Me)N(iPr)](Br)}2(µ-η2:η2-N2) (N-N = 1.253(3) 
Å),77 [(η5-C5Me4H)2Zr]2(µ-η2:η2-N2) (N-N = 1.377(3) Å),78 and {[η5-
C5H3-1,3-(SiMe3)2]2Zr}2(µ-η2:η2-N2) (N-N = 1.47(3) Å),79 all of 
which are described as possessing (N2)2- moieties.  
     Similar discrepancies have also been observed in Ln and 3d-
metal based bridging N2 dimers with N-N bond lengths compa-
rable to that observed in 9. For example, while the M-(μ-η2:η2-
N2)-M  interaction observed in {[CyNC(H)NCy]2V}2(μ-η2:η2-N2) 
(N-N = 1.235(6) Å) was found to be labile in THF solutions,80 re-
sulting in N2 loss and formation of monomeric species 
[CyNC(H)NCy]2V(THF)2;  the N2 units in octaethylporphyrinogen 

 
Scheme 4. Reactivity of 2 with organoazides to yield 7 – 9.  
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(Et8N4) supported lanthanide complexes [{[(η5:η1:η1:η5-
Et8N4)Nd][Na(diox)][Na(diox)2]}2(μ-η2:η2-N2) (N-N = 1.234(8) Å), 
and [{[(η5:η1:η1:η5-Et8N4)Pr][Na(DME)]}2(μ-η2:η2-N2)][Na(DME)3]2 
(N-N = 1.254(7) Å) were found to be reduced by two electrons 
with the dimeric structures being preserved under vacuum.81   
     Complex 9 is unusual as we are not aware of any other metal 
compounds possessing side-on bound N2 that also feature 
metal-ligand multiple bonds. The formation of 9 is not understood 
and is obfuscated by its trace yield and the complex mixture of 
products generated in the reaction of 2 with Ph3CN3. The origin 
of the bridging N2 ligand likely arises from the reduction of the N2 
atmosphere used in the reaction; however, it cannot be dis-
counted that the N2 is captured from the dinitrogen released from 
reduction of an azide unit. Gomberg’s dimer is not detected in 
the crude product mixture, thus making the formation of interme-
diate nitride species unlikely.   
     Reacting toluene suspensions of 3 with 4 equiv of AdN3 af-
fords dark red solutions, which upon addition of 2 equiv of 18-
crown-6 and dissolution into THF/pentane followed by storage at 
-35 °C for several days yields crystalline pink-orange blocks. Sin-
gle crystal X-ray diffraction analysis revealed the formation of the 
dinuclear tris(imido) complex [K(18-crown-

6)(THF)2]{[(ImDippN)Ti(NAd)](μ-NAd)2K[Ti(NImDipp)]} (10) 
(Scheme 5), which is shown in Figure 8. The compound, 

10·THF, crystallizes in the triclinic space group P1 with mole-
cules of THF in the asymmetric unit. The solid-state molecular 
structure is comprised of a charge separated [K(18-crown-
6)(THF)2]+ and [(ImDippN)Ti(NAd)](μ2-NAd)2K[Ti(NImDipp)]- cat-
ion/anion pair, where the anionic fragment consists of a hetero-
trimetallic cluster with two titanium centers that incorporates a 
second potassium cation. The core features of the anionic frag-
ment of 10·THF are qualitatively similar to those found for 
7·3C7H8. Specifically, the anion consists of a Ti2(μ-NAd)2 dia-
mond core with one of the titanium atoms possessing a terminal 
adamantyl imido ligand with a Ti1-N3 = 1.729(3) Å bond distance 
that is comparable to the corresponding Ti1-N3 ≈ 1.73 Å bond in 
7·3C7H8. Additionally, the notable asymmetry observed in the 
Ti2(μ-NAd)2 diamond core of 7·3C7H8 appears in 10·THF, where 
the Ti1-N1 = 2.064(3) Å and Ti1-N2 = 2.029(3) Å pair of bonds 
is significantly longer than the Ti2-N1 = 1.845(3) Å and Ti2-N2 = 
1.865(3) Å bond set. In place of the coordinated AdN3 of 
7·3C7H8, the potassium cation sits within the immediate coordi-
nation sphere of the titanium, featuring a short titanium-potas-
sium contact distance of Ti1-K1 = 2.349(1) Å that is held in place 
through interactions with the neighboring ligated nitrogen atoms.  
     Compound 10 forms through the 6-electron reduction of three 
molecules of AdN3, thus giving a Ti(III)/Ti(III) complex.  However, 
the 1H NMR spectrum of 10·THF in C6D6 shows a series of 
broadened resonances that fall within the diamagnetic window in 
the expected chemical shift regions. Evans method gives an μeff 
= 0 μB, further confirming the diamagnetic character of 10. The 
Ti1-Ti2 = 2.8446(8) Å interatomic distance is 0.23 Å greater than 

that of diamagnetic 1‧1.5C7H8 with its Ti(III)/Ti(III) centers, but 

the titanium-titanium distance of 10·THF is well within the sum of 
the van der Waals radii (vide supra) and shorter than that found 
in diamagnetic [CyNC(H)NCy]4Ti2Cl2 (Cy = C6H11) that is de-
scribed as possessing a Ti-Ti single bond (Ti-Ti = 2.942(2) Å).82-

83 Therefore, the diamagnetic character of 10 can be reasonably 
explained through the presence of a titanium-titanium bond 
where the peak broadening in its NMR spectra is likely due to 
fluxional behavior in solution.  
 
 

 
Figure 7. Solid-state molecular structure of 9 with 30% thermal 

probability ellipsoids.  Hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. Asterisks denote symmetry gen-

erated atoms.  Selected bond lengths (Å) and angle (deg): Ti1-N1 

= 2.089(1), Ti1-N1* = 2.135(1), N1-N1* = 1.236(3), Ti1-N5 = 

1.736(1), N5-C28 = 1.448(2). Ti1-N2 = 1.900(1), N2-C1 = 

1.275(2), Ti1-N5-C28 = 173.5(1), Ti1-N2-C1 = 173.5(1). 
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Figure 6. Solid-state molecular structure of a) 7·3C7H8 presented 

for connectivity and b) 8-tol with 30% probability ellipsoids. Hy-

drogen atoms and co-crystallized solvent molecules are omitted for 

clarity. Selected bond lengths (Å) and angles (deg) for 8-tol: Ti1-

Ti2 = 2.8450(7), Ti1-N1 = 1.948(2), Ti1-N2 = 1.959(2), Ti1-N3 = 

1.912(2), Ti1-N4 = 1.878(2), Ti2-N1 = 1.909(2), Ti2-N2 = 

1.908(2), Ti2-N7 = 1.875(2), Ti2-C31 = 2.157(3), Ti1-N3-C21 = 

143.8(2), Ti1-N4-C38 = 164.7(2), Ti2-N7-C65 = 172.8(2). 
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SUMMARY 

     The accumulation of charge within multimetallic assemblies or in 
metal-metal multiple bonds is an effective strategy for accomplishing 
transfers of 4 or more electrons, which is very important in the con-
text of the activation of small molecules such as O2, N2, and CO2 that 
require multiple reducing equivalents for bond cleavage. Our group 
has demonstrated that the two-electron reduced titanium complexes 
(Arketguan)Ti(η6-NImDipp)   (Arketguan = [(tBu2CN)C(NAr)2]

-, Ar = C6H3-
2,6-iPr2 (A), C6H3-3,5-Me2 (B); ImDippN = [1,3-bis(Dipp)imidazolin-2-
iminato]-, Dipp = NC6H3-2,6-iPr2) are potent reductants where the 
electron-transfer chemistry is enabled by the redox non-innocence 
of the imidazolin-2-iminato ligand.20-22, 35 In its hexahapto (η6-ImDippN) 
ligation mode, the ligand formally possesses trianionic charge with 
two-electrons stored in a dearomatized, masking Dipp ring. We pos-
ited that simplifying our titanium starting materials to exclude the 
ketimine-guanidinate ligand followed by reduction would yield ac-
cess to reduced titanium clusters capable of transferring more than 
two-electrons.  
     Reduction of (ImDippN)TiCl3 with sodium amalgam produces the 

dinuclear titanium complex [Cl2Ti(μ-NImDipp)]2 (1) that can be further 
reduced by 4 or 6 equiv. of KC8 to give [(μ-N-μ-η6-ImDipp)Ti]2 (2) and 
{[(Et2O)2K](μ-N-μ-η6:η6-ImDipp)Ti}2 (3), respectively, in modest yields.  
Compounds 2 and 3 are reactive towards equivalents of cyclooc-
tatetraene (COT), producing [(ImDippN)(η8-COT)Ti](μ-η2:η3-
COT)[Ti(η4-COT)(DippNIm)] (4), (ImDippN)Ti(η8-COT)(THF) (5), and 
[(ImDippN)(η4-COT)Ti(μ-η4:η6-COT)K(THF)(μ-η5:η4-COT)Ti(NIm-
Dipp)(μ-η4:η4-COT)K(THF)2]n (6). These compounds are formed from 
4, 6, and 8-electron transfer processes, establishing 2 and 3 as 
Ti(I)/Ti(I) and Ti(0)/Ti(0) synthons, respectively. Additional reactivity 
is observed between 2 with AdN3 or Ph3CN3, generating the 
Ti(IV)/Ti(IV) imido species [(ImDippN)Ti(=NAd)](μ-
NAd)2[Ti(DippNIm)(N3Ad)] (7), [(ImDippN)Ti(NHAd)](μ-
NAd)2[Ti(C6H4Me)(DippNIm)] (8-tol), and [(ImDippN)Ti(NCPh3)(κ

1-
DME)]2(μ-η2:η2-N2) (9) via 6-electron transfer mechanisms. Of note, 
7 is found to be the kinetic product of the reaction of 2 with AdN3, that 
upon prolonged standing or heating in toluene solutions, generates 
the thermodynamically favored 8-tol. Finally, 3 reacts with 3 equiv of 
AdN3 to give the diamagnetic Ti(III)/Ti(III) tris(imido) [K(18-crown-
6)(THF)2]{[(Im

DippN)Ti(NAd)](μ-NAd)2K[Ti(NImDipp)]} (10), formed 
from 6-electron oxidation of 3.  
     These results clearly indicate that early-metal compounds can be 
reduced to form isolable multi-metallic species capable of effecting 
multi-electron transfer chemistry, including an impressive 8-electron 
transfer capacity in the case of 3. Efforts to elucidate the electronic 

structures of 2 and 3 are underway along with additional reactiv-
ity studies.  

EXPERIMENTAL SECTION 

General Considerations. All air- and moisture-sensitive op-
erations were carried out in a MBraun glovebox under an atmos-
phere of ultra-high purity nitrogen. Toluene, hexanes, n-pentane, 
tetrahydrofuran (THF), diethyl ether (Et2O), and dimethoxy 
ethane (DME) solvents were dried using a Pure Process Tech-
nology Solvent Purification System and subsequently stored un-
der a dinitrogen atmosphere over activated 4 Å molecular sieves 
for at least 24 h prior to use. The deuterated solvents, C6D6, THF-
d8, and toluene-d8 were purchased from Cambridge Isotope La-
boratories Inc., degassed via three freeze-pump-thaw cycles, 
and dried over activated 4 Å molecular sieves for over 24 h prior 
to use. Celite and 4 Å molecular sieves were heated under dy-
namic vacuum to 150 ºC for over 72 h and then cooled under 
vacuum. Ultra-high purity H2 (Alphagaz Grade 1) and Ultra-high 
purity (99.9%) CO were purchased from Air Liquide America L.P. 
Houston, TX and used without further purification. (Im-
DippN)TiCl384 and Ph3CN3

85 were synthesized following reported 
procedures. Cyclooctatetraene (COT) was degassed via three 
freeze-pump-thaw cycles and dried over activated 4 Å molecular 
sieves for over 24 h prior to use. 18-crown-6 was purchased from 
Oakwood Products, Inc. and made anhydrous using the Gokel 
method.86 All other reagents were purchased from commercial 
sources and used as received.  NMR spectra were recorded on 
a Bruker AVANCE III 400 MHz spectrometer. 1H and 13C{1H} 
NMR spectra are referenced to SiMe4 using the residual 1H sol-
vent peaks as internal standards or the characteristic 13C signals 
of the solvent. In addition, resonance assignments in the 13C{1H} 
NMR spectra are based upon 1H-13C HSQC 2D correlation 

 
Figure 8. Solid-state molecular structure of 10·THF with 30% ther-

mal probability ellipsoids. Hydrogen atoms and coordinated and 

co-crystallized THF molecules are omitted for clarity. Selected 

bond lengths (Å) and angle (deg): Ti1-Ti2 = 2.8446(8), Ti1-N1 = 

2.064(3), Ti1-N2 = 2.029(3), Ti1-N4 = 1.943(3), Ti1-N3 = 

1.729(3), Ti2-K1 = 2.349(1), Ti2-N1 = 1.845(3), Ti2-N2 = 

1.865(3), Ti2-N7 = 1.907(3), Ti1-N3-C21 = 176.5(3), Ti1-N4-C31 

= 173.0(2), Ti2-N7-C21 = 168.6(3). 
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Scheme 5. Reaction of 3 with AdN3 to form Ti(III)/Ti(III) imido 10. 
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spectra. IR data were collected with powdered KBr, pressed into 
a pellet, or as a neat film sandwiched between NaCl plates, and 
the data was collected within a few minutes of sample prepara-
tion. The intensities are reported relative to the most intense 
peak and are given in parentheses using the following abbrevia-
tions: w = weak, m = medium, s = strong. UV-vis spectra were 
recorded with a Cary 5000 UV-vis-NIR spectrophotometer in tol-
uene and THF. Elemental analyses were performed by Midwest 
Microlabs, LLC. 
     Synthesis of [Cl2Ti(μ-NImDipp)]2 (1). A 20 mL scintillation vial 
containing a small magnetic stir bar was loaded with sodium 
metal (0.050 g, 2.15 mmol) and mercury (0.432 g, 2.15 mmol), 
forming an amalgam. To it, C7H8 (12 mL) was added followed by 
(ImDippN)TiCl3 (1.00 g, 1.80 mmol), giving a heterogeneous bright 
orange mixture.  After stirring over 2 d at room temperature, the 
solution formed an intense, dark blue color with an insoluble pre-
cipitate (NaCl). The product mixture was filtered through Celite 
(2 × 3 cm) supported on a medium porosity glass frit. The filtrate 
was concentrated under vacuum to 5 mL and layered with pen-
tane (3 mL). Storage at -35 °C for 12 h provided diamond-

shaped, deep blue crystals of 1‧1.5C7H8. Yield: 838 mg, 79%. 

(Note: Compound 1‧1.5C7H8 is highly soluble in ethereal sol-

vents such as THF and Et2O, as well as in aromatic solvents 
such as C7H8 and C6H6, while insoluble in non-polar solvents like 
hexanes and pentane.) 1H NMR (25 °C, 400 MHz, C6D6): δ 0.99 
(d, 24H, JHH = 6.7 Hz, Me2CH), 1.53 (d, 24H, JHH = 6.5 Hz, 
Me2CH), 3.02 (sept, 8H, JHH = 6.4 Hz, Me2CH), 5.91 (s, 4H, Imid 
HC=CH), 7.18 (d, 8H, JHH = 9.4 Hz, aryl), 7.32 (t, 4H, JHH = 7.7 
Hz, aryl).  13C{1H} NMR (25 °C, 101 MHz, C6D6): δ 23.93 
(Me2CH), 25.77 (Me2CH), 28.98 (Me2CH), 118.71 (Imid 
HC=CH), 124.95 (aryl), 131.39 (aryl), 132.83 (aryl), 147.2 (aryl), 
162.48 (CN3). UV-vis (C7H8, 0.249 mM, 25 °C, nm, ε = L·mol-
1·cm-1):  585 (ε = 699), 690 (ε = 547).  Anal. Calcd. For 

C54H72Cl4N6Ti2‧1.5C7H8: C, 65.72; H, 7.23; N, 7.08.  Found: C, 

65.42; H, 7.34; N, 7.41. 

     Synthesis of [(μ-N-η6-ImDipp)Ti]2 (2). A solution of 1‧1.5C7H8 

(1.00 g, 0.85 mmol) in C7H8 (30 mL) was prepared inside a 100 
mL round bottom flask loaded with a large magnetic stir bar. The 
dark blue solution was chilled to -35 °C prior to addition of DMPE 
(1μL, 0.90 mg, 5.99 μmol)  and KC8 (0.481 g, 3.56 mmol). The 
heterogeneous mixture was stirred at -35 °C for 5 – 7 d. During 
this time, the reaction mixture turned very dark in color and was 
subsequently filtered through Celite (2 × 3 cm) supported on a 
medium porosity glass frit. The filter cake was washed with THF 
(3 × 10 mL). The filtrate was dried under vacuum yielding a fine 
powder, which was redissolved in THF/Et2O (1:8 mL) and stored 
at -35 °C. After 12 h, dark brown crystalline solid was isolated. 
Yield: 480 mg, 63%. (Note: Alternatively, the filter cake can be 
washed with DME (3 × 10 mL) and crystals can be grown from a 
DME/hexanes solution (10:1 mL). Compound 2 is highly soluble 
in THF and DME, partially soluble in Et2O and aromatic solvents, 
such as C7H8 and C6H6, and insoluble in non-polar solvents such 
as hexanes and pentane.) 1H NMR (25 °C, 400 MHz, C6D6): δ -
39.98, -15.38, -0.62, 0.75, 2.22, 3.91, 4.11, 6.12, 6.28, 25.85. 1H 
NMR (25 °C, 400 MHz, THF-d8): δ -39.79, -16.23, -0.75, 0.77, 
1.28, 2.13, 2.57, 4.72, 5.90, 6.29, 6.48, 25.36. UV-vis (C7H8, 
0.258 mM, 25 °C, nm, ε = L·mol-1·cm-1):  232 (ε = 24,654), 293 
(ε = 23,594), 384 (ε = 4,534), 616 (ε = 1,870), 823 (ε = 1,572).  
IR (25 °C, film, cm-1): 659 (s), 671 (m), 718 (m), 722 (m), 755 
(m), 765 (s), 800 (m), 808 (m), 859 (s), 876 (w), 885 (w), 905 (w), 
929 (s), 949 (w), 989 (m), 1004 (m), 1046 (m), 1056 (m), 1076 
(w), 1105 (m), 1118 (m), 1178 (w),1211 (m), 1237 (m), 1254 (w), 
1255 (w), 1302 (w), 1315 (w), 1345 (s), 1353 (s), 1357 (m), 1382 
(m), 1413 (s),  1435 (m), 1445 (s), 1454 (s), 1460 (m), 1464 (w), 
1495 (w), 1504 (m), 1515 (m), 1519 (s), 1524 (s), 1556 (m), 1567 
(m), 1587 (m), 2350 (w), 2858 (m), 2924 (w), 2956 (m), 3068 (w), 
3136 (w), 3164 (w). IR for 2 + CO reaction product (25 °C, KBr 
pellet, cm-1): 3630 (w), 3400 (w), 3323 (w), 3172 (w), 3136 (w), 
3069 (w), 3029 (w), 2962 (s), 2928 (m), 2868 (m), 2055 (w), 2029 
(w), 1632 (s), 1599 (s), 1523 (s), 1470 (s), 1407 (w), 1385 (w), 

1362 (m), 1348 (m), 1307 (w), 1257 (w), 1226 (w), 1214 (w), 
1181 (w), 1147 (w), 1120 (w), 1106 (m), 1060 (m), 1021 (w), 957 
(w), 936 (m), 914 (m), 884 (w), 808 (s), 769 (w), 755 (s), 729 (w), 
716 (w), 695 (w), 674 (m), 604 (w), 508 (w), 466 (w), 439 (w), 
420 (w). Anal. Calcd. For C54H72N6Ti2: C, 71.99; H, 8.06; N, 9.33. 
Found: C, 66.09; H, 7.62; N, 8.40. Repeated combustion anal-
yses performed on several samples failed to give satisfactory re-
sults possibly due to the sensitivity of the compound or presence 
of trace amounts of 3.  
     Synthesis of {[(Et2O)2K](μ-N-μ-η6:η6-ImDipp)Ti}2 (3). A solution 

of 1‧1.5C7H8 (1.00 g, 0.85 mmol) in Et2O (30 mL) was prepared 

inside a 100 mL round bottom flask loaded with a large magnetic 
stir bar. The dark blue solution was chilled to -35 °C prior to ad-
dition of KC8 (710 mg, 5.25 mmol). The heterogeneous mixture 
was stirred at -35 °C for 12 h, over which time, the solution turned 
an intense dark brown color. The resulting mixture was filtered 
through Celite (2 × 3 cm) supported on a medium porosity glass 
frit. The filtrate was concentrated to 10 mL under vacuum, lay-
ered with pentane (2 mL) and stored at -35 °C. After 12 h, dark 
brown crystalline solid was isolated. Yield: 323 mg, 30%. (Note: 
Compound 3 is highly soluble in THF and Et2O, partially soluble 
in aromatic solvents, such as C7H8 and C6H6, and insoluble in 
non-polar solvents such as hexanes and pentane.) UV-vis (THF, 
0.094 mM, 25 °C, nm, ε = L·mol-1·cm-1):  212 (ε = 24,858), 242 
(ε = 31,400), 300 (ε = 28,561), 616 (ε = 1,964), 885 (ε = 1,081). 
IR (25 °C, film, cm-1): 659 (s), 690 (m), 762 (s), 778 (w), 789 (w), 
801 (m), 808 (w), 847 (m), 860 (m), 875 (m), 922 (m), 932 (w), 
976 (m), 994 (m), 1003 (w), 1042 (w), 1058 (m), 1106 (w), 1119 
(m), 1179 (w), 1192 (m), 1207 (w), 1229 (m), 1257 (m), 1301 (w), 
1344 (s), 1382 (m), 1413 (m), 1434 (w), 1443 (s), 1453 (s), 1460 
(m), 1467 (w), 1493 (w), 1503 (m), 1519 (s), 1524 (s), 1555 (s), 
1566 (w), 1588 (m), 2345 (w), 2361 (w), 2857 (m), 2921 (w), 
2949 (m), 3059 (w), 3131 (w), 3163 (w). IR for 3 + CO reaction 
product (25 °C, KBr pellet, cm-1): 3399 (w), 3324 (w), 3131 (w), 
3067 (w), 2961 (w), 2904 (s), 2925 (w), 2904 (w), 2868 (s), 2207 
(w), 2137 (w), 2005 (w), 1629 (s), 1577 (w), 1534 (m), 1473 (s), 
1400 (w), 1384 (w), 1351 (s), 1298 (w), 1252 (w), 1226 (w), 1108 
(s), 1060 (w), 962 (m), 915 (w), 838 (w), 809 (m), 769 (w), 753 
(m), 716 (w), 663 (w), 605 (w). Anal. Calcd. for 
C54H72K2N6Ti2·4Et2O: C, 65.91; H, 8.85; N, 6.59.  Anal. Calcd. 
For C54H72K2N6Ti2·2Et2O: C, 66.05; H, 8.23; N, 7.45. Found: C, 
65.78; H, 8.38; N, 7.70. 
     Synthesis of [(ImDippN)(η8-COT)Ti](μ-η2:η3-COT)[Ti(η4-
COT)(DippNIm)] (4). A 20 mL scintillation vial containing a small 
magnetic stir bar was loaded with 2 (200 mg, 0.22 mmol) and 
toluene (8 mL). To the dark brown suspension, COT (74.3 μL, 
69.4 mg, 0.66 mmol) was added. Upon addition, the reaction im-
mediately gives way to a homogeneous, dark red solution. Stir-
ring of the mixture at room temperature for 4 h results in the for-
mation of a dark brown coloring. The resulting solution was con-
centrated to 3 mL under vacuum, layered with hexanes (2 mL), 

and stored at -35 °C.  After 2 - 3 d, crystalline dark plates of 4‧

2C7H8 were isolated. Yield: 227 mg, 73%. (Note: 4‧2C7H8 is 

highly soluble in THF, partially soluble in Et2O and aromatic sol-
vents, such as C7H8 and C6H6, and insoluble in non-polar sol-
vents such as hexanes and pentane.) 1H NMR (25 °C, 400 MHz, 
C6D6): δ 1.19, 1.54, 2.97, 3.22, 5.50, 5.64, 5.76, 7.26. 1H NMR 
(25 °C, 400 MHz, tol-d8): δ 1.17, 1.50, 3.20, 5.32, 5.80, 7.23, 
7.33. 1H NMR (0 °C, 400 MHz, tol-d8): δ 1.17, 1.26, 1.58, 3.24, 
4.92, 5.52, 5.84, 7.21, 7.37. 1H NMR (-20 °C, 400 MHz, tol-d8): δ 
1.16, 1.27, 1.59 3.25, 4.96, 5.54, 5.81, 7.19, 7.38. 1H NMR (-50 
°C, 400 MHz, tol-d8): δ 1.17, 1.28, 1.60, 3.26, 5.03, 5.56, 5.76, 
7.17, 7.38.  UV-vis (C7H8, 0.070 mM, 25 °C, nm, ε = L·mol-1·cm-

1):  286 (ε = 21,836), 322 (ε = 26,969), 430 (ε = 6,242).  Anal. 

Calcd. for C78H96N6Ti2‧2C7H8: C, 79.06; H, 8.08; N, 6.01. Anal. 

Calcd. for C78H96N6Ti2: C, 77.21; H, 7.97; N, 6.93. Found: C, 
63.79; H, 6.99; N, 6.34. Combustion analyses failed to give sat-
isfactory results possibly due to the high sensitivity of the com-
pound or poor combustion properties. 
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    Synthesis of (ImDippN)Ti(η8-COT)(THF) (5). Method A: Or-

ange-yellow crystalline plates of 5‧0.375C6H14‧0.125THF are 

obtained upon dissolving 4 into THF followed by layering with 
hexanes in a 4:1 ratio and storing at -35 °C for 12 h. Method B: 
Addition of COT (46.9 μL, 43.3 mg, 0.42 mmol) to dark brown 
toluene (6 mL) suspensions of 2 (150 mg, 0.17 mmol) resulted 
in instant formation of a homogeneous solution accompanied by 
a color change to dark red. The reaction mixture was stirred at 
room temperature for 12 h, after which time the solution adopts 
a dark brown-yellow coloration. The resulting solution was dried 
under vacuum yielding a fine brown-orange powder, which was 
redissolved in THF/hexanes (4:1 mL) and stored at -35 °C. After 

2 - 3 d, crystalline orange plates of 5‧0.375C6H14‧0.125THF 

were isolated in 76% yield (84 mg). 1H NMR (25 °C, 400 MHz, 
C6D6): δ 1.18, 1.54, 2.97, 3.21, 5.43, 5.64, 5.76, 7.26. UV-vis 
(THF, 0.021 mM, 25 °C, nm, ε = L·mol-1·cm-1):  220 (ε = 164,974), 
244 (ε = 108,062), 260 (ε = 96,343), 320 (ε = 57,500).  Anal. 

Calcd. for C35H44N3Ti1‧0.375C6H14‧1.125THF: C, 75.06; H, 8.79; 

N, 6.29. Anal. Calcd. for C35H44N3Ti1: C, 74.80; H, 8.00; N, 7.58. 
Found: C, 54.03; H, 6.09; N, 6.30. Combustion analyses failed 
to give satisfactory results possibly due to the high sensitivity of 
the compound or poor combustion properties. 
     Synthesis of [(ImDippN)(η4-COT)Ti(μ-η4:η5-COT)K(THF)(μ-
η6:η4-COT)Ti(NImDipp)(μ-η4:η4-COT)K(THF)2]n (6). A 20 mL scin-
tillation vial containing a small magnetic stir bar was loaded with 
3 (200 mg, 0.16 mmol) and toluene (8 mL). To the dark brown 
suspension, COT (70.6 μL, 65.3 mg, 0.63 mmol) was added. In-
stant formation of a homogeneous solution was accompanied by 
a color change to dark red and eventually to dark brown. The 
reaction mixture stirred for 2 h before forming a layer of an oily, 
dark material. The residue was solubilized by addition of THF (1 
mL), and the mixture was stirred for an additional 2 h. The result-
ing solution was dried under vacuum yielding a dark powder, 
which was redissolved in THF (4 mL) layered with hexanes (3 
mL) and stored at -35 °C. After 2 – 3 d, crystalline dark blocks of 

6‧0.7THF‧0.15C6H14 were isolated. Yield: 193 mg, 73%. (Note: 

The crystalline product is highly soluble in ethereal solvents such 
as THF and Et2O and insoluble in aromatic solvents, like C7H8 
and C6H6, and non-polar solvents such as hexanes and pen-
tane.) 1H NMR (25 °C, 400 MHz, C6D6/THF-d8): δ 1.12 (d, 24H, 
JHH = 6.5 Hz, Me2CH), 1.46 (d, 24H, Me2CH), 1.51 (m, THF), 3.33 
(sept, 8H, JHH = 6.4 Hz, Me2CH), 3.53 (m, THF), 5.39 (s, 32H, 
C8H8), 6.11 (s, 4H, Imid HC=CH), 7.22 (d, 8H, JHH = 7.7 Hz, aryl), 
7.28 (d, 4H, JHH = 7.7 Hz, aryl).  13C{1H} NMR (25 °C, 101 MHz, 
C6D6/THF-d8): δ 23.14 (Me2CH), 25.89 (Me2CH), 28.94 (Me2CH), 
114.56 (Imid C=C), 124.13 (aryl), 129.02 (aryl), 136.20 (aryl), 
140.00 (aryl), 147.35 (CN3), resonances assignable to the COT 
ligands were not observed. UV-vis (THF, 0.030 mM, 25 °C, nm, 
ε = L·mol-1·cm-1): 218 (ε = 84,425), 358 (ε = 35,343), 507 (ε = 
7,132), 720 (ε = 2,187). Anal. Calcd. for 

C86H104K2N6Ti2‧3.7THF‧0.15C6H14: C, 72.91; H, 8.16; N, 5.02.  

Anal. Calcd. for C86H104K2N6Ti2: C, 74.01; H, 7.51; N, 6.02. 
Found: C, 73.52; H, 8.02; N, 6.63. 
      Synthesis of [(ImDippN)Ti(=NAd)](μ-NAd)2[Ti(DippNIm)(N3Ad)] 
(7). A 20 mL scintillation vial containing a small magnetic stir bar 
was loaded with 2 (300 mg, 0.33 mmol) and toluene (12 mL).  
The dark brown suspension was chilled to -35 °C prior to addition 
of AdN3 (236 mg, 1.33 mmol). Upon addition, immediate gas 
evolution was accompanied by a color change to dark red. The 
reaction mixture was stirred at -35 °C for 12 h. The resulting so-
lution was concentrated to 3 mL under vacuum, layered with hex-
anes (2 mL) and stored at -35 °C. After 3 – 4 d, crystalline, red-
orange blocks of 7·3C7H8 were isolated. Yield: 317 mg, 53%.  

(Note: Attempts to isolate pure samples of 7‧3C7H8 are frus-

trated by the persistent presence of small amounts of 8-tol. 

Compound 7‧3C7H8 is highly soluble in ethereal solvents, such 

as THF, DME and Et2O, and aromatic solvents, like C7H8 and 
C6H6. It is also moderately soluble in non-polar solvents such as 
hexanes and pentanes.) 1H NMR (25 °C, 400 MHz, C6D6): δ 
1.04-1.06 (6H, Ad), 1.22-1.23 (24H, overlapping Me2CH and Ad), 

1.37-1.39 (18H, overlapping Me2CH and Ad), 1.51-1.52 (12H, 
overlapping Me2CH and Ad), 1.59 (24H, overlapping Me2CH and 
Ad), 1.87 (18H, Ad), 2.15 (6H, Ad), 3.18 (sept, 4H, Me2CH), 3.75 
(sept, 4H, Me2CH), 5.80 (s, 2H, Imid HC=CH), 5.91 (s, 2H, Imid 
HC=CH), 7.00-7.27 (12H, aryl). Due to severe peak overlap, dis-
crimination of adamantyl CH and CH2 resonances is not possible 
and is denoted generally as Ad. 13C{1H} NMR (25 °C, 101 MHz, 
C6D6, ppm): δ 24.47 (Me2CH), 24.67 (br, Ad), 25.46 (Me2CH), 
29.01 (two overlapping Me2CH), 30.26 (Ad), 31.32 (Ad), 35.82 
(Me2CH), 36.80 (Me2CH), 37.81 (Ad), 42.29 (br, Ad accounting 
for 3 resonances), 46.36 (Ad), 48.94 (Ad), 67.02 (N-Ad), 68.00 
(N-Ad), 114.23 (Imid HC=CH), 114.42 (Imid HC=CH), 123.70 
(aryl), 124.02 (aryl), 128.83 (aryl), 129.69 (aryl), 135.53 (aryl), 
135.75 (aryl), 137.71 (aryl), 142.44 (aryl), 147.44 (CN3), 148.40 
(CN3), one N-Ad resonance not observed. IR (25 °C, film, cm-1): 
679 (w), 757 (m), 769 (w), 793 (w), 800 (w), 810 (w), 862 (w), 
878 (w), 888 (w), 907 (w), 1003 (w), 1026 (w), 1060 (w), 1070 
(w), 1095 (w), 1133 (w), 1179 (w), 1223 (w), 1245 (w), 1255 (w), 
1297 (w), 1351 (w), 1361 (w), 1391 (w), 1454 (m), 1460 (m), 
1565 (s), 1582 (m), 1600 (s), 1618 (m), 1629 (m), 2088 (m), 2846 
(m), 2869 (m), 2904 (s), 2960 (s). 
     Synthesis of [(ImDippN)Ti(NHAd)](μ-
NAd)2[Ti(C6H4Me)(DippNIm)] (8-tol). A 20 mL scintillation vial con-
taining a small magnetic stir bar was loaded with 2 (300 mg, 0.33 
mmol) and toluene (12 mL). To the resulting dark brown suspen-
sion, AdN3 (177 mg, 1.00 mmol) was added. Upon addition, im-
mediate gas evolution was accompanied by a color change to 
red-yellow. The reaction mixture was stirred at room temperature 
for 1 h. The resulting solution was concentrated to 5 mL under 
vacuum, layered with pentane (3 mL) and stored at -35 °C.  After 
3 – 4 d, crystalline, red-yellow blocks were isolated. Yield: 340 
mg, 73%. (Note: 8-tol is soluble in THF and aromatic solvents, 
like C7H8 and C6H6, while partially soluble in Et2O and non-polar 
solvents such as hexanes and pentane.) 1H NMR (25 °C, 400 
MHz, C6D6, ppm): δ 1.17-1.18 (36H, 2 overlapping d, overlapping 
Me2CH), 1.20-1.21 (18H, overlapping Ad-CH2 and Ad-CH), 1.24-
1.27 (32H, overlapping Ad-CH2 and Me2CH), 1.39-1.44 (12H, 
overlapping Ad-CH2), 1.47-1.50 (18H, overlapping Ad-CH2 and 
Ad-CH), 1.51-1.53 (28H, overlapping Ad-CH2 and Me2CH), 1.71-
1.74 (6H, Ad-CH2), 1.78-1.81 (18H, overlapping Ad-CH2 and 
Me2CH), 1.98 (6H, Ad-CH2), 2.02 (6H, Ad-CH2), 2.19 (3H, Ad-
CH), 2.25 (3H, Ad-CH), 2.26 (s, 3H, C6H4Me, p-isomer), 2.47 (s, 
3H, C6H4Me, m-isomer), 3.29 (2 overlapping sept, 16H, overlap-
ping Me2CH), 5.68 (s, 4H, Imid HC=CH), 5.82 (d, 4H, Imid 
HC=CH), 6.64 (s, 1H, NH), 6.65 (s, 1H, NH), 7.05 (m, 1H, 
C6H4Me, m-isomer), 7.10-7.12 (m, 9H, overlapping aryl m-iso-
mer and p-isomer), 7.18-7.20 (8H, overlapping aryl),  7.23 (d, 2H, 
C6H4Me, p-isomer), 7.25-7.27 (4H, overlapping aryl), 7.97 (d, 1H, 
C6H4Me, m-isomer), 8.04 (s, 1H, C6H4Me, m-isomer), 8.13 (d, 
2H, C6H4Me, p-isomer). Signals corresponding to specific stere-
oisomers are assigned where possible.  13C{1H} NMR (25 °C, 
101 MHz, C6D6, ppm): δ 21.93 (C6H4Me, p-isomer), 22.37 
(C6H4Me, m-isomer), 23.60-25.27 (7 signals, overlapping Ad-
CH2 and Me2CH), 28.92 (Ad-CH2), 28.99 (Me2CH), 29.02 
(Me2CH), 30.88 (Ad-CH2), 30.94 (Me2CH), 30.97 (Me2CH), 36.49 
(Ad-CH), 37.36 (Ad-CH), 37.39 (Ad-CH), 47.60 (Ad-CH), 47.64 
(Ad-CH), 47.76 (Ad-CH), 47.84 (Ad-CH), 57.60 (HN-CAd), 57.66 
(HN-CAd), 69.52 (N-CAd, imido), 69.55 (N-CAd, imido), 114.75 
(Imid HC=CH), 115.64 (Imid HC=CH), 115.68 (Imid HC=CH), 
124.21 (C6H4Me, m-isomer), 124.58 (aryl), 125.21 (aryl), 125.70 
(aryl), 126.39 (aryl), 128.57 (C6H4Me), 129.34 (C6H4Me), 129.37 
(aryl), 129.42 (aryl), 130.09 (C6H4Me, p-isomer), 133.54 (aryl), 
134.22 (aryl), 134.89 (aryl), 135.78 (aryl), 135.81 (aryl), 136.46 
(aryl), 136.49 (aryl), 137.88 (C6H4Me, m-isomer), 138.48 
(C6H4Me, p-isomer), 140.28 (aryl), 140.44 (aryl), 147.52 (CN3), 
147.60 (CN3), 186.00 (meta Ti-C6H4Me, m-isomer), 188.88 (para 
Ti-C6H4Me, p-isomer). UV-vis (C7H8, a.u., 25 °C, nm):  284, 342, 
433, 571.  IR (25 °C, film, cm-1): 647 (m), 656 (m), 702 (m), 726 
(m), 736 (m), 759 (s), 769 (m), 787 (m), 802 (m), 811 (m), 880 
(m), 890 (m), 907 (m), 932 (m), 947 (m), 994 (m), 1009 (m), 1070 
(m), 1094 (m), 1118 (m), 1137 (m), 1167 (m), 1180 (m), 1226 
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(m), 1256 (m), 1299 (m), 1331 (m), 1348 (s), 1362 (m), 1384 (m), 
1398 (m), 1455 (s), 1544 (s), 1567 (s), 1599 (s), 1634 (w), 1656 
(w), 1699 (w), 1703 (w), 1725 (w), 1810 (w), 1938 (w), 1985 (w), 
2653 (w), 2674 (w), 2845 (s), 2902 (s), 2962 (s), 3066 (w), 3107 
(w), 3132 (w), 3272 (w).  Anal. Calcd. for C91H125N9Ti2: C, 75.86; 

H, 8.74; N, 8.75. Anal. Calcd. for C91H125N9Ti2‧0.5C5H12: C, 

75.94; H, 8.98; N, 8.57.  Found: C, 75.95; H, 8.75; N, 8.17. 
     Synthesis of [(ImDippN)Ti(NHAd)](μ-NAd)2[Ti(C6H5)(DippNIm)] 
(8-C6H5). A 20 mL scintillation vial containing a small magnetic 
stir bar was loaded with 2 (150 mg, 0.33 mmol) and C6H6 (12 
mL).  To the resulting dark brown suspension, AdN3 (177 mg, 
1.00 mmol) was added. Upon addition, immediate gas evolution 
was accompanied by a color change to red-yellow. The reaction 
mixture stirred at room temperature for 1 h. The resulting solution 
was concentrated to 5 mL under vacuum, layered with pentane 
(3 mL) and stored at room temperature. After 2 d, crystalline, 

yellow blocks of 8-C6H5‧0.5C6H6‧0.75C5H12 were isolated. Yield: 

152 mg, 60%. (Note: Compound 8-C6H5‧0.5C6H6‧0.75C5H12 is 

soluble in THF and aromatic solvents like C7H8 and C6H6, while 
partially soluble in non-polar solvents such as hexanes and pen-
tane.) 1H NMR (25 °C, 400 MHz, C6D6): δ 1.17-1.20 (m, 24H, 
overlapping Me2CH), 1.22 (6H, Ad-CH2), 1.24 (d, 12H, JHH = 6.8 
Hz, Me2CH), 1.40-1.43 (6H, Ad-CH2), 1.48 (12H, Ad-CH2), 1.51 
(d, 12H, JHH = 6.8 Hz, Me2CH), 1.72-1.74 (3H, Ad-CH), 1.79 (9H, 
overlapping Ad-CH2 and Ad-CH), 1.99 (6H, Ad-CH2), 2.22 (3H, 
Ad-CH), 3.30 (m, 8H, overlapping Me2CH), 5.68 (s, 2H, Imid 
HC=CH), 5.83 (s, 2H, Imid HC=CH), 6.65 (s, 1H, NH), 7.10-7.12 
(4H, aryl), 7.18 (4H, aryl), 7.20-7.25 (m, 4H, aryl), 7.27-7.33 (m, 
3H, overlapping m- and p-C6H5), 8.20 (d, 2H, o-C6H5). 13C{1H} 
NMR (25 °C, 101 MHz, C6D6): δ 23.58 (Me2CH), 24.19 (Me2CH), 
24.87 (Me2CH), 25.26 (Me2CH), 28.92 (Me2CH), 29.01 (Me2CH), 
30.87 (Ad-CH2), 30.94 (Ad-CH), 36.48 (Ad-CH2), 37.35 (Ad-CH), 
47.60 (Ad-CH2), 47.81 (Ad-CH2), 57.65 (HN-CAd), 69.55 (N-CAd, 
imido), 114.75 (Imid HC=CH), 115.66 (Imid HC=CH), 124.21 
(aryl), 124.58 (aryl), 125.53 (m-C6H5), 125.69 (p-C6H5), 129.44 
(aryl), 130.11 (aryl), 135.74 (aryl), 136.44 (aryl), 137.80 (o-C6H5), 
140.31 (CN3), 140.46 (CN3), 147.57 (aryl), 188.89 (C6H5). UV-vis 
(C7H8, 0.063 mM, 25 °C, nm, ε = L·mol-1·cm-1): 283 (ε = 17.542), 
340 (ε = 22,346), 433 (ε = 16,286), 574 (ε = 95).    
     Synthesis of [(ImDippN)Ti(NCPh3)(κ1-DME)]2(μ-η2:η2-N2) (9). A 
20 mL scintillation vial containing a small magnetic stir bar was 
loaded with 2 (300 mg, 0.33 mmol) and toluene (12 mL). The 
resulting dark brown suspension was chilled to -35 °C prior to 
addition of Ph3CN3 (285 mg, 1.00 mmol). Upon addition, imme-
diate gas evolution was accompanied by a color change to dark 
red-yellow. The reaction mixture was stirred at -35 °C for 6 h.  
The resulting solution was dried under vacuum, yielding an or-
ange-red fine powder, which was redissolved in DME (6 mL) and 
stored at -35 °C.  After 2 d, diamond-shaped, dark orange crys-
tals were isolated. Yield: 22 mg, 4%. UV-vis (C7H8, a.u., 25 °C, 
nm):  356, 435, 550.  IR (25 °C, film, cm-1): 635 (s), 650 (m), 694 
(m), 701 (s), 729 (m), 742 (w), 755 (m), 771 (w), 801 (w), 873 
(m), 888 (w), 903 (w), 915 (w), 937 (w), 1028 (m), 1060 (w), 1078 
(w), 1118 (w), 1151 (w), 1173 (m), 1198 (m), 1223 (w), 1256 (w), 
1297 (w),  1342 (w), 1359 (w), 1390 (m), 1442 (m), 1454 (m), 
1463 (m), 1503 (w), 1519 (w), 1537 (w), 1556 (w), 1563 (m), 
1579 (m), 1610 (m), 2864 (w), 2923 (w), 2960 (w), 3052 (w), 
3583 (w). (Note: Compound 9 is partially soluble in ethereal sol-
vents such as THF, DME, and Et2O, aromatic solvents, like C7H8 
and C6H6, and non-polar solvents such as hexanes and pen-
tane.)  
     Synthesis of [K(18-crown-6)(THF)2]{[(ImDippN)Ti(NAd)](μ-
NAd)2K[Ti(NImDipp)]} (10). A 20 mL scintillation vial containing a 
small magnetic stir bar was loaded with 3 (300 mg, 0.24 mmol) 
and toluene (12 mL). To the resulting dark brown suspension, 
AdN3 (167 mg, 0.96 mmol) was added followed by 18-crown-6 
(124.3 mg, 0.48 mmol). Upon addition, immediate gas evolution 
was accompanied by a color change to dark red. The reaction 
mixture stirred at room temperature for 12 h. The resulting solu-
tion was dried under vacuum yielding an orange-red fine powder, 

which was redissolved in THF (4 mL) and layered with pentane 
(2 mL) and stored at -35 °C. After 5 – 7 d, crystalline, pink-orange 

blocks of 10‧THF were isolated. Yield: 309 mg, 69%.  (Note: 

Compound 10‧THF is highly soluble in THF and aromatic sol-

vents, like C7H8 and C6H6, while insoluble in non-polar solvents 
such as hexanes and pentane.) 1H NMR (25 °C, 400 MHz, C6D6, 
ppm): δ 1.30-1.32 (m, 18H, overlapping Me2CH and Ad-CH2), 
1.39-1.41 (m, 18H, overlapping Me2CH and Ad-CH2), 1.42 (br s, 
12H, coordinated and co-crystallized THF), 1.60 – 1.64 (br s, 
12H, Ad-CH2), 1.69 (br s,12H, Me2CH), 1.78 (m, 15H, overlap-
ping Me2CH and Ad-CH), 1.91 (br s, 6H, Ad-CH2), 1.97 (br s, 3H, 
Ad-CH), 2.22 (br s, 6H, Ad-CH2), 2.31 (br s, 3H, Ad-CH), 3.24 (s, 
24H, C12H24O6), 3.57 (br s, 12H, coordinated and co-crystallized 
THF), 3.75 (br s, 4H, Me2CH), 3.96 (br s, 4H, Me2CH), 5.96 (s, 
2H, Imid HC=CH), 6.04 (s, 2H, Imid HC=CH), 7.26 – 7.28 (m, 
12H, aryl).  13C{1H} NMR (25 °C, 101 MHz, C6D6, ppm): δ 24.58 
(Ad), 24.86 (Me2CH), 24.97 (Ad), 25.72 (Ad), 25.84 (THF), 29.00 
(overlapping Me2CH), 31.15 (Me2CH), 31.55 (Ad), 37.29 
(Me2CH), 38.20 (Ad), 45.99 (Me2CH), 49.18 (Ad), 66.35 (N-CAd), 
67.84 (THF), 70.19 (C12H24O6), 114.19 (Imid HC=CH), 114.39 
(Imid HC=CH), 123.59 (aryl), 124.24 (aryl), 128.18 (aryl overlap 
with C6D6), 128.28 (aryl overlap with C6D6) 137.70 (aryl), 
147.91(CN3), 148.92 (CN3), one N-CAd and one aryl resonance 
not observed. Due to severe peak overlap, discrimination of ad-
amantyl CH and CH2 resonances is not possible and is denoted 
generally as Ad. UV-vis (C7H8, 0.231 mM, 25 °C, nm, ε = L·mol-
1·cm-1):  295 (ε = 13,720), 340 (ε = 13,806), 445 (ε = 1,908), 550 

nm (ε = 128). Anal. Calcd. for C104H157K2N9O8Ti2‧1THF: C, 

68.00; H, 8.72; N, 6.61. Anal. Calcd. for C104H157K2N9O8Ti2: C, 

68.06; H, 8.62; N, 6.87. Found: C, 65.86; H, 8.69; N, 6.61. Com-

bustion analyses failed to give satisfactory results possibly 

due to the high sensitivity of the compound or poor combus-

tion properties. 
 

X-ray Structure Solution and Refinement. Data for 3 and 7‧
3C7H8 were collected on a Bruker D8 Quest 3-axis diffractometer 
equipped with a Photon II CMOS detector using a graphite mon-
ochromator with a Mo Kα sealed-tube X-ray source (α = 0.71073 

Å), while data for 1‧1.5C7H8, 2-Pccn, 2-P1, 4‧2C7H8, 5‧

0.375C6H14‧0.125C7H8, 6‧0.7THF‧0.15C6H14, 8-tol, 8-C6H5‧

0.5C6H6‧0.75C5H12, 9, and 10‧THF were collected on a dual 

source Bruker D8 Venture 4-axis diffractometer equipped with a 
PHOTON II CPAD detector and a lμS Mo Kα X-ray source (α = 
0.71073 Å) fitted with a HELIOS MX monochromator. Crystals 
were mounted on a Mitigen Kapton loop, coated in NVH oil, and 
maintained at 100(2) K under a flow of nitrogen gas during data 
collection. Data collection and cell parameter determination were 
conducted using the SMART program.87 Integration of the data 
and final cell parameter refinements were performed using 
SAINT88 software with data absorption correction implemented 
through SADABS.89 Structures were solved using intrinsic phas-
ing methods and difference Fourier techniques. All hydrogen 
atom positions were idealized and rode on the atom of attach-
ment.  Structure solution, refinement, graphics, and creation of 
publication materials were performed using SHELXTL90 or the 
Olex91 crystallographic package. Relevant crystallographic data 
is presented in Table S1 and complete crystallographic data for 

complexes 1‧1.5C7H8, 2-Pccn, 2-P1, 3, 5‧0.375C6H14‧

0.125C7H8, 6‧0.7THF‧0.15C6H14, 8-tol, 8-C6H5‧0.5C6H6‧

0.75C5H12, 9, and 10‧THF has been deposited in the Cambridge 

Crystallographic Data Center under the following CCDC deposit 

numbers: 2175031 (1‧1.5C7H8), 2175029 (2-Pccn), 2175024 (2-

P1), 2175023 (3), 2175026 (5‧0.375C6H14‧0.125C7H8), 

2165032 (6‧0.7THF‧0.15C6H14), 2175025 (8-tol), 2175027 (-

C6H5‧0.5C6H6‧0.75C5H12), 2175028 (9), 2175030 (10‧THF).    

     In 1‧1.5C7H8, one toluene molecule exhibits positional disor-

der and was modeled over two positions with SADI restrains 
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applied to all ring carbon-carbon bonds (C55 to C61). Similarly, 
the remaining half toluene molecule was modeled over two po-
sitions with half-occupancies and DFIX restrains were applied to 
all carbon-carbon bonds (1.4 C63-C65, 1.51 C62-C63). Moreo-
ver, reflections -4 6 8, -13 5 1, and 7 5 5 were omitted as outliers. 
Positional disorder of an isopropyl substituent in 2-Pccn and 3 
was addressed by modeling the methyl carbons (C12, C13 in 2a; 
C19, C20 in 3) in two orientations in which occupancies were 

determined through data refinement. In 6‧0.7THF‧0.15C6H14, 

the K1-coordinated THF molecule (O1, C52-C55) displays se-
vere positional disorder and was modeled over two positions with 
occupancies assigned based on data refinement.  Moreover, re-
sidual  electron density corresponds to one THF (O4, C99-C012) 
and one-half hexanes (C103-C105) equivalents which were as-
signed fixed occupancies of 0.7 and 0.3 respectively with 2 hex-
anes C-C bond distances restrained by DFIX to 1.53 Å. For com-

plex 7‧3C7H8, carbon atoms C23-C25, C28-C30 belonging to the 

adamantyl substituent in fragment Ti1-N3Ad, Ti2 coordinated 
N3Ad unit, and a co-crystallized toluene molecule (C109-C115) 
exhibit positional disorder; in all cases, such disorder was mod-
eled by splitting the electron density over two orientations with 
occupancies determined through data refinement. Within the Im-
DippN- ligands, methyl carbons C59, C60, C72, C73, C93 and C94 
were also found to be disordered over two orientations.  In addi-
tion, AFIX restrains were used over the co-crystallized toluene 
molecules (C95-C101, C102-108) to help model positional dis-
order and an ISOR 0.01 restrain was used on C31A. Despite 
best efforts, the wR2 value could not be improved beyond 
27.3%, thus its data is only presented to demonstrate connectiv-
ity and general structural features. In 8-tol, reflections 0 1 5, 0 3 
3, 0 1 3, and 0 2 4 were omitted as outliers.  In addition, disor-
dered isopropyl substituents were modeled by splitting the elec-
tron density over two orientations with occupancies determined 
through data refinement, and carbon-carbon bond lengths C62-
C63A, C62-C63B, C62-C64A, C62-C64B, C89-C90A, C89-
C90B, C89-C91A, and C89-C91B were fixed to 1.53 Å using a 

DFIX constrain. In 8-C6H5‧0.5C6H6‧0.75C5H12, residual electron 

density corresponding to overlapping, non-coordinated benzene 
(C91-C96) and pentane (C97-C101) molecules was modeled as-
signing half occupancy to each solvent molecule; while half a 
pentane equivalent also found in the asymmetric unit was as-
signed an occupancy of 0.5. THF molecules coordinated to the 

potassium atom K2 within the cation in complex 10‧THF display 

severe positional disorder over two positions and were modeled 
as such. Additionally, atoms C12, C14, C17, C18 and C20, be-
longing to the adamantyl substituent coordinated to bridging ni-
trogen atom N2, exhibit positional disorder and are better repre-
sented by modeling over two positions with occupancies deter-
mined through data refinement and bond lengths restricted by 
the use of DFIX 1.53 Å. Residual electron density corresponding 
to highly disordered, co-crystallized pentane molecules could not 
be fully modeled and instead the density was removed using the 
PLATON/SQUEEZE algorithm.92 Residual electron density cor-
responding to highly disordered toluene/pentane in compound 8-

tol, and THF in 10‧THF could not be accurately modeled and 

was removed using the PLATON/SQUEEZE algorithm.92 
 
Magnetic Measurements.  
     The magnetic susceptibility measurements for complexes 2, 

3, and 4‧2C7H8 were obtained using a Quantum Design SQUID 

magnetometer MPMS-XL7 operating between 1.8 and 300 K (2) 

and 2.0 and 300 K (3 and 4‧2C7H8). DC measurements were 

performed on a crushed polycrystalline sample of 32.0 mg for 2, 
which was subjected to fields of -7 to 7T. The sample was re-
strained with silicon grease and wrapped in a polyethylene mem-
brane under an inert atmosphere.  The magnetization data was 
collected at 100 K to check for ferromagnetic impurities. For com-

plexes 3, and 4‧2C7H8 DC measurements using 1T fields were 

performed on crystalline samples of 19.7 mg and 15.2 mg, re-
spectively. The samples were sandwiched between eicosane 

layers (~1.5 mm/each) inside glass NMR tubes, which were 
flame sealed under nitrogen. Diamagnetic corrections were ap-
plied for the sample holder and inherent diamagnetic contribu-
tions were estimated with the use of Pascals constants and used 
to correct effective magnetic moment calculations.  
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