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An activated side-on-bound ansa-zirconocene dinitrogen complex, [Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)Zr]2(µ2,η2,η2-
N2), has been prepared by sodium amalgam reduction of the corresponding dichloride precursor under an atmosphere
of N2. Both solution spectroscopic and X-ray diffraction data establish diastereoselective formation of the syn
homochiral dizirconium dimer. Addition of 1 atm of H2 resulted in rapid hydrogenation of the N2 ligand to yield one
diastereomer of the hydrido zirconocene diazenido complex. Kinetic measurements have yielded the barrier for H2

addition and in combination with isotopic labeling studies are consistent with a 1,2-addition pathway. In the absence
of H2, the hydrido zirconocene diazenido product undergoes swift diazene dehydrogenation to yield an unusual
hydrido zirconocene dinitrogen complex. The NdN bond length of 1.253(5) Å determined by X-ray crystallography
indicates that the side-on-bound N2 ligand is best described as a two-electron reduced [N2]2- fragment. Comparing
the barrier for deuterium exchange with [Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)ZrH]2(µ2,η2,η2-N2H2) to diazene dehydro-
genation is consistent with rapid 1,2-elimination of dihydrogen followed by rate-determining hydride migration to the
zirconium. This mechanistic proposal is also corroborated by H2 inhibition and the observation of a normal, primary
kinetic isotope effect for dehydrogenation.

Introduction

Society’s dependence on industrial ammonia production1

coupled with the high energy costs associated with the
Haber-Bosch process2 inspire study into the mechanisms3

by which N-H bonds are formed from their constituent
elements. The observation of N2 hydrogenation promoted
by well-defined, soluble transition metal dinitrogen
complexes4-6 offers an unprecedented opportunity to explore
new pathways for N-H bond formation. Ideally, the
combined insight into N2 hydrogenation coupled with NtN
bond cleavage may provide the foundation for new energy-

efficient reactions that utilize atmospheric nitrogen as a
chemical feedstock.7

Both metallocene8 and non-metallocene4 zirconium dini-
trogen complexes have been reported that hydrogenate side-
on-coordinated N2 at 1 atm of H2 pressure at ambient
temperature. Both mechanistic8 and computational studies9

from our laboratory and others10 on substituted bis(cyclo-
pentadienyl) complexes support a 1,2-addition pathway,
whereby H2, terminal alkynes,11 and saturated C-H bonds8

undergo cycloaddition to a zirconium-nitrogen bond with
significant imido character (eq 1). In the case of [(η5-C5-
Me4H)2Zr]2(µ2,η2,η2-N2), continued hydrogenation at 85°C
produced small quantities of free ammonia.6

While a fairly mature understanding of the pathway of
N2 hydrogenation in zirconocene and hafnocene dinitrogen
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complexes has emerged,12-14 many open questions remain.
Efforts in our laboratory continue to explore structure-
reactivity relationships for N-H bond formation in an
attempt to determine what ligand environments are effective
for imparting imido character into metal-nitrogen bonds.
The objective of these studies is to not only find improved
methods for ammonia synthesis but also to open new
synthetic pathways for the elaboration of the N-N bond.15

Ansa-zirconocene complexes, whereby the two substituted
cyclopentadienyl rings are tethered by at least one single-
or multiatom bridge, are attractive for N2 fixation, as these
molecules often display unique or enhanced reactivity as
compared to their unbridged counterparts.16,17 The configu-
rational stability of the ancillary ligand framework allows
for the straightforward design and synthesis of side-on-bound
dinitrogen complexes with canted dimeric cores to impart
additional zirconium-N2 backbonding.9 For chiral metal-
locenes, the restricted ring rotation also provides an additional
stereochemical probe to possibly answer open mechanistic
questions surrounding dinitrogen hydrogenation and related
functionalization reactions.

To our knowledge, only oneansa-zirconocene dinitrogen
complex, [rac-(Bp)Zr]2(µ2,η2,η2-N2) (Bp ) Me2Si(η5-C5H2-
2-SiMe3-4-tBu3)2), has been reported.18 Unlike most zirco-
nium dinitrogen compounds, [rac-(Bp)Zr]2(µ2,η2,η2-N2) was
prepared by reductive elimination of H2 from the corre-
sponding zirconocene dihydride. This synthetic method is a
mild alternative to traditional alkali metal reduction proce-
dures (eq 2).19

[rac-(Bp)Zr]2(µ2,η2,η2-N2) is also unusual in that the side-
on coordinated dinitrogen ligand is weakly activated as

compared to other zirconocene N2 complexes withη2,η2-
hapticity.20 In the solid state, the observed N-N bond
distance of 1.2450(38) Å suggests a significant contribution
from an [N2]2- “diazenido” resonance form rather than the
more reduced [N2]4- “hydrazido” alternative. Antiferromag-
netic coupling of the two formally Zr(III), d1 centers via
superexchange mediated by the Zr2N2 core accounts for the
experimentally observed diamagnetism.18

The weak activation of the dinitrogen ligand in [rac-(Bp)-
Zr]2(µ2,η2,η2-N2) is manifest in the reactivity of the com-
pound. Addition of dihydrogen resulted in loss of the
dinitrogen ligand, regenerating the starting zirconocene
dihydride, rac-(Bp)ZrH2 (eq 2).18 These results serve to
highlight the breaches in our current understanding of
structure-reactivity relationships in the hydrogenation of
side-on-bound zirconocene dinitrogen complexes and dem-
onstrate that side-on coordination of the N2 ligand is not the
only prerequisite for hydrogenation and related cycloaddition
chemistry.

In this contribution, we report the synthesis of an activated
ansa-zirconocene dinitrogen complex and seek to answer
open questions surrounding N2 hydrogenation with soluble
metal complexes. A sufficiently reducing environment has
been achieved where the two zirconium centers in the dimer
impart imido character into the zirconium-nitrogen bonds.
Addition of H2 resulted in rapid hydrogenation of the
coordinated dinitrogen ligand. Removal of the dihydrogen
atmosphere resulted in dehydrogenation of the newly formed
diazene ligand to yield an unusual hydrido zirconocene
dinitrogen complex. Kinetic and isotopic labeling studies
have been used to explore the mechanism of this transfor-
mation.

Results and Discussion

Synthesis and Characterization of an ActivatedAnsa-
Zirconocene Dinitrogen Complex. To prepare anansa-
zirconocene for dinitrogen functionalization by 1,2-addition
of nonpolar reagents such as dihydrogen and C-H bonds,
the substituents on the bis(cyclopentadienyl) framework must
be carefully selected. The zirconium must be sufficiently
exposed as to favorη2,η2-(side-on) hapticity of the dinitrogen
ligand, as steric crowding is known to favor structures such
as [(η5-C5Me5)(η5-C5Me4R)Zr(η1-N2)]2(µ2,η1,η1-N2) (R )
Me,21 H9) that contain weakly activatedη1,η1-(end-on) N2

ligands. The cyclopentadienyl substituents must also be
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sufficiently large to “twist” the planes of the zirconocene
wedges with respect to each other to achieve an appropriate
dihedral angle for Zr2N2 backbonding.9 The observation of
N2 dissociation upon addition of H2 to [rac-(Bp)Zr]2(µ2,η2,η2-
N2) (wedge dihedral angle) 46.4°) suggests that other
requirements remain to be uncovered. One possibility is that
the cyclopentadienyl substituents need to be sufficiently
electron donating to favor contribution from the four-electron
reduced [N2]4- hydrazido form.

With these specific design criteria and a new hypothesis
in mind, an alkylatedansa-zirconocene dichloride complex,
Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)ZrCl2 (1-Cl2), was selected
and prepared according to procedures described in the
literature.22 To evaluate the electronic environment imparted
by this specific bis(cyclopentadienyl) ligand architecture, the
zirconocene dicarbonyl complex16 was prepared. Magnesium
reduction of1-Cl2 under 4 atm of carbon monoxide in THF
yielded a red solid identified as Me2Si(η5-C5Me4)(η5-C5H3-
3-tBu)Zr(CO)2 (1-(CO)2) (eq 3).

The infrared spectrum of1-(CO)2 was recorded in pentane
solution, and the carbonyl stretching frequencies are reported
in Table 1. As anticipated,23 the more alkylatedansa-
zirconocene dicarbonyl,1-(CO)2, exhibits lower carbonyl
stretching frequencies than silylatedrac-(Bp)Zr(CO)2,16

signaling a more electron rich and hence more reducing
zirconium center in the former case. Comparing the carbonyl
stretching frequencies of theansa-zirconocene dicarbonyls
to the corresponding unconstrained bis(cyclopentadienyl)
compounds reveals more electrophilic metal centers in the
ansaderivatives.16 The combination of an electron-withdraw-
ing [SiMe2]-bridge coupled with the reduction of the number
of alkyl substituents is likely the origin of this effect.

Encouraged by the results from the infrared spectroscopic
study that demonstrated that1-(CO)2 contained a more
reducing zirconium center thanrac-(Bp)Zr(CO)2, the syn-
thesis of the dinitrogen complex derived from reduction of
1-Cl2 was targeted. Stirring1-Cl2 with an excess of 0.5%

sodium amalgam in toluene under an atmosphere of dini-
trogen followed by recrystallization from diethyl ether
furnished green crystals identified as one diastereomer of
[Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)Zr]2(µ2,η2,η2-N2) (1-N2) in
72% yield (eq 4). Because each zirconocene is chiral and

the dichloride precursor was used in racemic form, isolation
of a dimeric product such as1-N2 offers the possibility for
both homochiral and heterochiral diastereomers. A combina-
tion of multinuclear (1H, 13C, and15N) NMR experiments24

and an X-ray diffraction study established exclusive forma-
tion of the syn-homochiral diastereomer, comprised of the
(SS) and (RR) enantiomers.25 The syn designator refers to
the relative disposition of the cyclopentadienyl rings across
the dimer and indicates the isomer where like rings are
adjacent (eq 4). Note that if the two metallocene wedges
were orthogonal, there would be no distinction between
“anti” and “syn”; the deviation from idealized perpendicular-
ity differentiates the two isomeric possibilities.26

The solid-state structure of1-N2 (Figure 1) established a
side-on bound dinitrogen complex and confirmed the ster-
eochemistry as the syn homochiral diastereomer. TheSS
enantiomer27 is shown, and a representation of theRR
complex is presented in the Supporting Information. The
preference for formation of the syn homochiral dinitrogen
complex is evident from the crystallographic data, as this
conformation minimizes steric interactions between thetert-
butyl substituents across the Zr2N2 core. In agreement with
the carbonyl stretching frequencies, the N-N bond distance
in 1-N2 is elongated to 1.406(4) Å, consistent with a strongly
activated, [N2]4--type ligand. The two halves of the dimer
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conformers. Sighting down the Zr-Zr vector, clockwise rotation away
from a dihedral angle of 0° gives the positive synclinal conformation,
while counterclockwise rotation yields the negative synclinal confor-
mation. Because only one set of peaks for the homochiral diastereomer
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solution to rapidly interconvert the conformers. For a discussion of
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in ansa-metallocenes see: Halterman, R. L. InThe Metallocenes;
Togni, A., Halterman, R. L., Eds.; Wiley-VCH: New York, 1998;
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Table 1. Infrared Carbonyl Stretching Frequencies for Zirconocene
Dicarbonyl Compounds

compound
ν(CO)sym

(cm-1)
ν(CO)asym

(cm-1)
ν(CO)avg

(cm-1)

1-(CO)2 1960 1873 1916.5
rac-(Bp)Zr(CO)216 1967 1888 1927
2-(CO)2a 1951 1858 1904.5
3-(CO)2b 1952 1860 1906

a (η5-C5Me4H)2Zr(CO)2, see ref 16.b (η5-C5Me5)(η5-C5H2-1,2-Me2-4-
Ph)Zr(CO)2, see ref 8.
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are significantly twisted with respect to one another with an
observed dihedral angle of 54.1°, as defined by the planes
formed by the zirconium and the two cyclopentadienyl
centroids. Notably, the Zr2N2 core of the molecule is slightly
puckered by 12.8°, contrasting related side-on bound zir-
conocene complexes with planar metal-dinitrogen frag-
ments.8,18

To determine the influence of theansa bridge on the
ground-state structure of Group 4 metallocene dinitrogen
complexes, the metrical and electronic parameters of1-N2

were compared to other known bis(cyclopentadienyl)zirco-
nium derivatives. Presented in Table 2 is a comparison of
structural parameters for1-N2, [rac-(Bp)Zr]2(µ2,η2,η2-N2),

[(η5-C5Me4H)2Zr]2(µ2,η2,η2-N2) (2-N2), and [(η5-C5Me5)(η5-
C5H2-1,2-Me2-4-Ph)Zr]2(µ2,η2,η2-N2) (3-N2).

As noted previously in zirconocene dichlorides,16 introduc-
tion of an [SiMe2] ansabridge results in a modest contraction
of the Cpcent-M-Cpcent(γ) angle from its more relaxed value
in the corresponding unconstrained compounds. For the series
of dinitrogen complexes presented in Table 2, the [SiMe2]
bridge does contractγ; however, caution must be exercised
in attributing these differences to an “ansaeffect”, as the
cyclopentadienyl substituents are markedly different.
Another notable structural difference in the series of zir-
conocene dinitrogen compounds presented in Table 2 is the
expansion of the inter-ring angle,R, between theansaand

Figure 1. Partially labeled view of the molecular structure of(SS)-1-N2 at 30% probability ellipsoids (left). Core of the molecule (right). Hydrogen atoms
omitted for clarity.

Table 2. Structural Parameters for Side-On Bound Bis(cyclopentadienyl)Zirconium Dinitrogen Compounds

a All values reported in degrees.b Dihedral angle formed between the planes of the zirconium and the cyclopentadienyl centroids.c Deviation from the
idealized plane defined by the Zr2N2 core.
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unconstrained compounds. BecauseR andâ are supplemen-
tary angles (i.e.,R + â ) 180), â contracts accordingly.
Taken together, these data suggest that theansa-zirconocene
dinitrogen compounds are slightly more open than their
unconstrained counterparts.

Kinetics and Stereochemistry of Hydrogenation of
ansa-Zirconocene Dinitrogen Complexes.The hydrogena-
tion chemistry of1-N2 was explored to demonstrate the
impact of the more reduced dinitrogen ligand on the reactivity
of the complex. Exposure of1-N2 to 1 atm of dihydrogen at
23 °C resulted in isolation of a yellow solid identified as a
single diastereomer of the hydrido zirconocene diazenido
compound, [Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)ZrH]2(µ2,η2,η2-
N2H2) (1-N2H4) (eq 5). Recall that hydrogenation of the more

weakly activated side-on-bound dinitrogen complex, [rac-
(Bp)Zr]2(µ2,η2,η2-N2),18 induced N2 loss and formation of
the corresponding zirconocene dihydride.

The pyramidalized nitrogens of the diazenido core and the
position of the hydrides with respect to both the cyclopen-
tadienyl ligands and to each other offers the possibility for
a myriad of isomers. The1H NMR spectrum of1-N2H4

exhibits the number of resonances expected for only oneC2-
symmetric compound. On the basis of NOESY NMR
spectroscopic data, the observed isomer was assigned as the
syn homochiral dimer with transoid hydride ligands (eq 5).
Complete details of the spectral assignment are described in
the Supporting Information. Similar to1-15N2 where one15N
NMR resonance centered at 603.5 ppm was detected,
observation of one cross-peak in the1H-15N HSQC NMR
spectrum centered at 71.2 ppm of1-15N2H4 is also consistent
with formation of oneC2-symmetric product where the two
nitrogen atoms of the diazenido ligand are related by the

principal axis. The relative upfield chemical shift of the15N
resonance in addition to the1H NMR shift at 1.34 ppm for
the N-H resonance is consistent withη2,η2 hapticity of the
N2H2 core.11 Monitoring the shift of the N-H resonance as
a function of raising the temperature to 95°C produced no
change and suggests that end-on diazenido isomers are not
sufficiently populated in solution.11

The stereochemistry of the observed hydrogenation product
is consistent with consecutive 1,2-addition reactions from
the sole isomer of1-N2, in agreement with previous
mechanistic studies. If competing isomerization processes
are not operative, the stereochemistry of1-N2H4 suggests
that the H2 molecules approach the zirconocene from the
side of the wedge that bears thetert-butyl cyclopentadienyl
substituent and highlight the utility of using configurationally
stableansa-metallocenes to monitor the stereochemistry of
H2 addition. It should also be noted that the steric difficulties
associated with approach to the more hindered side of
the zirconocene may be attenuated by conformational flux-
ionality.

Having elucidated the stereochemistry of H2 addition, the
rate of N2 hydrogenation was explored with the goal of
determining if an “ansa-effect” was operative. As described
previously,8 monitoring the disappearance of characteristic
ligand-to-metal charge transfer (LMCT) bands of a side-on-
bound zirconocene dinitrogen complex as a function of time
by electronic spectroscopy has proven to be a reliable method
for determining pseudo-first-order rate constants for N2

hydrogenation. Theansa complex 1-N2 exhibits a strong
LMCT band centered at 1015 nm with an extinction
coefficient of 9900 M-1 cm-1. Values in this range are similar
to those reported for other side-on-bound zirconocene
dinitrogen complexes (Table 3).

Using this technique, the pseudo-first-order rate constant
(Table 4) for the hydrogenation of1-N2 at 23°C with 0.647
atm of H2, corresponding to an excess of greater than 5000
equiv total (17 equiv in solution),28 was determined. The
value ofkobs for theansa-zirconocene dinitrogen compound
is slightly larger than those previously reported for3-N2 and
4-N2 but statistically indistinguishable from that for2-N2.8

Rationalizing the origin of such a small trend is tenuous but
is most likely a consequence of the more open metallocene
environment imparted by theansa-bridge.

The rate law for the hydrogenation reaction8 was estab-
lished by measuring the pseudo-first-order rate constants for
H2 addition over a range of dihydrogen pressures. A
minimum dihydrogen pressure of 0.400 atm (100.1 mL) was
used as lower pressures of gas did not maintain pseudo-first-
order kinetics. A linear correlation (R2 ) 0.997) between
observed rate constant and dihydrogen pressure (Figure 2)
was obtained and establishes a first-order dependence on H2

concentration (pressure). These data in combination with the
observed first-order dependence on1-N2 establish an overall
second-order reaction, first order with respect to each reagent.

(28) Solubility data series, 1st ed.; Young, C. L., Ed; International Union
of Pure and Applied Chemistry: Research Triangle Park, NC, 1981;
Vol 5.

Table 3. LMCT Bands and Extinction Coefficients for Side-On Bound
Zirconocene Dinitrogen Complexes Recorded in Heptane Solution

compounda λmax (nm) ε (M-1 cm-1)

1-N2 1015 9900
2-N2

b 1006 11 400
3-N2

c 1046 9200
4-N2

d 1014 8900

a Values for2-N2, 3-N2, and4-N2 taken from ref 8.b [(η5-C5Me4H)2Zr]2-
(µ2,η2,η2-N2). c [(η5-C5Me5)(η5-C5H2-1,2-Me2-4-Ph)Zr]2(µ2,η2,η2-N2). d [(η5-
C5Me5)(η5-C5H2-1,2,4-Me3)Zr]2(µ2,η2, η2-N2).

Table 4. Relative Rates of Hydrogenation and Kinetic Isotope Effects
for Side-On Bound Zirconocene Dinitrogen Complexes

compound kobs(s-1)a krel kH/kD

1-N2 3.7(3)× 10-3 3.9 2.4(3)
2-N2 3.9(4)× 10-3 4.1 2.4(2)
3-N2 9.5(1)× 10-4 1.0 1.8(3)
4-N2 1.2(1)× 10-3 1.3 2.2(2)

a Determined at 0.647 atm of H2 at 23°C in heptane solution.
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The kinetic isotope effect for N2 hydrogenation was also
determined by measuring the rate constants for H2 versus
D2 addition to1-N2 at an H2 (or D2) pressure of 0.647 atm
(100.1 mL, Table 4). From these experiments, a normal,
primary kinetic isotope effect of 2.4(3) was measured for
1-N2. Rate constants were collected over a 41°C temperature
range at 0.704 atm of H2, and an Eyring plot24 from the
experimental data yielded activation parameters of∆Hq )
6.2(6) kcal mol-1 and ∆Sq ) -37(4) eu. These data, in
combination with the observed first-order dependence on
dihydrogen, are consistent with the first 1,2-addition of H2

as rate determining and are analogous to the previously
reported reaction coordinate based on both experimental8 and
computational results.10b Importantly, these data serve as an
important reference point for the free energy diagram for
the first H2 addition step and provide a foundation for
subsequent mechanistic studies on diazene dehydrogenation.

Dehydrogenation Chemistry of 1-N2H4. If handled
appropriately, samples of1-N2H4 can be isolated in the solid
state. However, stirring a pentane or toluene solution of
1-N2H4 under a dinitrogen atmosphere or under vacuum at
23 °C resulted in loss of 1 equiv of dihydrogen, confirmed
via Toepler pump. The resulting organometallic product was
identified as the hydrido zirconocene dinitrogen complex,
[Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)ZrH]2(µ2,η2,η2-N2) (1-H2N2,
eq 6). Preparative-scale syntheses of1-H2N2 were routinely

accomplished at slightly higher temperatures, typically
55 °C, and allowed isolation of the desired product as red-
orange crystals in moderate yield.

The benzene-d6
1H NMR spectrum of1-H2N2 exhibits the

number of cyclopentadienyl resonances for one diastereomer
of aC2-symmetric zirconocene dinitrogen complex. A singlet
centered at 4.48 ppm was assigned as the transoid zirconium
hydrides, and this resonance disappears upon preparation of
1-D2N2 from 1-N2D4. The retention of zirconium dihydrides
following H2 loss was confirmed by benzene-d6 solution IR
spectroscopy, as a medium-intensity Zr-H band was located
at 1543 cm-1. This peak shifts appropriately to 1108 cm-1

upon preparation of1-D2N2.

15N NMR spectroscopy has also proven diagnostic for
detecting diastereoselective diazene dehydrogenation. Loss
of H2 from 1-15N2H4, prepared from hydrogenation of1-15N2,
produced1-H2

15N2. The benzene-d6
15N NMR spectrum of

the compound exhibited a single resonance centered at 655.04
ppm, comparable to the typical downfield shifts observed
for side-on-bound zirconium dinitrogen complexes.14,20The
observation of a single15N NMR resonance supports aC2-
symmetric structure where the two nitrogen atoms are related
by the rotational axis. Furthermore, the downfield shifting
of the15N resonance also supports diazene dehydrogenation,
as η2,η2-[N2H2]2- ligands bound to zirconocenes typically
exhibit 15N peaks in the vicinity of 90-110 ppm relative to
liquid ammonia.11

The solid-state structure (Figure 3) confirmed the identity
of the diastereomer of1-H2N2 proposed from the solution
spectroscopic data. The data were of sufficient quality such
that the zirconium hydrides could be located and refined.
As was observed in the solid-state structure of1-N2, the
cyclopentadienyl ligands in1-H2N2 are in a syn orientation
most likely to avoid steric interactions between thetert-butyl
substituents across the dimer. Isolation of this diastereomer
also indicates that no stereochemical scrambling of the ligand
environments occurs during N2 hydrogenation or diazene
dehydrogenation. The N-N bond length has contracted to
1.253(5) Å, consistent with a two-electron reduced [N2]2-

ligand, similar to the corresponding distance in [rac-(Bp)-
Zr]2(µ2,η2,η2-N2). The transoid hydrides complete the coor-
dination sphere of each zirconocene and are located on the
same side of the metallocene wedges as thetert-butyl
substituents. The wedge dihedral angle of 34.0° is also
smaller than in1-N2 and serves to minimize steric interac-
tions between thetert-butyl substituents across the dimer.

Full-molecule DFT calculations were performed on1-H2N2

using the X-ray coordinates as the starting geometry with
the goal of determining the frontier molecular orbitals of the
complex. A partial molecular orbital diagram is presented
in Figure 4. The computed HOMO of1-H2N2 is a linear
combination consisting principally of zirconocene b2 orbitals
with the in-plane N2 π* molecular orbitals. The computed
LUMO, calculated to be∼45 kcal mol-1 higher in energy
than the HOMO, is essentially composed of the perpendicular
N2 π* molecular orbitals that are nonbonding with respect
to each metallocene unit. The planarity of the Zr2N2 core in
combination with availability of only one electron from each
metal center is the origin of the weak activation observed in
the solid-state structure of1-H2N2.

The reversibility of diazene dehydrogenation was also
explored. Treatment of1-H2N2 with 4 atm of dihydrogen at
23 °C produced no detectable change by1H NMR spectros-
copy. Warming the sample to 55°C resulted in partial
conversion to1-N2H4, but significant decomposition to
unidentified zirconocene compounds was also observed.
Performing the hydrogenation of1-H2N2 at 130°C resulted
in dinitrogen loss and isolation of the zirconocene dihydride
dimer, {[Me2Si(η5-C5Me4)(η5-C5H3-3-tBu)ZrH2]2 (1-H2) as
a mixture of two isomers (eq 7). The major isomer,
comprising 68% of the mixture, was identified by NOESY

Figure 2. Plot of kobs vs H2 pressure for the hydrogenation of1-N2 at
23 °C.
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NMR spectroscopy as the syn homochiral diastereomer with
transoid hydride ligands. The minor isomer, accounting for
32% of the isomeric mixture, is the anti homochiral dimer
with cisoid zirconium hydrides. Similar products were
obtained upon continued hydrogenation of1-N2H4 at
130 °C. Notably, no ammonia was detected either by
indophenolic titration or by1H NMR spectroscopy and is
most likely a consequence of a more electron deficient
zirconium center arising from coordination of theansa-
cyclopentadienyl ligand.

The mechanism of diazene dehydrogenation arising from
1-N2H4 was studied with a series of kinetic and isotopic
labeling studies. The conversion of1-N2H4 to 1-H2N2 under
vacuum in benzene-d6 at 55 °C follows clean first-order
kinetics with a rate constant (kH) of 1.6(1)× 10-4 s-1. The

corresponding experiment with the deuterated isotopologue,
1-N2D4, yielded a first-order rate constant (kD) of 4.4(1)×
10-5 s-1, establishing a normal, primary kinetic isotope effect
of 3.6(1) at this temperature. A KIE value of this direction
and magnitude is consistent with N-H or Zr-H bond
breaking in or prior to the rate-determining step of diazene
dehydrogenation. Unlike the unconstrained complexes,9 no
deuterium exchange into the cyclopentadienyl substituents
was observed under these conditions, demonstrating that the
experimentally determined isotope effect is not compromised
by competing cyclometalation reactions.

The influence of excess dihydrogen on the rate of
conversion of1-N2H4 to 1-H2N2 was also studied. Each
experiment was conducted in a thick-walled glass vessel at
constant volume with sufficient headspace such that a large
excess of H2 was present with respect to zirconium. For
experimental convenience, the half-life of the conversion of
1-N2H4 to 1-H2N2 was used as a measure of the rate of the
reaction. As reported in Table 5, the dehydrogenation of
1-N2H4 is inhibited by excess dihydrogen. At low dihydrogen
pressures (0.46 atm), relatively swift diazene dehydrogena-
tion is observed with a half-life of∼170 min. As the pressure
is increased, the half-life of the dehydrogenation reaction
also increases, consistent with an inverse dependence on H2

pressure.
The temperature dependence of the rate constant for

the conversion of1-N2H4 to 1-H2N2 was determined over a
51 °C temperature range (23-74 °C) under vacuum. The
Eyring plot from these data is presented in Figure 5. The
linear fit to the data yielded an enthalpy of activation (∆Hq)
of 26.8(3) kcal mol-1 and an entropy of activation (∆Sq) of
5.5(4) eu, consistent with a unimolecular process.

On the basis of the experimental data, a mechanism for
diazene dehydrogenation (Figure 6) was proposed. Initial 1,2-
elimination of dihydrogen initiates the reaction and may
occur either from a side-on or end-on haptomer of1-N2H4.
Variable-temperature1H NMR studies on1-N2H4 demon-
strate thatη1,η1 isomers are not present at a detectable
concentration in solution but could be populated along the
reaction coordinate for dehydrogenation. Side-on, end-on

Figure 3. Molecular structure of(SS)-1-H2N2 at 30% probability ellipsoids. Hydrogen atoms, except for the zirconium hydride positions, omitted for
clarity. A view of the other enantiomer is presented in the Supporting Information.

Figure 4. DFT-computed (ADF2004.01, TZ2P, ZORA) frontier molecular
orbitals of1-H2N2.
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isomerization of the [N2H2]2- ligand may be operative to
achieve the required syn periplanar arrangement of the two
hydrogen atoms required for 1,2-elimination. Following
initial hydrogen loss, transfer of the N-H to the zirconium
occurs byâ-hydrogen elimination,29 although if the inter-
mediate remains in anη2,η2 (“closed”) form, then the process
could be viewed as anR-migration.

Additional experiments were conducted to determine the
rate-determining step in the conversion1-N2H4 to 1-H2N2.
The rate of 1,2-elimination was independently probed by
measuring the rate constant for isotopic exchange upon
addition of excess D2 gas to1-N2H4 (eq 8). To avoid potential

complications from secondary isotope effects, rate constants
were determined by the method of initial rates, integrating
the disappearance of the zirconium hydride resonance at early
conversions. Using this approach, a pseudo-first-order rate
constant of 3.1(5)× 10-7 s-1 was measured at 20.5°C. As
with D2 addition to1-N2H4, no deuterium incorporation into
the cyclopentadienyl substituents was detected, demonstrating

that competing cyclometalation processes are not operative
at these temperatures.

Because competing cyclometalation pathways have not
been detected, the relative rates of isotopic exchange as
compared to that for diazene dehydrogenation establish the
rate-determining step for the conversion of1-N2H4 to
1-H2N2. Special care must be taken to compare rates under
the same standard state conditions. Four atmospheres of
dihydrogen (dideuterium) at ambient temperature were
chosen for experimental convenience. Under these conditions,
dehydrogenation of1-N2H4 to 1-H2N2 is exceedingly slow,
reaching only 17% conversion after 903 h (37.6 days). By
way of comparison, the corresponding deuterium exchange
reaction with1-N2H4 reaches this level of conversion in only
2.2 h, demonstrating that 1,2-elimination is much faster than
overall diazene dehydrogenation. Therefore, these data, along
with the observed kinetic isotope effect and inverse depen-
dence on dihydrogen pressure, support a mechanism whereby
rapid and reversible 1,2-elimination and addition precedes
rate-determining N-H transfer byâ-hydrogen elimination.

Concluding Remarks

Introduction of electron-donating alkyl substituents onto
the cyclopentadienyl rings furnished a sufficiently reducing
ansa-zirconocene that promotes the four-electron reduction
of coordinated dinitrogen. This ground-state effect translates
onto the hydrogenation chemistry of the compound, where
addition of H2 affords the hydrido zirconocene diazenido
complex. Notably, the synthesis of the zirconocene dinitrogen
complex and its hydrogenated product are diastereoselective.
Only homochiral dimers where like cyclopentadienyl rings
are adjacent were observed. In the absence of H2, the
diazenido core of the hydrogenated product undergoes loss
of dihydrogen to yield a new hydrido zirconocene dinitrogen
complex where the side-on-bound N2 ligand is reduced by
two electrons. Both kinetic and isotopic labeling experiments
for diazene dehydrogenation are consistent with a rapid pre-
equilibrium involving reversible dihydrogen loss and read-
dition followed by rate-determiningâ-hydrogen elimination.

Experimental Section30

Preparation of ([Me2Si(η5-C5Me4)(η5-C5H3-tBu)]Zr) 2(µ2,η2,η2-
N2) (1-N2). A 100 mL round-bottomed flask was charged with 22.61
g of 0.5% sodium amalgam and∼15 mL of toluene. With vigorous

Figure 5. Eyring plot for the dehydrogenation of1-N2H4.

Table 5. Half-Lives for the Conversion of1-N2H4 to 1-H2N2 as a
Function of Dihydrogen Pressure

pressure H2 (atm) half life (min)

0.46 170
1.0 382
3.8 1510

Figure 6. Proposed mechanism for the dehydrogenation of1-N2H4.
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stirring, 0.450 g (0.977 mmol) of [Me2Si(η5-C5Me4)(η5-C5H3-tBu)]-
ZrCl2 was added as a yellow toluene solution, and the resulting
reaction mixture was stirred for 3 days at ambient temperature. The
resulting green solution was filtered through a pad of Celite, and
the solvent was removed in vacuo, leaving a green solid. Recrys-
tallization from diethyl ether yielded 0.283 g (72%) of1-N2. Anal.
Calcd for C40H60N2Si2Zr2: C, 59.49; H, 7.49; N, 3.47. Found: C,
59.04; H, 7.20; N, 3.06.1H NMR (benzene-d6): δ 0.55 (s, 3H,
SiMe2), 0.67 (s, 3H, SiMe2), 1.39 (s, 9H, C5H3CMe3), 1.80 (s, 3H,
C5Me4), 2.04 (s, 3H, C5Me4), 2.13 (s, 3H, C5Me4), 2.15 (s, 3H,
C5Me4), 5.76 (s, 2H, C5H3CMe3), 5.80 (s, 1H, C5H3CMe3). 13C
NMR (benzene-d6): δ -0.81, 0.59 (SiMe2), 11.75, 12.22, 14.41,
14.53 (C5Me4), 31.57 (CMe3), 32.88 (CMe3), 106.89, 108.23,
109.10, 109.50, 109.88, 117.61, 118.07, 120.33, 130.10, 147.27
(Cp). 15N NMR (benzene-d6): δ 603.47 (15N2).

Preparation of ([Me2Si(η5-C5Me4)(η5-C5H3-tBu)]ZrH) 2(µ2,η2,η2-
N2H2) (1-N2H4). A thick-walled glass vessel was charged with 0.030
g (0.037 mmol) of1-N2 and∼5 mL of a 50:50 mixture of pentane
and toluene was added. On the high-vacuum line, the vessel was
frozen in liquid nitrogen and evacuated. At-196 °C, 1 atm of
hydrogen was added. The contents of the vessel were thawed and
stirred overnight at room-temperature producing a color change
from green to yellow. The solvent was removed in vacuo, leaving
a yellow solid. The solid was transferred into the drybox and washed
with pentane, and the solvent was removed in vacuo, yielding 0.028
g (93%) of a yellow solid identified as1-N2H4. Anal. Calcd for
C40H64N2Si2Zr2: C, 59.20; H, 7.95; N, 3.45. Found: C, 58.93; H,
7.68; N, 3.21.1H NMR (benzene-d6): δ 0.53 (s, 3H, SiMe2), 0.58
(s, 3H, SiMe2), 1.34 (bs, 1H, N-H), 1.38 (s, 3H, C5Me4), 1.55 (s,
9H, C5H3CMe3), 2.04 (s, 3H, C5Me4), 2.11 (s, 6H, C5Me4), 4.36 (s,
1H, Zr-H), 5.47 (s, 1H, C5H3CMe3), 5.75 (s, 1H, C5H3CMe3), 6.11
(s, 1H, C5H3CMe3). 2H NMR (benzene):δ 1.23 (N-D), 4.35 (Zr-
D). 13C NMR (benzene-d6): δ -0.91, 0.75 (SiMe2), 11.09, 13.58,
16.09 (C5Me4), 32.38 (CMe3), 32.66 (CMe3), 99.96, 101.65, 107.27,
109.10, 111.44, 119.56, 129.28, 149.30 (Cp).One oVerlapping
CpMe4. Two Cp peaks not located.IR (benzene-d6): ν, 1549 (Zr-
H), 1125 cm-1 (Zr-D). 15N NMR (benzene-d6): δ 71.2 (15N-H).

Preparation of [Me2(Si(η5-C5Me4)(η5-C5H3-tBu)Zr] 2H2(µ2,η2,η2-
N2) (1-H2N2). A thick-walled glass vessel was charged with 0.050
g (0.062 mmol) of1-N2 and∼5 mL of a 50:50 mixture of pentane
and toluene was added. On the high-vacuum line, the vessel was
degassed and 1 atm of hydrogen was added at-196 °C. The
reaction was stirred for 15 min, until a color change from green to
yellow was observed. The contents of the vessel were frozen in
liquid nitrogen, and the excess hydrogen gas was removed. The
contents of the vessel were thawed and stirred overnight in a 45
°C oil bath, producing a color change from yellow to red-orange.
The solvent was removed in vacuo, leaving a red solid. The solid
was transferred into the drybox and dissolved in toluene, and then
the solvent was removed. Recrystallization from a pentane/toluene
mix resulted in 0.045 g (90%) of1-H2N2. Anal. Calcd for C40H62N2-
Si2Zr2: C, 59.34; H, 7.72; N, 3.46. Found: C, 58.98; H, 7.31; N,
3.31.1H NMR (benzene-d6): δ 0.52 (s, 3H, SiMe2), 0.66 (s, 3H,
SiMe2), 1.26 (s, 3H, C5Me4), 1.68 (s, 9H, C5H3CMe3), 1.94 (s, 3H,
C5Me4), 2.09 (s, 3H, C5Me4), 2.75 (s, 3H, C5Me4), 4.48 (s, 1H,
Zr-H), 4.67 (s, 1H, C5H3CMe3), 5.42 (s, 1H, C5H3CMe3), 5.63 (s,
1H, C5H3CMe3). 13C NMR (benzene-d6): δ -0.64, 0.07 (SiMe2),
10.70, 13.06, 14.58, 15.42 (C5Me4), 32.20 (CMe3), 32.34 (CMe3),
97.65, 101.13, 105.70, 107.38, 112.50, 113.74, 117.28, 122.94,
126.09, 149.29 (Cp).2H NMR (benzene): δ 4.48 (Zr-D). IR
(benzene-d6): ν ) 1543 (Zr-H), 1108 cm-1 (Zr-D). 15N NMR
(benzene-d6): δ ) 655.04.
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