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ABSTRACT: Carbonylation of the hafnocene dinitrogen complex, [Me,Si(17°-CsMe,) (7°>-CsH;-Bu)Hf ], (i, 7% 7*-N,), yields
the corresponding hafnocene oxamidide compound, arising from N, cleavage with concomitant C—C and C—N bond formation.
Monitoring the addition of 4 atm of CO by NMR spectroscopy allowed observation of an intermediate hafnocene complex with
terminal and bridging isocyanates and a terminal carbonyl. '*C labeling studies revealed that the carbonyl is the most
substitutionally labile ligand in the intermediate and that N—C bond formation in the bridging isocyanate is reversible. No
exchange was observed with the terminal isocyanate. Kinetic data established that the conversion of the intermediate to the
hafnocene oxamidide was not appreciably inhibited by carbon monoxide and support a pathway involving rate-determining C—C
coupling of the isocyanate ligands. Addition of methyl iodide to the intermediate hafnocene resulted in additional carbon—carbon
bond formation arising from CO homologation following nitrogen methylation. Similar reactivity with ‘BuNCO was observed
where C—C coupling occurred upon cycloaddition of the heterocumulene. By contrast, treatment of the intermediate hafnocene
with CO, resulted in formation of a y-oxo hafnocene with two terminal isocyanate ligands.

B INTRODUCTION

The cleavage and functionalization of atmospheric nitrogen is
a long-standing challenge in synthetic chemistry.' Terrestrial
and bioavailable ammonia are prepared by fixing atmospheric
nitrogen either with the industrial Haber—Bosch process’ or
naturally with the nitrogenase family of enzymes.> Dinitrogen
functionalization with soluble transition metal complexes offers
the opportunity to explore mechanistic pathways and tune
ligand environments to open new reactivity for elaboration of
the strong N=N bond.* Methods for dinitrogen cleavage
include nitride formation through bimetallic cooperathlty
where two metals provide the reducing equlvalents or by
proton coupled electron transfer to yield ammonia.” Schrock®
and, more recently, Nishibayashi9 have evolved the Ilatter
strategy into a catalytic process for ammonia synthesis. Homo-
geneous complexes that promote N—H bond formation from
H, addition'® and complete hydrogenation to ammonia are
also known.'*>*

Ligand-induced dinitrogen cleavage, whereby an added
ligand serves the dual purpose of supplying reducing equiva-
lents and forming new bonds to nitrogen, is an attractive and
potentially versatile strategy for N, functionalization. Fryzuk
and co-workers have pioneered this strategy in tantalum chem-
istry and have reported several examples of N, functionalization
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and cleavage with both main group and transition metal
hydrides."" Our laboratory has reported the extension of this
concept to N—C bond forming reactions with zirconium and
hafnium. Carbonylation of the ansa-hafnocene dinitrogen
complex, [Me,Si(17>-CsMe,) (1>-CsHs-Bu)H ], (15, 1, 1°-N,)
(1), resulted in N, bond cleavage with concomitant formation
of one C—C and two N—C bonds."> At higher CO pressures
(~4 atm), a C, symmetric product, 2-C,, was obtained while, at
lower pressures (~1 atm), the C, symmetric isomer, 2-C;, was
observed (Scheme 1). Carbon monoxide induced dinitrogen
cleavage'® appears to be general among group 4 metallocenes
with strongly activated dinitrogen ligands,'* and synthesis of
various free alkyl-substituted oxamides has been accom-
plished." This strategy has also been applied to silylated dini-
trogen cores and used in the synthesis of formamide from N,
CO, CySiHj;, and a proton source.'

Understanding the mechanism of oxamidide formation is
desirable to expand the scope of the reaction and ultimately
develop insights for the evolution of a catalytic cycle. In our
initial report,"* addition of a stoichiometric amount of CO
yielded the cyclometalated hafnocene, 3, arising from CO-induced
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Scheme 1. CO-Induced N, Cleavage with an Ansa-
Hafnocene Complex
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N, cleavage, N—C bond formation, and C—H activation
(Scheme 2). Isolation of 3 implicated the formation of a
dihafnocene intermediate with a briding nitrido that promoted

Scheme 2. Coupling CO-Induced N, Cleavage to N—H Bond
Formation

establish the reversibility of the N—C bond formations, and
disclose new CO homologation reactions.

B RESULTS AND DISCUSSION

In our initial report on CO-induced N, bond cleavage with 1,
definitive structural characterization of the C, symmetric
hafnocene oxamidide complex, 2-C;, was elusive. Without
definitive structural characterization, determination of the
mechanistic rationale for the observed pressure dependence
was challenging, if not impossible. Based on the available NMR
data, we'” and Schwarz'” speculated on the stereochemistry of
the observed isomer although a definitive assignment could not
be made in the absence of crystallographic data. We have since
obtained single crystals of 2-C;. A representation of the (S, S)
enantiomer of the molecular structure is presented in Figure 1.

Figure 1. Solid state structure of (S, S)-2-C; at 30% probability
ellipsoids. Hydrogen atoms omitted for clarity.

1,2-addition of the fert-butyl C—H bond and also suggested that
N-N bond cleavage was not the step with the highest
activation barrier en route to the hafnocene oxamidides, 2-C,
and 2-C,.
mediate was provided by the interception of this species by
intermolecular 1,2-addition of dihydrogen and the C—H bonds
of terminal alkynes (Scheme 2)."*

Concurrent with these studies, Schwarz and co-workers
reported DFT calculations aimed at exploring the mechanism
of formation of 2-C;, 2-C,, and 3."” The preferred pathway for
hafnocene oxamidide formation commenced with CO coordi-
nation and insertion into a Hf—N bond. At relatively high
carbon monoxide pressures, a second coordination—insertion
event occurs which was computed to form a C, symmetric
intermediate. This species undergoes homolytic N—N cleavage
to form a hafnocene isocyanate complex that couples to form
the oxamidide core. For 3, a pathway involving a dihafnocene
p-nitrido complex was favored and its reactivity with H, was
predicted prior to publication of the experimental studies.

While the pathway from 1 to 3 with stoichiometric carbon
monoxide is now well understood, the formation of the
hafnocene oxamidide products arising from 2 equiv of CO has
not been experimentally examined. Formation of 3 and related
complexes formed from 1,2-addition of E—H bonds established
fast N—N bond cleavage through a transient bridging nitrido,
but little is known about the C—C bond-forming step and
the origin of the pressure dependence on isomer formation.
Here we describe studies into the mechanism of CO-induced
N, cleavage to yield hafnocene oxamidide complexes. We also
report spectroscopic characterization of an intermediate,

Support for the p-nitrido dihafnocene inter-

3378

Representations of the (R, R) enantiomer of this and all
structures in this work are presented in the Supporting
Information. As was observed with 2-C,, the wedges of each
hafnocene are nearly coplanar with a dihedral angle of 12.5°.
The nitrogen and oxygen atoms in the [N,C,0,]*" core could
not be distinguished and are designated “E” in the structure.
A similar ambiguity occurred in the solid state structure of
[(7°-CsMe, H),Hf],(N,C,0,)."* For 2-C,, the bond distances
of the core in combination with NMR spectroscopic data
establish a pseudo trans pairwise relationship where E(1) and
E(2) have the same identity as do E(3) and E(4). Thus the oxa-
midide cores in both 2-C; and 2-C, are the same; the difference
in the two isomers arises from the relative orientation of the
ansa-cyclopentadienyl ligands. In 2-C,, the rings are oriented
such that the tert-butyl groups are syn with respect to each
other. By contrast, these substituents in 2-C, are geared in an
anti arrangement placing one tert-butyl syn to an oxygen and the
other syn to nitrogen. This eliminates any symmetry elements.
Because crystallographic characterization of 2-C; did not
distinguish between the O and N atoms of the oxamidide core,
additional proof was sought. Previously our laboratory has
established that heterocumulenes such as CO, and ‘BuNCO
undergo clean cycloaddition exclusively at the Hf—N bonds of
oxamadide complexes.'® Addition of 2 equiv of ‘BuNCO to a
toluene solution of 2-C; cleanly yielded the desired product,
2-C;-("BuNCO),, arising from cycloaddition of the isocyanate.
The solid-state structure was determined by X-ray diffraction
(Figure 2) and established a transoid relationship between the
nitrogen atoms in the core of the molecule. Other structural
and spectroscopic properties are consistent with the previously
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Figure 2. Solid state structure of (S, S)-2-C;-("BuNCO), at 30%
probability ellipsoids. Hydrogen atoms omitted for clarity.

characterized C, symmetric isomer." As it is also unlikely these
additions would induce isomerization of the hafnocene
oxamidide core, the nitrogen atoms in 2-C, are almost certainly
transoid. This geometry has been consistently observed in all
zirconocene and hafnocene oxamidide complexes prepared to
date.

In an attempt to detect intermediates during oxamidide
formation, the carbonylation of 1 was performed at 0 °C and
monitored in situ by NMR spectroscopy. Addition of 4 atm of
CO to a toluene-dg solution of 1 revealed formation of a new
C, symmetric hafnocene compound, Int. Warming the sample
to 23 °C in the presence of 4 atm of CO resulted in the
clean and quantitative conversion of Int exclusively to 2-C,.
Repeating the carbonylation of 1 with 4 atm CO to form
Int followed by evacuation of the headspace produced a
3:1 mixture of 2-C, and 2-C,. Attempts to convert Int to
exclusively 2-C; under a variety of conditions were un-
successful; mixtures of the two isomeric hafnocene oxamidides
were consistently and reproducibly observed. Under all pressure
conditions examined, only one isomer of Int was detected by
NMR spectroscopy.

Characterization of Int was accomplished by multinuclear
(*H, BC, ®N) NMR and infrared spectroscopies. Combina-
tions of *C and "N isotopologues were prepared in a straight-
forward manner using *CO and "°N, gases, respectively. Unfor-
tunately, the transient nature of Int has thus far precluded the
growth of single crystals. However, isolation of the compound in
the solid state was accomplished by lyophilization of a benzene
solution on the high vacuum line.

The toluene-dy {'H}'*C NMR spectrum of Int-*C;-'*N,
(the subscripts denote the number of isotopically labeled atoms
in the molecule) is presented in Figure 3 and exhibited three
resonances, indicating three inequivalent carbonyl ligands in the
structure. Two of the carbons are bonded to nitrogen as
evidenced by the observation of 'Jo_y couplings in two of the
peaks. The "*C resonance centered at 134.48 ppm ('Jc_y =
32.9 Hz) is diagnostic of a terminal isocyanate bound to
hafnium while the second resonance at 192.50 ppm (Jo_y =
9.6 Hz) is assigned as a rare example of a bridging isocyanate.
Nitrogen—carbon bond formation was also confirmed by "N
NMR spectroscopy. Resonances were observed at 89.6 and
241.1 ppm for the terminal and bridging isocyanate ligands,
respectively. The presence of a terminal isocyanate was also
supported by the observation of a strong [NCO] stretch at
2220 cm™ in the solid state (KBr) infrared spectrum.

The third unique carbon environment, centered at 247.07
ppm, is coupled to the bridging isocyanate (*Jo_c = 13.7 Hz)
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Figure 3. Partial {'"H}*C (left) and '*N (right) NMR spectra of
Int-*C,-5-N, in toluene-dg at 23 °C.

and exhibits no coupling to '*N. These data, in combination
with the observation of a strong IR band at 1959 cm™' (KBr),
support assignment as a terminal carbonyl ligand. The
observation of C—C coupling through the hafnium center
is unusual. Through metal C—H coupling has been observed
in group 4 metallocene chemistry by Bercaw and co-workers
in (7°-CMe5),ZrH,(CO) (¥Jeouy = 25 Hz)'® and (-
CiMe;),HfH,(CO) (¥Jc_y = 25 Hz)." Our laboratory has
observed through metal H—H coupling in the zirconocene
hydride, [Me,Si(17>-CsMe,)(17°-CsH3-3-Bu)ZrH, ], (*Jun
7 Hz).*° Similarly, Wilkinson and co-workers observed H—H
coupling (*Jy_y; = 10 Hz) in the tantalocene trihydride, (77>-
CiH;),TaH;.*' To our knowledge, however, through metal
C—C coupling has not been reported. No such coupling was
observed in the *C NMR spectra of Me,Si(1>-CsMe,) (1’
CH;-3-Bu)Hf(*3CO), and Me,Si(n>-CMe,)(1>-CH;-3-Bu)-
Hf(*CH,),.

Based on these data, the preferred structure of Int, shown
in Figure 4, is a dihafnocene complex containing terminal
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Figure 4. Preferred structure (boxed) of Int and possible alternatives.

isocyanate and carbonyl ligands along with a bridging
isocyanate. Because of the C; symmetric nature of the ansa-
bis(cyclopentadienyl) ligand environment coupled with the
reactivity and instability of the compound, the stereochemical
arrangement of the ligands in the metallocene wedge with
respect to the cyclopentadienyl substituents has not been
definitively established crystallographically. However, subse-
quent isotopic exchange and reactivity studies (vide infra)
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Scheme 3. Isotopic Exchange Studies with Int-'>C; and Natural Abundance CO
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provide substantial experimental support for the preferred
structure presented in Figure 4.

Isotopic exchange studies were conducted to gain an
understanding into the C—C bond forming step, determine
the reversibility of N—C bond formation, and establish the fate
of the terminal CO and bridging [NCO] ligands. Exposure of a
frozen toluene-dg solution of Int-"*C; to approximately 4 atm
of natural abundance CO gas resulted in complete exchange of
the terminal carbonyl ligand over the course of 90 min at 0 °C
(Scheme 3). In the {'"H}"*C NMR spectrum (Figure 5) of the
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Figure 5. Toluene-d; {'"H}"*C NMR spectrum of the addition of
natural abundance CO to Int-">C; after S min (top) and 1 h (bottom).

resulting Int-'>C, isotopomer, the signal at 247.07 ppm for the
terminal CO ligand has disappeared as has the *J-_¢ coupling

in the bridging isocyanate resonance. Once isotopic exchange
was complete, the contents of the tube were again frozen and
the excess CO/"CO in the headspace removed. The solution
was thawed, and Int-'*C, was allowed to convert to a mixture
of 2-C; and 2-C, oxamidide products. Analysis of the mix-
ture by *C NMR spectroscopy established the formation of
2-C;-"*C,. The isotopologue with only one isotopically labeled
oxamidide carbon, 2-C;-">C,, was not detected. The symmetry
of this isomer of the product allows disambiguation between
incorporation of one and two equivalents of *C label. This is
not possible for the C, symmetric compound, 2-C,. In the
previous experiment the C label was detected in the C,
symmetric isomer. These results establish that coupling of the
bridging and terminal isocyanates is responsible for oxamidide
formation.

The lability of the terminal carbonyl ligand in Int was also
confirmed by infrared spectroscopy. The solid state (KBr)
spectrum of Int following treatment with 1 atm of "*CO exhib-
ited a strong band centered at 1913 cm™’, the appropriate
isotopic shift expected from the harmonic oscillator model for
the terminal carbonyl ligand. The band observed at 1959 cm™*
for the natural abundance material was absent in the spectrum
of the material isolated after exposure to *CO gas.

A second "*C labeling experiment was conducted to deter-
mine the reversibility of isocyanate formation. The labeling
experiment described above, namely addition of natural
abundance CO to Int-'>C;, was repeated over a longer time
scale. Monitoring the progress of the reaction by *C NMR
spectroscopy revealed the gradual disappearance of the
resonance centered at 193.16 ppm for the bridging isocyanate
ligand over the course of 4 h at 0 °C. Importantly, no isotopic
exchange was observed in the terminal isocyanate ligand over
this time period or longer reaction times (Scheme 3).

Warming the mixture of *C isotopologues of Int yielded a
mixture of labeled hafnocene oxamidides (Scheme 3). As
exchange of carbon monoxide with the bridging isocyanate is
competitive with formation of the final product, 2-C,-"*C, was
observed. In addition, the hafnocene isotopologue with only
one isotopic label, 2-C,-"3C,, was also observed by *C NMR
spectroscopy (see Supporting Information). These results
establish the reversibility of N—C bond formation in the bridg-
ing isocyanate but not in the terminal one. These data again
support coupling of these two ligands is responsible for the
formation of the oxamidide core.

The observation of Int as an intermediate on the pathway to
hafnocene oxamidide complexes prompted kinetic measurements
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of the C—C bond forming reaction. Because the half-life for
the conversion of Int to the isomers of 2 is on the order of
minutes at 23 °C, the rates of the reaction were conveniently
measured by '"H NMR spectroscopy. In a typical experiment, a
0.026 M solution of 1 in benzene-dg was treated with 4 atm of
carbon monoxide and the conversion of reactants to products
was measured over time. Plots of concentration versus time
follow a first-order rate equation and representative examples
are presented in Figure S2 in the Supporting Information. We
note that the observed rate constants represent the
disappearance of Int; the partial precipitation of 2-C; and
2-C, does not permit reliable integrations and prohibits reliable
determination of rate constants based on the appearance of the
product.

The activation parameters for the conversion of Int to 2 were
determined by measuring rate constants for the reaction over a
30 degree temperature range (Figure 6). Unfortunately the high
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Figure 6. First-order plots for the disappearance of Int as a function of
time at various temperatures.

reactivity and instability of 2 prohibited measurement of rate
constants over a wider temperature window. An Eyring plot
(Figure 7) was constructed from these limited data (Table S1),
and activation parameters of AH' = 20.5(3) kcal/mol and
AS* = —4.4(8) eu were extracted. The entropy of activation is
consistent with a unimolecular process and given the narrow
temperature range should be interpreted cautiously.

Because 1 equiv of carbon monoxide is lost upon conversion
of Int to the isomers of 2, the dependence of the reaction rate
on CO concentration was studied. Reactions were carried out
in the absence of added gas and at 1 and 4 atm of carbon
monoxide at 20 °C. The observed rate constants determined
from these experiments are reported in Table 1. The small
variance within the rate constants suggests no overall inhibition
by added carbon monoxide. More careful inspection of the data
(see insert Figure 8) for the reaction carried out in the absence
of CO revealed nonlinear behavior due to a faster reaction at
early times (£ = 0 to S min) that then converges to linearity and
at a decreased rate. This increased initial rate also coincides
with the formation of 2-C, (as observed by '‘H NMR
spectroscopy), which eventually is suppressed as 2-C, becomes
the dominant product of the reaction. Thus, the nonlinear
behavior is a consequence of formation of the C; isomer at low
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Figure 7. Eyring plot for the conversion of Int to 2.

Table 1. Observed Rate Constants for the Conversion of Int
to 2 as a Function of Added CO at 20 °C

Amount of CO kops X 10* (s71)
4 atm 3.32(9)
1 atm 3.52(16)
0 atm 3.75(20)

In([Int])

T T
8000 10000

time (s)

Figure 8. Plot of the conversion of Int to 2 as a function of time at 20 °C.
Inset highlights the deviation from linearity at early reaction times.

CO pressures, which then converts to a regime where the C,
compound becomes competitive due to the build up of carbon
monoxide from dissociation from Int. These observations sug-
gest that the pathways to 2-C,; and 2-C, diverge at Int and that
formation of 2-C, is faster than 2-C,. In addition, the terminal
CO ligand in Int is also important in determining the stereo-
chemical outcome of the reaction.

Proposed Mechanism. The structural elucidation of 2-C;,
observation and characterization of Int, subsequent '*C
labeling, and kinetic studies provide experimental insight into
the mechanism of hafnocene oxamidide formation. Previous
work from our laboratory has provided experimental evidence
for the formation of an intermediate y-nitrido hafnocene
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Scheme 4. Proposed Mechanism for the Conversion of Int to 2-C; and 2-C,
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isocyanate complex following addition of 1 equiv of carbon
monoxide.'> Subsequent computational studies supported a
pathway involving initial CO insertion into a Hf—N bond
followed by retro [2 + 2] cycloaddition to form the putative
p-nitrido compound.'” Therefore, mechanisms accounting for
hafnocene oxamidide formation will likely proceed through this
species.

Based on the experimental data, a mechanism for hafnocene
oxamidide formation is presented in Scheme 4. Coordination
of carbon monoxide to the pu-nitrido hafnocene isocyanate
intermediate precedes insertion into the Hf—N bond to form
the bridging isocyanate complex. Capture of this compound by
excess carbon monoxide furnishes the observed intermediate,
Int. The stereochemistry of the unobserved compounds is
speculative, but the preferred structures presented in Scheme 4
are believed to be the most reasonable based on the reaction
outcome.

The influence of the CO pressure on the rate of conversion
of Int to the hafnocene oxamidide products provides insight
into the relative rates of C—C coupling. The kinetic data
support more rapid formation of the C; isomer that is
suppressed by a slower process at higher CO pressures to form
the C, product. The CO is either added as a reagent or formed
during the course of the reaction from dissociation from Int.
This behavior also accounts for the observation of a sole isomer
of Int and establishes the compound as an essential inter-
mediate, and not just an observable side product, in hafnocene
oxamidide formation.

3382

The lack of CO inhibition on the rate of conversion of Int to
the hafnocene oxamidides suggests that the terminal carbonyl
ligand remains coordinated to the metal during rate deter-
mining C—C bond formation. However, the isotopic labeling
experiments demonstrate that the terminal CO ligand is labile
and bridging isocyanate formation is reversible. Thus all steps
leading to the carbonyl adduct of the y-nitrido hafnocene are
also reversible. Carbon—carbon bond formation occurs via
coupling of the terminal and bridging isocyanates with con-
current displacement of the terminal carbonyl ligand. This
mechanism deviates from the computational work reported by
Schwarz as the experimental data for the presence of the
terminal CO ligand was not available. However, our current
experimental studies suggest that the computational studies
should be reevaluated with the terminal CO ligand present.

Reactivity of the Intermediate: CO Homologation. The
incorporation of three molecules of carbon monoxide in the
structure of Int raised the question of whether these carbon
equivalents could be used productively and additional C—C
bond formation could be observed upon addition of the
appropriate reagents.”>*> Addition of 5 equiv of CH;l to a
benzene-ds solution of Int resulted in clean and rapid
conversion to a new C; symmetric dihafnocene complex, 4
(eq 1).

The solid state structure of 4 was determined by X-ray
diffraction and confirms retention of three molecules of CO in
the compound along with formal 1,2-addition of CH;l across
the Hf—N bond of Int (Figure 9; see Table 2 for bond/angle

dx.doi.org/10.1021/ja208562d | J. Am. Chem.Soc. 2012, 134, 3377—3386
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Figure 9. Solid state molecular structure of the (S, S) enantiomer of 4
at 30% probability ellipsoids. Hydrogen atoms, except those bonded to
C(42A), omitted for clarity.

Table 2. Selected Metrical Parameters for 4

Bond/Angle Distance (A)/Angle (deg)
Hf(1A)—0(3A) 1.9747(14)
Hf(1A)—N(1A) 2.1035(19)
Hf(2A)—-0(34) 1.9647(14)
Hf(2A)-N(2A) 2.1034(18)
Hf(1A)—0O(3A)—Hf(2A) 175.91(8)
N(1A)—C(41A)—0O(1A) 178.6(3)
N(2A)—C(42A)—0(2A) 179.0(4)

parameters). Migration of the bridging isocyanate ligand from
C, N bound to N, C (from CO insertion), to O bound
accompanies nitrogen methylation and imidate formation. The
stereochemistry of 4 has the like cyclopentadienyl rings
oriented cisoid across the bimetallic structure and in a syn
arrangement yet geared to avoid steric interactions. For the
hafnocene bearing the iodide ligand, the halide is directed away
from the tert-butyl substituent and the carbonyl derived from
the former terminal CO ligand is syn to the [‘Bu]. The other
hafnocene subunit has two ligands in the metallocene wedge:
the [NCO] syn to the Bu group and the oxygen from the
imidate ligand.

Natural abundance and "*C, N isotopologues of 4 were also
characterized by multinuclear NMR spectroscopy. The
benzene-dg {'H}'"*C NMR spectrum of 4-'*C;"*N, is presented
in the top portion of Figure 10. A diagnostic doublet (‘Jc_y =
32.9 Hz) was located at 135.77 ppm and is assigned as the
terminal isocyanate ligand. For the more unusual bridging
imidate ligand, two multiplets are observed at 178.89 and
291.24 ppm. The more upfield resonance exhibits coupling to
both ®C (Jc_c = 13.8 Hz) and “N (J._y = 6.6 Hz) and is
assigned as the carbon bound directly to the nitrogen. The
more downfield multiplet also couples to both nuclei (}Jc_y =
11.9 Hz) and is assigned as the acyl carbon based on chemical
shift despite having the larger coupling to *N. Accordingly, the
SN NMR spectrum exhibits two resonances: a doublet at 91.4

ppm (Joon = 329 Hz) for the terminal isocyanate and a
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Figure 10. Benzene-dg {'"H}'*C NMR spectrum of 4-'3C,*N, (top)
and 4-3C, (bottom).

multiplet at 227.3 ppm (¥Jc_x = 11.9 Hz; YJo_y = 6.6 Hz) for
the nitrogen in the imidate.

To provide additional support for the *C NMR assignments
for the imidate ligand, a *C isotopic labeling experiment was
conducted. The isotopologue of Int-"*C was prepared with only
the terminal carbonyl "*C labeled. A benzene-dg solution of this
compound was treated with methyl iodide, and the *C NMR
spectrum was recorded. As is presented in the bottom portion
of Figure 10, only the most downfield resonance at 291.37 ppm
is 13C labeled, providing additional support for the assignment
as the acyl resonance. Isotopic exchange into this site was also
supported by infrared spectroscopy. The solid state spectrum
(KBr) of the "*C labeled compound exhibits a band at 1541 cm™,
shifted from the value observed at 1605 cm™ in the natural
abundance material.

The reactivity of Int with the heterocumulenes ‘BuNCO and
CO, was also explored. Addition of 1 equiv of tert-butyl
isocyanate to a benzene-dg solution of Int furnished a new C,
symmetric hafnocene product identified as §, arising from C—C
coupling and cycloaddition of the heterocumulene across the
Hf—N bond (eq 2). It is notable that both 1,2-addition of a

o
|
% ?*w;f” o,
i ek%
P N, v
Hrgn——m SiMe; —-u?b':ffd‘ Me,Si {f : W Mo Sihe; (2)
¢
\égc( *égr.l B
()

C—X bond and cycloaddition of a heterocumulene trap the CO
insertion product.

Multinuclear NMR  spectroscopy and isotopic labeling
experiments were used to confirm ‘BuNCO cycloaddition and
N—C and C—C bond formation. The benzene-ds {'H}"C
NMR spectrum of 5-3C,"*N, prepared from Int-"*C,"*N, is
presented in Figure 11 and confirms N—C and C—C bond
formation. In addition to the terminal [NCO] doublet (}Jy_c=
33.9 Hz), doublet of doublet resonances centered at 176.15 and
303.60 were observed, corresponding to the N-bound carbon
and the Hf-bound carbon, respectively. The stereochemistry of
the preferred and observed isomer of § is unknown in the
absence of crystallographic data; however, it is likely the
structure is similar to 4 with the hafnium acyl groups and the
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Figure 11. Benzene-d; {'"H}"*C NMR (left) and "N NMR (right)
spectra of 5-"3C,N,.

terminal isocyanate syn to the tert-butyl groups on the cyclo-
pentadienyl ligands.

The reaction with carbon dioxide produced a notably different
outcome. Treatment of a benzene-dg solution of Int with 1.5
equiv of CO, did not produce a C; symmetric compound as was
observed with Mel and ‘BuNCO but rather a C, symmetric
product identified as the y-oxo dihafnocene bis(isocyanate) 6
with the loss of 2 equiv of carbon monoxide (eq 3).
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p Y
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B

SiMs, (3]

The structure of 6 was established by multinuclear NMR
spectroscopy and X-ray diffraction. The solid state structure of
the (S, S) enantiomer is presented in Figure 12 and establishes

Figure 12. Solid state molecular structure of the (S, S) enantiomer of
6 at 30% probability ellipsoids. Hydrogen atoms omitted for clarity.

the presence of two terminal isocyanate ligands and a bridging
oxo. The Hf—O—Hf angle is nearly linear (175.91(8)°) and
preserves the C, symmetry of the compound. In the observed
isomer, each of the terminal isocyanate ligands is directed over
the tert-butyl substituents of the cyclopentadienyl rings.

The benzene-ds "*C NMR spectrum of 6-'>C,'*N, exhibits a
single resonance centered at 94.6 ppm with appropriate
coupling ('Jo_y = 33.8 Hz) for a terminal isocyanate. To
determine the origin of the terminal isocyanate carbons, an
isotopic labeling experiment was conducted. Treatment of
Int-“N, with CO, followed by analysis by N NMR
spectroscopy (Figure S5) revealed an approximately 1:1 ratio
of ['N"CO] and [®NCO] ligands consistent with the
formation of one isocyanate from carbon monoxide and the
other from carbon dioxide. These results, coupled with the loss
of two molecules of CO from Int, are also consistent with the
bridging oxo ligand being derived from CO, deoxygenation.

B CONCLUSIONS

Investigations into the mechanism of CO-induced N, bond
cleavage with a hafnocene dinitrogen complex to form the
corresponding oxamidide compound have been carried out. An
intermediate dihafnocene compound bearing terminal and
bridging isocyanates and a terminal carbonyl ligand was
detected by monitoring the low temperature carbonylation by
multinuclear NMR spectroscopy. The observation of this
species, coupled with previously reported reactivity and
computational studies, established rapid N—N bond cleavage
and rate determining C—C bond formation via isocyanate
coupling to form the oxamidide. Kinetic data support the
presence of the terminal CO ligand in the C—C bond forming
step and more rapid conversion to the C; rather than C,
symmetric product. The structure of the former hafnocene
oxamidide product has been elusive but since definitively charac-
terized in this study. Isotopic labeling experiments established
the lability of the terminal CO ligand as well as the reversibility
of N—C bond formation in the bridging [NCO] moiety.
Additional C—C bond formation by CO homologation was
achieved by 1,2-addition of methyl iodide or by cycloaddition
of ‘BuNCO across the Hf—N bond. Deoxygenation of carbon
dioxide was also found to be another route to N—C bond
formation from cleaved dinitrogen to yield terminal hafnocene
isocyanate complexes.

B EXPERIMENTAL SECTION

Preparation of ([Me,Si(;>-CsMe,)(#°>-CsH;-3-'Bu)]Hf),(u-NCO)-
(CO)(NCO) (Int). In a drybox, a J. Young NMR tube was charged with
0.020 g (0.020 mmol) of 1 and approximately 0.6 mL of benzene-d
were added. On a high vacuum line, the vessel was degassed and 4 atm
of carbon monoxide were added at —196 °C. The contents of the
vessel were thawed and shaken for 20 s until the solution turned red-
brown and clear, signaling the formation of Int. The tube was placed in
an ice bath, and the solvent was Iyophilized on the high vacuum line.
The tube was transferred to the glovebox, and the solid was transferred
to a vial for storage. Anal. Calcd for C,3Hg,O;N,Si,Hf,: C, 48.44; H,
5.67; N, 2.63. Found: C, 48.17; H, 5.87; N, 2.27. "H NMR (benzene-d,):
5 = 0.44s, 3H, SiMe,), 0.52 (s, 3H, SiMe,), 0.57 (s, 3H, SiMe,), 0.63
(s, 3H, SiMe,), 1.28 (s, 9H, C;H;CMe;), 1.50 (s, 3H, CMe,), 1.51
(s, 9H, CsH;CMe;), 1.85 (s, 3H, CMe,), 1.86 (s, 3H, CsMe,), 1.94
(s, 3H, CsMe,), 2.0 (s, 3H, CsMe,), 2.13 (s, 3H, CsMe,), 2.30 (s, 3H,
CMe,), 2.33 (s, 3H, CsMe,), 5.17 (m, 1H, C;H;CMe;), 5.47 (m, 1H,
C.H,;CMe,), 5.61 (m, 1H, C;H,CMe,), 5.83 (m, 1H, C{H;CMe,),
593 (m, 1H, C;H;CMes), 7.14 (m, 1H, CiH;CMe,). 'H NMR
(toluene-dg): & = 045 (s, 3H, SiMe,), 0.55 (s, 3H, SiMe,), 0.59 (s, 3H,
SiMe,), 0.64 (s, 3H, SiMe,), 1.24 (s, 9H, CsH;CMe;), 142 (s, 3H, C;Me,),
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146 (s, 9H, C{H,CMe;), 1.82 (s, 3H, CMe,), 1.86 (s, 3H, C.Me,),
1.93 (s, 3H, CsMe,), 2.02 (s, 3H, C;Me,), 2.10 (s, 3H, C;Me,), 2.24
(s, 3H, C;Me,), 2.28 (s, 3H, CsMe,), 5.12 (m, 1H, C;H;CMe;), 543
(m, 1H, C¢H,CMe;), 5.51 (m, 1H, C{H,CMe,), 5.71 (m, 1H,
C;H;CMe;), 5.82 (m, 1H, C;H;CMe;), 7.06 (m, 1H, C;H;CMe;).
{'H}3C NMR (toluene-dy): 5 = —0.81 (SiMe,), —0.48 (SiMe, ), —0.06
(SiMe,), 0.11 (SiMe,), 11.13 (CpMe), 11.27 (CpMe), 11.72 (CpMe),
13.88 (CpMe), 14.00 (CpMe), 14.13 (CpMe), 14.31 (CpMe), 14.60
(CpMe), 30.78 (CMej), 32.13 (CMes), 33.06 (CMe;), 33.38 (CMe;),
90.94, 97.30, 98.26, 99.53, 107.52, 107.89, 112.12, 114.71, 115.17,
115.26, 117.68, 117.88, 118.23, 118.73, 123.89, 127.05, 128.18, 129.08,
132.28, 152.61 (Cp), 134.48 (NCO, YJcy = 32.9 Hz), 192.50 (u-NCO,
Yen = 96 Hz, %[ = 13.7 Hz), 247.07 (Hf-CO, *Jo¢ = 13.7 Hz). BN
NMR (toluene-dg): 6 = 89.60 (NCO, o = 32.9 Hz), 241.14
(u-"SNCO, YJn = 9.6 Hz). IR (KBr): v = 2220 cm™' (NCO); v = 1959
cm™ (CO); v = 1914 (13CO); v = 1588 cm! (u-NCO).

Preparation of ([Me,Si(;°-CsMe,)(;°>-CsHs-3-'Bu)IHf),((NCH,)-
C,0,)(N(NCO) (4). In a drybox, a J. Young NMR tube was charged
with 0.020 g (0.020 mmol) of 1 and approximately 0.6 mL of benzene-
ds were added. On a high vacuum line, the vessel was degassed and 4
atm of carbon monoxide were added at —196 °C. The contents of the
vessel were thawed and shaken for 20 s until the solution turned red-
brown and clear, signaling the formation of Int. The tube was
degassed, and 0.100 mmol of CH,I was admitted via a calibrated gas
bulb. The tube was thawed and shaken, and complete conversion to 4
after several minutes was confirmed by NMR spectroscopy. The
solvent was evacuated, and the remaining red oil was washed with
pentane furnishing pure 4 in 61% yield (from 3 combined batches).
Anal. Caled for Cy HgHEIN,O5S5,: C, 43.75; H, 5.26; N, 2.32. Found:
C, 43.53; H, 5.20; N, 2.02. 'H NMR (benzene-dy): § = 0.41 (s, 3H,
SiMe,), 0.48 (s, 3H, SiMe,), 0.53 (s, 3H, SiMe,), 0.64 (s, 3H, SiMe,),
123 (s, 9H, C{H;CMe;), 1.42 (s, 9H, C,H,CMe;), 1.49 (s, 3H,
CiMe,), 1.65 (s, 3H, CsMe,), 1.76 (s, 3H, CsMe,), 1.89 (s, 6H, CsMe,,
2 coincident), 2.06 (s, 3H, CsMe,), 2.29 (s, 3H, C;Me,), 2.49 (s, 3H,
CMe,), 3.37 (s, 3H, N—CH;, YJoyy = 137.8 Hz, *Jyy = 1.5 Hz), 527
(m, 1H, C¢H;CMe;), 533 (m, 1H, C(H;CMe;), 596 (m, 1H,
C;H;CMe;), 6.18 (m, 1H, C;H;CMe;), 6.24 (m, 1H, C;H;CMe;),
7.54 (m, 1H, C;H;CMe;). {'"H}'*C NMR (benzene-dy): § = —1.26
(SiMe,), —0.99 (SiMe,), 0.58 (SiMe,), 1.00 (SiMe,), 11.30 (CpMe),
11.99 (CpMe), 12.25 (CpMe), 14.64 (CpMe), 14.89 (CpMe), 15.91
(CpMe), 17.00 (CpMe), 30.83 (CMe;), 31.22 (CMe,), 32.70 (CMe;),
33.71 (CMe;), 38.83 (N-CH;, YJon = 3.0 Hz, ¥oc = 62 Hz, ¥ =
32 Hz) 100.11, 100.36, 10526, 107.10, 109.27, 110.72, 111.84,
113.99, 114.56, 116.30, 116.53, 119.98, 123.51, 125.60, 126.03, 127.60,
127.80, 129.67, 130.66, 156.47 (Cp), 135.77 (NCO, Joy = 32.9 Hz),
178.89 (Hf—(C=0)—C=N, "Jcc = 13.8 Hz, 'Jox = 6.6 Hz, Jcc =
32 Hz), 29124 (Hf—(C=0)—C=N, Joc = 13.8 Hz, ¥y = 119 Hy,
%Jcc = 6.2 Hz), one CpMe resonance not located. "N NMR (benzene-dy):
5=914 (NCO),227.3 (*N-CH;). IR (KBr): v = 2218 cmi* (NCO); v =
1605 cm™* (HF—C=0).

Preparation of ([Me,Si(5°-CsMe,)(17°-CsH;-3-'Bu)]Hf),-
((N("BUNCO))C,0,)(NCO) (5). The hafnocene intermediate, Int,
was generated as described above with 0.020 g (0.020 mmol) of 1.
Following preparation of Int, the NMR tube was degassed and
0.100 mmol of tert-butylisocyanate was admitted via a calibrated gas
bulb. The tube was thawed and shaken, and complete conversion to §
after several minutes was confirmed by NMR spectroscopy. The
solvent was evacuated, and the remaining brown oil was washed with
pentane furnishing pure § in 40% yield (from 3 combined batches).
Anal. Calcd for C,sHgHEN,0,Siy: C, 49.48; H, 5.97; N, 3.61. Found:
C, 49.28; H, 5.75; N, 3.26. 'H NMR (benzene-d;): 6 = 0.44s, 3H,
SiMe,), 0.48 (s, 3H, SiMe,), 0.54 (s, 6H, SiMe,, 2 coincident), 1.26
(s, 9H, CsH;CMe;), 1.43 (s, 9H, CH;CMe;), 1.52 (s, 9H, C=
NCMe,), 1.56 (s, 3H, CsMe,), 1.62 (s, 3H, C;Me,), 1.68 (s, 3H,
CMe,), 2.03 (s, 3H, C;Me,), 2.05 (s, 3H, C;Me,), 2.16 (s, 3H,
CMe,), 2.18 (s, 3H, C;Me,), 2.20 (s, 3H, CsMe,), 5.57 (m, 1H,
C;H;CMe;), 5.59 (m, 1H, C;H;CMe;), 5.63 (m, 1H, C;H;CMe,),
591 (m, 1H, C;H,CMes), 6.36 (m, 1H, C{H,CMe), 6.51 (m, 1H,
CsH;CMe;). {"H}'3C NMR (benzene-dg): § = —0.87 (SiMe,), —0.51
(SiMe,), 0.11 (SiMe,), 0.63 (SiMe,), 12.69 (CpMe), 12.78 (CpMe),

3385

12.97 (CpMe), 14.63 (CpMe), 14.89 (CpMe), 14.99 (CpMe), 15.36
(CpMe), 15.72 (CpMe), 31.92 (CMe;,), 32.19 (CMe;), 32.93 (N—
CMe;,), 33.46 (CMe,), 34.18 (CMe;), 106.75, 107.07, 108.20, 108.47,
110.62, 110.93, 111.72, 112.57, 114.80, 116.93, 119.13, 121.22, 122.57,
123.52, 124.48, 125.94, 127.80, 129.66, 150.28, 151.68 (Cp), 134.07
(NCO, Yen = 339 Hz), 17615 (Hf—(C=0)—C=N, Y =
109 Hz, Jox = 1.3 Hz), 303.60 (Hf—(C=0)—C=N, Y
10.9 Hz, *Jcy = 13.8 Hz). SN NMR (benzene-dy): 6 = 91.1 (**NCO,
Yne = 33.9 Hz), 205.7 (Hf—(CO)—C="N, Yoy = 13.8 Hz, YJo\ =
1.3 Hz).

Preparation of ([Me,Si(;>-CsMe,)(1°-CsH5-3-Bu)lHf),(u-0)-
(NCO), (6). The hafnocene intermediate, Int, was generated as
described above with 0.020 g (0.020 mmol) of 1. Following
preparation of Int, the NMR tube was charged with 0.03 mmol of
carbon dioxide via a calibrated gas bulb. The tube was thawed and
shaken, and complete conversion to 6 was confirmed by NMR
spectroscopy. The solvent was evacuated, and the remaining brown oil
was washed with pentane furnishing pure 6 in 56% yield (from 3
combined batches). Anal. Caled for C,,Hg,O5N,Si,Hf,: C, 47.85; H,
5.74; N, 2.66. Found: C, 47.58; H, 5.55; N, 2.38. "H NMR (benzene-d;):
& = 0.51 (s, 3H, SiMe,), 0.60 (s, 3H, SiMe,), 1.40 (s, 9H, CsH;CMe;),
1.93 (s, 3H, CsMe,), 1.97 (s, 3H, CsMe,), 2.00 (s, 3H, CsMe,), 2.12 (s,
3H, C;Me,), 547 (m, 1H, CsH;CMe,), 5.99 (m, 1H, C;H;CMe,), 6.57
(m, 1H, CsH;CMe;). {'"H}'3C NMR (benzene-dg): 6 = —0.34 (SiMe,),
027 (SiMe,), 11.84 (CpMe), 1220 (CpMe), 1442 (CpMe), 14.96
(CpMe), 31.30 (CMe;), 3232 (CMe;), Cp resonances not located.
13576 (NCO, Jon = 33.8 Hz). SN NMR (benzene-dy): § = 94.6
(’NCO, "Jox = 33.8 Hz). IR (KBr): v = 2222 c™! (NCO).
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