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ABSTRACT: AdN3 (Ad = 1-adamantyl) reacts with the tetrahedral Ti" complex [(Tp®*Me)TiCl] (Tp®vMe = hydrotris(3-tert-bu-
tyl-5-methylpyrazol-1-yl)borate), to generate a mixture of an imide complex, [(Tp®®+M¢)TiCI(NAd)] (4), and an unusual and
kinetically stable azide adduct of the group 4 metal, namely [(Tp®+Me)TiCl(y-N3Ad)] (3). In these conversions, the product
distribution is determined by the relative concentration of reactants. In contrast, the azide adduct 3 forms selectively when a
masked Ti"' complex (N2 or AANC adduct) reacts with AdNs. Upon heating, 3 extrudes dinitrogen in a unimolecular process
proceeding through a titanatriazete intermediate to form the imide complex 4, but the observed thermal stability of the azide
adduct (t» = 61 days at 25 °C) is at odds with the large fraction of imide complex formed directly in reactions between AdN3
and [(Tp®+Me)TiCl] at room temperature (ca. 50% imide with a 1:1 stoichiometry). A combination of theoretical and experi-
mental studies identified an additional deazotation pathway, proceeding through a bimetallic complex bridged by a single
azide ligand. The electronic origin of this deazotation mechanism lies in the ability of azide adduct 3 to serve as a m-backbond-
ing metallaligand toward free [(Tp®*M¢)TiCl]. These findings unveil a new class of azide-to-imide conversions for transition
metals, highlighting that the mechanisms underlying this common synthetic methodology may be more complex than con-
ventionally assumed, given the concentration dependence in the conversion of an azide into an imide complex. Lastly, we

show how significantly different AdNs reacts when treated with [(Tp®Me)VCI].

INTRODUCTION

The formation of a transition metal imide complex via ex-
trusion of dinitrogen from an organic azide is a classic reac-
tion that continues to garner interest in the coordination
chemistry community,’-'4 but also underpins organic trans-
formations such as nitrene homocoupling to azoarenes,516
isocyanide-nitrene coupling to carbodiimides,'”18 alkene-
nitrene coupling to aziridines,!°-2! [2+2+1] alkyne-nitrene
coupling to pyrroles,?22¢ and C-H bond amination.2532 The
oxo-wall, introduced by Gray and Ballhausen,33-35 delimits
the electronic structure of stable oxo and imide complexes:
In tetragonal geometries, valence electron counts beyond d?
lead to the occupation of M-N m* orbitals, which destabi-
lizes the M=N triple bonds, whereas valence electron counts
up to d* are stable in low-coordinate geometries. A reverse
situation exists for organoazide adducts, which gain stabil-
ity when valence electron counts exceed d*/d®; these com-
plexes prevail among late transition metals.1516:3036-51 The
conversion of an organoazide into an imide complex, alt-
hough a seemingly simple metal-promoted deazotation re-
action, has only been studied mechanistically by few groups.
In 1995, Bergman52%3 and Cummins® isolated y-organo-
azide adducts of the early transition metal fragments Talll
and V' (we label organoazides starting from the organic

substituent: RN,NgN,). These complexes are kinetically sta-
ble, even though d? fragments, naively, should be devoid of
electronic impediments for deazotation. More recently,
Chang and Arnold have expanded upon these studies using
Viland Nb'l, respectively (Chart 1, A). Interestingly, group
5 transition metals continue to define the border for isola-
ble organoazide adducts of mononuclear d? fragments.185556
Given the decreasing d-orbital energies within transition se-
ries, this poses the question of whether divalent group 4
metals are too reducing to stabilize organoazides as ligands.
As for the conversion of organoazides into imide complexes,
a mechanism involving the formation and capture of free
nitrene has sporadically been suggested.'¢5>57 But in gen-
eral, mononuclear imide complexes (M=NR) are assumed to
form via simple mono- or binuclear pathways through in-
termediates where the metal:azide ratio is unity (examples:
Chart 1, B).52-5458-61 Deviation from this ratio has been sug-
gested for multimetallic systems such as Bergman’s
[Cp2M(u-NtBu)(y,y;u-N3Ph)IrCp*] complexes (M = Zr,
Hf),6263 but in this case, it is the binuclear nature of the com-
plexes that dictates a 2:1 metal:azide ratio. Herein, we re-
port how a tetrahedral, high-spin Ti" complex binds an or-
ganic azide to afford mixtures of the corresponding azide
and imide products (Chart 1, C), the ratio of which is deter-
mined by the relative concentrations of the reactants. The
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azide adduct extrudes N: sluggishly even at elevated tem-
peratures (t» =43 h at 50 °C) in a unimolecular deazotation
pathway most likely proceeding through a titanatriazete in-
termediate, as originally proposed by Bergman. However,
an unusual complementary mechanism, operating through
two metal centers and m-backbonding to the bridging azide
ligand, expedites deazotation at lower temperatures, as ver-
ified by kinetic and quantum chemical studies. Our study
not only demonstrates how important the effect of concen-
tration of the metal complex is on the pathway for deazo-
tation but also shows that the order of addition of reagents
(metal complex to azide versus the reverse) should be con-
sidered when optimizing reaction conditions.
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Chart 1. A: Isolable azide adducts of d? metal fragments, B: In-
termediates proposed in deazotation of azide adducts. C: This
work showing an isolable organoazide adduct of Ti!l undergo-
ing deazotation to form a terminal imide complex via 1) a bi-
metallic mono-azide intermediate, or 2) a monometallic ti-
tanatriazete intermediate.

RESULTS AND DISCUSSION
Isolation of an Azide Adduct of Ti" (3)

Classic synthetic strategies toward Ti' complexes rely on
the maximization of the coordination number and/or instal-
lation of m-acidic ligands in order to stabilize the large and
reducing Ti""ion. In the pursuit of alternative ligand designs,
we recently prepared a tetrahedral and high-spin Ti" com-
plex bearing redox-innocent ligands, namely [(Tp®=Me)TiCl]
(1, Tp®BwMe = hydrotris(3-tert-butyl-5-methylpyrazol-1-
yl)borate).6# This sterically accessible and highly reducing
d? complex forms adducts with m-acids such as AANC and
Nz, [(Tp®uMe)TiCI(CNAd)] (1NAd) and [{(Tp®BwMe)TiCl}2(p-
Nz)] (2), respectively, whereas it quantitatively extrudes N2
upon reaction with MesSiNs to afford the prototypical TiV
silylimide complex, [(Tp®+Me)TiCl(NSiMes)].6 Although this

entry to titanium imide complexes is universal,®5-72 the
unique geometry of 1 prompted us to further explore its re-
activity toward other azides: Under an Ar atmosphere,
treatment of a benzene solution of 1 with the organic azide,
AdNs3, led to a dark yellow two-component reaction mixture
(Scheme 1). 'H NMR spectroscopy revealed two diamag-
netic species; the first, [(Tp®Me)TiCl(y-N3Ad)] (3), dis-
played a single set of pyrazole resonances, in line with rapid
interconversion on the 'H NMR timescale. In contrast, the
second species, [(Tp®B+Me)TiCI(NAd)] (4), displayed two sets
of pyrazole resonances in line with Cs symmetry in solution.
When prepared using a 1:1 ratio between AdNs and 1, the
products form in similar amounts, although the exact prod-
uct distribution also depends on the order of addition of re-
actants (vide infra). Upon heating 3 to 80 °C over several
hours, reaction mixtures progressed cleanly to the bright
orange Cs symmetric product 4; the same outcome resulted
upon irradiation with the full spectrum of a Xe lamp over
tens of minutes in solution or solid state phases.

Searching for an alternative, but selective, entry to the
metastable species 3, we examined m-acid adducts of 1 as
sources of a masked’%7¢ Ti!l fragment. Thus, when 1CNAd or
2 reacts with AdNs in benzene (under either N2 or Ar), met-
astable 3 forms in near quantitative spectroscopic yield
with concomitant release of AANC or N, respectively. Nota-
bly, the isocyanide ligand in 1¢NAd does not enact nitrene
coupling to generate a carbodiimide, AANCNAd,!7.1877-80
contrasting with the facile P-atom transfer reactivity be-
tween 1C¢NAd and Na(OCP), which affords the cyanophos-
phide complex, [(Tp®B+Me)Ti(n3-PCNAd)].8*
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Scheme 1. AdN3 reacts with Till complex 1 to generate azide
adduct 3 and imide complex 4, whereas treatment of AdN3 with
the isocyanide complex 1¢NAd or dinitrogen complex 2 selec-
tively affords 3. Deazotation of 3 to 4 occurs upon heating, pho-
tolysis, or via treatment with an extra equivalent of 1. To avoid
formation of 2, all reactions involving 1 were carried out under
Ar; the remaining reactions proceed equally well under N2/Ar.



Figure 1. Thermal ellipsoid plots of 3 and 4 (50% probabil-
ity). Co-crystallized pentane (3, 4) and disorder in one Ad
group for complex 4 are omitted.

Both products, 3 and 4, could be isolated from the reac-
tion mixtures upon removal of the solvent and recrystalliza-
tion from pentane. This affords dark yellow crystals of 3
(70% isolated yield) or bright orange crystals of 4 (70% iso-
lated yield), depending on the synthetic route taken. X-ray
crystallographic characterization revealed the thermody-
namic product to be the anticipated mononuclear titanium
imide complex, [(Tp®+Me)TiCI(NAd)] (4, see Figure 1). This
five-coordinate complex has a geometry index, ts = 0.50,82
midway between idealized square pyramidal and trigonal
bipyramidal geometries, and the short Ti1-N7 distance is in
line with a {Ti=N} multiple bond. The angle around N7
(160.1(1)°) deviates notably from linearity, presumably
due to steric repulsion between the Ad and ‘Bu groups
(shortest H--H separation: 2.22 A), which in turn impedes
rotation about the Ti=N spine and enforces the s symmetry
observed on the 1H/13C NMR timescales. More surprisingly,
crystallographic characterization of the metastable product
revealed an adduct between the Ti" complex and intact
AdNs3, namely [(Tp®*Me)TiCl(y-N3Ad)] (3). It is notable that
while mononuclear late transition metal organoazide ad-
ducts display a wealth of coordination modes (a-N3R,303¢-
3844-48 y-N3R,151637 3 y-N3R*9-51), early transition metals in-
variably form y-N3R adducts in which Nz extrusion requires
extensive structural reorganization. The geometry index of
3 indicates a distorted five-coordinate structure (ts = 0.39)
that approaches a square pyramidal configuration more
than imide complex 4. The Ti1-N7 distance in 3 is 1.6%
longer than the {Ti=N} triple bond in 4, while the angle
around N7 (165.4(2)°) is closer to linearity. Bond distances
in the {N3} moiety fall in the range between N-N double and

single bonds (informative metrics: HN=NH: 1.230 A, H2N-
NHa: 1.453 A),8384 while angles around N8 and N9 suggest
these atoms to be effectively sp? hybridized. Along these
lines, free azide is isoelectronic with linear CO2, while the
AdN3 ligand in 3 is more in accord with bent NOz-, implying
areduced azide functionality. Moreover, complex 3 displays
a single N=N IR stretching mode (2088 cm) at the low en-
ergy range for free AdNs (2142, 2086 cm1).4” These struc-
tural and spectroscopic data suggest that 3, despite being
tantalizingly labelled a formal Ti" azide adduct {Ti-
N=N=NAd}, might be best construed as a TiV diazenylimide
complex, {Ti=EN-N=NAd}. Computationally, natural popula-
tion analysis reveals an electronic configuration more in
line with a Ti'! center, which is further supported by strong
n-backbonding between the metal center and the azide lig-
and (Figure S46).

Electronic Structure of a Titanium Azide Adduct (3)

Considering that 3 is the only known azide adduct of a di-
valent group 4 metal, we explored its electronic structure
via density functional theory8® (DFT) calculations at the
PBE-D3/cc-pVTZ(-f)/LACV3P//6-31G**/LACVP level of
theory (See Supporting Information for details).8¢-91 In or-
der to define a frame of reference, the imide complex 4 was
first examined. Ithas a HOMO-1 and a HOMO that arise from
bonding combinations of two orthogonal sets of atomic or-
bitals (N 2py/Ti 3dy- and N 2px/Ti 3dx.), which are m-sym-
metric along the Ti=N axis (Figure 2A). An analogous bond-
ing picture emerges for the azide adduct 3, with the added
complexity that the m-orbitals extend to Ng and N, and that
there are one and two nodal plane(s) perpendicular to the
N-N bonds, respectively, for the HOMO-1 and HOMO (Fig-
ure 2A). It is noteworthy that the HOMO of 3 carries the
same number of nodal planes as the LUMO of COz as well as
the SOMO of NOz, which supports an assignment of 3 as a
diazenylimide complex, along with Ti=N triple bond charac-
ter.

Returning to the higher energy frontier orbitals of 3, the
LUMO essentially comprises a Ti 3dxy orbital, as anticipated
from oxo-wall considerations for tetragonal geometries.33-35
Still higher in energy lies the LUMO+1. This m* MO consists
of antibonding combinations of Ti 3dy-/N 2p, atomic orbit-
als, is energetically low-lying, and has considerable proba-
bility density on N, and Ng. This foretells a possible mt-back-
bonding capacity of 3, especially if assuming a configuration
where the adamantyl group turns toward the
{(Tp®BuMe)TiCl} platform to
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accommodate an incoming metal center. Given the electron-
rich nature of Ti"! complexes, a fragment such as 1 could m-
backdonate to the a-N of the azide motif in 3 to form a pu-
tative dinuclear and paramagnetic species
[{(Tp®uMe)TiCl} (o, y;u-N3Ad){(Tp®BeMe)TiCl}] (3Z, Figure
2B); the significance of such an interaction will be discussed
below.

Deazotation of a Titanium Azide Adduct (3)

To obtain a quantitative understanding of the stability of
3, we studied its thermal conversion to 4. Having developed
a protocol to access complex 3 in pure form from 1¢NAd or 2,
we conducted kinetic studies. Deazotation could proceed in
anumber of ways (Chart 1B): Bergman®2 53 and Chang5® ob-
served first-order decay of their Ta! and V' azide adducts;
these reactions presumably proceed via {M(c,y-N3R)} inter-
mediates or via intermittent formation of free nitrene, re-
spectively. Contrarily, Cummins’* used kinetic measure-
ments and cross-over experiments to propose that their VI
azide adduct extrudes N2 in a second-order process. More
recently, Hall used DFT methods to demonstrate that Abu-
Omar’s ReV oxo complexes®? traverse {Re(a-N3R)} adducts
when converting to the corresponding ReV!' oxo-imide prod-
ucts.5260 Finally, Baik identified a {Zr(a,-N3sR)} intermedi-
ate in nitrene transfer catalysis.?! In view of these distinct
pathways, we studied the conversion of 3 to 4 by 'H NMR
spectroscopy, using Si(SiMes)4 as an internal reference. Rel-
ative integrals from 3 (1.70 ppm, 3 ‘Bu) and 4 (2.41 ppm,
Ad) reaffirm a clean transformation, with no observable
side products or intermediates in the remaining regions of
the spectra (Figure 3A). Above room temperature, reso-
nances from Cs symmetric 4 (Me, ‘Bu) coalesce into broad
features, the tails of which overlap with the sharp reso-
nances from 3. At 70 °C, the decay was monitored at various
initial concentrations of 3 and plotted on square root-, log-
arithmic- and inverse scales (Figure 3B). The square root
and inverse plots yield clear curvature and dissimilar
slopes, thus speaking against half- or second-order rate
laws, respectively. On the other hand, the natural logarithm
plot yields parallel straight lines, in accord with the trans-
formation following a first-order rate law. Having thus es-
tablished the decay of 3 to 4 to be unimolecular, we turned
to temperature-dependent kinetic studies (50-90 °C).
Within this temperature window, the half-life of 3 decreases
from 43 h to 16 minutes (Figure 3C). Describing the corre-
sponding rate constants by an Arrhenius law yields an acti-
vation energy of Ea = 29(2) kcal mol-!, and extrapolation
from this simple model suggests a half-life of 61 days at 25
°C, in line with the considerable thermal stability of 3. Alter-
natively, an Eyring plot allows for the extraction of the acti-
vation parameters AH* = 28(2) kcal mol-! and AS* = 4.9(5.3)
cal mol K- (inset in Figure 3C); this essentially shows 3 to
have a relatively high energetic barrier for deazotation,
which varies only slightly with temperature. Considering
the standard uncertainty, the activation entropy is quite
close to zero, suggesting a fairly ordered transition state,
consistent with deazotation proceeding in a unimolecular
fashion.

In view of the array of conceivable unimolecular deazo-
tation pathways available to azide adducts (Chart 1B), we
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Figure 3. Kinetic studies of the conversion of 3 to 4 in CeDs.
A: Concentration of 3 and 4 determined from 'H NMR spec-
troscopy. B: Square root, natural logarithm, and inverse of
[3] versus time (each with three different concentrations at
70 °C). C: Temperature dependence of In[3] versus time (50-
90 °C) along with an Eyring plot (inset).



gathered further mechanistic information using DFT. All in-
termediates considered are, by necessity, isomers of 3 and
therefore denoted by those nitrogen atoms of AdNs that co-
ordinate to Ti. Four distinct pathways were examined. First,
the formation of an analog of Hall’s {Re(a-N3R)} intermedi-
ate would commence with dissociation of AdN3 from 3. Alt-
hough a transition state was not identified, the microscopic
reverse of this process has a thermodynamic driving force of
33.7 kcal mol-! (vide infra, Figure 7), which well surpasses
the experimental barrier for deazotation. Second, Hill-
house’s isolation of {Ni(3,y-N3sR)} adducts*°-5! coupled with
the viability of Baik’s {Zr(a,f-N3R)} computed intermedi-
ate,%! suggests that N2z extrusion could occur via initial slip-
page of the azide ligand to generate n2-N3Ad isomers of 3
(Figure 4, red dashed line). In fact, this leads to a
[(TpBuMe)TiCl(B,y-N3Ad)] intermediate (38Y) at slightly
higher energy than 3 (7.0 kcal mol-'). However, the follow-
ing transition state (3#¥-TS), where all N atoms of the azide
ligand interact with Ti before slipping to an o,f-coordina-
tion mode, has a prohibitively high energetic barrier (41.1
kcal mol-') when compared to experiment. Third, Bergman
suggested that hydrocarbyl migration from N, to N, could
generate, in our case, a [(Tp®»Me)TiCl(«-N3Ad)] intermedi-
ate (3%) poised for N2 extrusion (Figure 4, red solid line).
Unsurprisingly, the computed barrier for the accompanying
transition state is practically insurmountable (3°’-TS, >120
kcal mol-1). Finally, Bergman identified a cyclization path-
way as a plausible mechanistic scenario. This process
traverses two transition states (3-TS and 3*Y-TS, Figure 4,
black line); the first involves bond formation between Ti
and N, leading to a titanatriazete intermediate
[(TpBuMe)TiCl(a,y-N3Ad)] (3%Y). Strong o- and m-donation
from the formal organoazide dianion to the TiV center aids
the formation of the titanacycle, thus compensating for the
severe structural distortion of the azide moiety (Figure
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Figure 4. Relative Gibbs free energy diagram leading from 3
to 4. Red dashed line: Pathway via azide slippage. Red solid
line: Pathway via adamantyl migration. Black line: Pathway
via cyclization into a titanatriazete intermediate. T = 343.15
K.

$47). The activation barrier for this step is likely rate deter-
mining (26.6 kcal mol-') and numerically very close to the
experimental activation Gibbs free energy (AG*3ssx = 26(3)
kcal mol-1). Subsequently, [2+2]-retrocycloaddition of N2
leads to 4, which is the sole product resulting from deazo-
tation of 3. The overall transformation of 3 to 4 is highly ex-
ergonic (-52.3 kcal mol-') and only slightly perturbed by
temperature changes, in line with the experimental value
for AS* being close to zero (within experimental uncer-
tainty, vide supra). We also evaluated the cyclization path-
way in terms of steric constraints imposed by the TpBuMe
ligand (Figure S48). Upon reducing the substituent size
(‘Bu replaced by Me), the activation barrier for deazotation
decreases from 26.6 kcal mol-! to 8.0 kcal mol-1, suggesting
the stability of azide adduct 3 to largely originate in steric
repulsion between the ‘Bu and Ad groups. Along these lines,
the direct transformation of 1 and MesSiNs into
[(Tp®BuMe)TiCl(NSiMes)] in preference to the hypothetical
azide adduct, “[(Tp®+Me)TiCl(y-N3SiMes)]”,6* is most likely
rooted in sterics.

Association of AdN; with a Titanium Dinitrogen Complex
()

To examine the origin of the selectivity difference in reac-
tions of AdNs toward Ti" complex 1 on the one hand, and
dinitrogen adduct 2 (or 1°NAd) on the other hand, we turned
to computational studies. First focusing on the dinitrogen
complex, we initially notice that dissociation of diamagnetic
2 into 1 and a triplet N2 complex, [(Tp®=Me)TiClI(N2)] (3Y),
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Figure 5. Proposed pathway for the conversion of 2 with
AdNs to generate 3. T=343.15 K.

requires more than 27 kcal mol-!, which is comparable to
the energetic barrier for deazotation of 3 into 4, and thus
unlikely (Figure 5, black dashed line). A lower energy path-
way commences with association between AdN3z and one of
the Ti centers in 2 to generate a N2-bridged azide adduct
[{(Tp®uMe)TiCl}(u-N2){(TpB=Me) TiCl(y-N3Ad)}] (*X; Figure



5, black solid line). An energetic barrier of 20.1 kcal mol-!
accompanies this process, rendering it likely rate determin-
ing. Spin crossover and fragmentation of X leads to 3 along
with 3Y (Figure 5, red/black solid lines). From 3Y, two
mechanistic pathways could conceivably be operative. The
first involves direct association between AdN3 and 3Y to
generate 3 and Nz, whereas the second involves recombina-
tion between two equivalents of 3Y to generate 2 and one
equivalent of N2 (Scheme 2). To experimentally discern the
two possible pathways, we probed the conversion of 2 with
excess AdN3 by 'H NMR spectroscopy (as outlined previ-
ously). Between 15-45 °C, complex 2 converts to 3 (and mi-
nor amounts of 4; ca. 5% at 45 °C); no intermediates or side-
products were observable. Inspection of the time depend-
ence of the square root, logarithmic and inverse concentra-
tions of [2] (normalized by a constant corresponding to
[AdN3]), suggests a first-order dependence on [2] in prefer-
ence to half- or second-order dependencies (Figure 6A).
Moreover, the observed pseudo first-order rate constants
(kobs) scale linearly with [AdN3s], in line with an overall sec-
ond-order rate law (v = kz:[2]-[AdN3], cf. inset in Figure 6B).
Finally, temperature-dependent studies (Figure 6C)
yielded a set of 2nd-order rate constants, which could be de-
scribed by a simple Arrhenius law to yield an activation en-
ergy of Ea=24(1) kcal mol-!, whereas an Eyring plot yielded
activation parameters of AH* = 23(1) kcal mol-! and AS* =
7.2(4.3) cal mol-! K-1. The computed barrier (20.1 kcal mol-
1, black trace in Figure 5) is in excellent agreement with the
experimental activation Gibbs free energy (AG#sazk = 21(2)
kcal mol-1). When comparing the conversion of 2 to 3 to the
conversion of 3 to 4, there is a notable increase in the exper-
imental and theoretical values for Ea and AG#zask (all on the
order of +5 kcal mol-1), in line with the metastable nature of

Scheme 2. Mechanistic scenarios for the reaction between 2
and AdNs, leading to 3. Black path: Intermediate Y reacts di-
rectly with AdN3 to generate 3 and N2. Gray path: Two units of
intermediate Y recombine to generate 2 and Na.

the azide adduct. Returning to Figure 5 and Scheme 2, the
kinetically observed first-order dependence on [2] suggests
intermediate 3Y to associate with AdNs in preference to re-
generating 2, as the latter scenario necessitates a more com-
plex rate law depending on both [2] and [Y]. This might be
anticipated based on the relatively large initial concentra-
tion of AdNs (46-330 mM) as compared to 2 (2-8 mM);
given the relatively slow progress of the reaction, interme-
diate 3Y must be present in even lower concentrations.

Reactivity of AN, Toward a Tetrahedral Ti" Complex (1)

Having examined how AdNj3 selectively transforms 2 to 3,
we went on to address why AdNs instead transforms 1 to a
mixture of 3 and 4. The simplest explanation would be that
AdNs either associates with the coordinatively unsaturated
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Figure 6. Kinetic studies of the conversion of 2 with AdN3s to
generate 3 in CeDs. A: Square root, natural logarithm, and in-
verse of [2] versus time (three concentrations, normalized
by [AdNs]). B: Dependence of In[2] versus time as well as kobs
(inset) on [AdN3s]. C: Temperature dependence of In[2] -
[AdNs]-! versus time (15-45 °C) along with an Eyring plot
(inset).



Ti" center through N, to afford the stable azide adduct 3,
whereas association through N, would yield an isomer,
[(Tp®uMe)TiCl(-N3Ad)] (3%), which is poised for N2 extru-
sion. Computationally, it was found that 3* is highly unsta-
ble, with geometry optimizations proceeding directly to N2
and 4. Notably, the product distribution would be invariant
with respect to reactant concentration if the relative orien-
tation between metal and azide determined which product
would form on the molecular level. To experimentally eval-
uate competing N, and N, coordination, dropwise addition
of a toluene solution of AdN3 to a solution containing one
equivalent of 1 under argon afforded comparable amounts
of 3 (56%) and 4 (40%) along with trace 2 (4%) within

1 + n AdN3 R 2 3 4
12 09 94% 6%
1 (AdN3 added dropwise to 1) 49 56%  40%
1 (1 added dropwise to AdNz) 1%  95% 4%
0.5 44% 0%  56%
1 + 3 —_— 2 3 4

Scheme 3. Product distributions resulting upon treatment
of 1 with 12, 1, or 0.5 equivalents of AdN3 (top) or with 1
equivalent of 3 (bottom).

minutes (Scheme 3). [Note that spectroscopic yields involv-
ing 2 are based on relative integrals (rather than relative
concentrations) in order to simplify comparisons between
mono- and bimetallic complexes]. However, reversing the
order of addition, i.e. by adding a solution of 1 dropwise to
a solution containing one equivalent of AdNs3, resulted in a
completely different product distribution favoring the azide
adduct: 2 (1%), 3 (95%), 4 (4%). Likewise, quick addition
of a 12-fold molar excess of AdNs to 1 generated but trace
amounts of imide 4 (6%), whereas the azide adduct 3 (94%)
became the dominant product, thus speaking against com-
peting No/Ny coordination of AdNsz (Scheme 3).

Given the m-backbonding capabilities of 3 (vide supra, Fig-
ure 2B), we considered this molecule as an intermediate en
route to 4 (Figure 7). Initially, coordination of AdNs to 1 is
energetically favored by 33.7 kcal mol-'. The equivalent of 3
formed in this way adopts a cis-configuration around the di-
azenyl unit, allowing for association with free 1 via Ng; this
affords a bimetallic triplet intermediate,
[{(Tp®BuMe)TiCl} (o, y;u-N3Ad){(Tp®B=Me) TiCl}] (3Z), which lies
4.9 kcal mol-! lower in energy than 3. Importantly, the m-
backbonding interaction activates the N,-Ng bond toward
scission. Thus, 3Z traverses a modest energetic barrier (9.6
kcal mol) accompanying transition state 3Z-TS, before
fragmenting into 4 and the Nz-intermediate, 3Y. Kinetic data
from the conversion of 2 with AdNs (Figure 6) suggest that
intermediate 3Y then reacts with AdNs to regenerate 3. Con-
sequently, the formation of 4 only continues as long as un-
converted 1 is available. This pathway is consistent with the
product distributions observed in reactions of 1 with
equimolar or excess AdNs and also explains the different
product distributions observed when the order of addition
is changed (metal complex to azide versus the reverse,

Scheme 3). Generally speaking, an excess of AdN3 would de-
plete 1 before 3Z could build up, thus favoring azide adduct
3 over imide complex 4. To further probe the proposed
pathway, treatment of 1 with 0.5 eq. of AdNs cleanly af-
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Figure 7. Proposed pathway for the conversion of 1 with
AdNs into 3 followed by the formation of a bimetallic triplet
intermediate 3Z, which finally releases 4. T = 343.15 K.

forded imide complex 4 (56%) and dinitrogen complex 2
(44%) without observable amounts of azide adduct 3, in ac-
cord with the formation and subsequent fracture of an in-
termediate akin to 3Z. The most compelling indication of a
bimetallic mono-azide intermediate comes from the direct
reaction between isolated samples of 1 and 3 (Schemes 1,
3). This reaction cleanly furnishes 4 (55%) and 2 (45%)
within minutes, confirming 3 to be a competent intermedi-
ate in bimolecular deazotation reactions starting from 1. As
expected, TH NMR spectra of 1 treated with 0.5 eq. of AdN3
or with 1 eq. of 3 are essentially superimposable. Finally,
the observation that AdNs cleanly transforms 1NAd to 3
without proceeding to 4 (Scheme 1) suggests that the iso-
cyanide ligand in 1NAd blocks the Ti" center, thus prevent-
ing the assembly of a reactive bimetallic mono-azide adduct
akin to 3Z.

To illustrate the stability of organoazide adducts across
the periodic table, particularly keeping the historic im-
portance of vanadium in mind,545% we inquired whether the
VI analog of 1, [(Tp®»Me)VCI] (1V),8! might transform to a
paramagnetic azide adduct. In this context, it is notable that
the formal d° and d® systems, [{(Tp®*Me)M}2(u-N2)] (M =
Cr,10 Co*), directly convert to imide complexes upon expo-
sure to AdNs. By contrast, no reaction occurs between 1V
and AdNs at room temperature (H NMR), and neither does
1V react with 3. However, irradiation of a reaction mixture
of 1V.and AdNs (full spectrum from a Xe lamp over 3 hours)
generated a green paramagnetic product. Crystallographic
characterization revealed a i complex,
[(Tp®uMe)VCI(NC1oH1s)] (5, Ts = 0.27), bearing “NAd” in the
form of a bicyclic imine ligand resulting from ring-expan-
sion via nitrene insertion into an adamantyl C-C bond (Fig-
ure 8). The solubility of 5 is similar to that of the organic
starting material/byproducts, hampering isolation of a pure
product. Typically, 5 was isolated in ca. 30% yield but the d?
system co-crystallizes with organic byproducts. Regardless,



in its free state, the bicyclic imine, 4-azahomoadamant-3-
ene, dimerizes in a [2+2] cycloaddition.?3-%> Dias** and Pow-
ers*” recently used late transition metal fragments such as
Au' or Rh' to confer stability upon the imine. Conceivably,
coordination to the early transition metal, V', could enable
useful derivatizations of the bicyclic imine, but most im-
portantly, the divergent reactivity between 1, 1V, and the re-
lated bimetallic N2-complexes of Cr'/Co! highlights the deli-
cate role of the metal ion in stabilizing organoazide adducts:
The metal must activate the azide moiety sufficiently to pro-
mote coordination, albeit not to an extent where N2 extru-
sion commences.

Figure 8. A: Photolytic conversion of 1V and AdNs into imine
complex 5. B: Thermal ellipsoid plot of 5 (50% probability).

CONCLUSIONS

In summary, a tetrahedral Ti" complex 1 reacts with AdNs
to concurrently generate an imide complex (4) and a hith-
erto unknown mononuclear azide adduct of a group 4 tran-
sition metal, 3. The product distribution depends critically
onrelative concentrations: An excess of 1 favors imide com-
plex 4, whereas an excess of AdNs favors azide adduct 3;
even the order in which the reactants are combined suffices
to determine which product forms. Complex 3 also forms in
high yield upon treating m-acid adducts of 1 (1¢NAd, 2) with
AdNs. The thermal conversion of 3 to 4 follows unimolecu-
lar kinetics, has an activation entropy close to zero, and pro-
ceeds through a titanatriazete intermediate. Yet, the con-
version is characterized by a substantial kinetic barrier (¢
= 61 days at 25 °C), which fails to explain the parallel for-
mation of 3 and 4 in direct reactions between 1 and AdNs at
room temperature. Along these lines, m-acceptor character
enables azide adduct 3 to associate with free Ti" complex 1,
thus forming a more reactive bimetallic mono-azide inter-
mediate, 3Z. As for practical implications of this study, we
note that transition metal azide adducts that follow bifur-
cated deazotation pathways are remarkably rare, while bi-
metallic mono-azide intermediates akin to 3Z have not been
invoked nor recognized heretofore despite organoazide to
imide conversion being a well-known transformation.
These unconventional intermediates are relevant to deazo-
tation reactions that display crossover>4 or require sub-stoi-
chiometric azide.*° In a broader perspective, it is notable

that metastable azide adducts might exert a yet unappreci-
ated retarding effect in nitrene transfer catalysis, particu-
larly given the typical employment of excess nitrene source.
The order of reactant addition also plays a significant role
in the observation of otherwise undetected intermediates.
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