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We report the synthesis and characterisation of new permethyl-
pentalene zirconium bis(amido) and permethylpentalene zirco-
nium cyclopentadienyl mono(amido) complexes, and their reactiv-
ity with carbon dioxide.

Introduction

The foundations of transition metal amido chemistry were laid
in the late 1960s and these compounds are now known to
span the largest range of coordination numbers and oxidation
states of any in the periodic table." According to the Covalent
Bond Classification (CBC) method,” the vast majority of term-
inal amido ligands act as LX ligands and this is indicated by a
shorter M-N bond length than the sum of the covalent radii of
M and N." Donation of n-electron density from the ligand into
partially occupied d-orbitals results in a change of geometry
around nitrogen from trigonal pyramidal to planar. In group 4
transition metal(v) ions, these orbitals are vacant and this
allows amido ligands to act as versatile substituents that may
impart an extra degree of electronic stabilisation to the elec-
tron deficient metal centre. Zirconium forms an extensive
range of amido complexes that typically exhibit strong M-N
bonds, ca. 320-420 k] mol™" in Zr(NR,), species. The mean
bond strength decreases in the order Zr-O > Zr-Cl > Zr-N >
Zr-C.}

The O’Hare group has pioneered the organometallic chem-
istry of permethylpentalene (n°-CgMe, = Pn*), in particular that
of the group 4 metals, Ti, Zr and Hf.* ® The key entry point for
Pn* zirconium chemistry is {Pn*Zr(p-Cls,)}(p-Cl,)-LiTHE,,” a
halide-bridged cluster in which the electron deficiency of a
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theoretical 14 VE “Pn*ZrCl,” species is alleviated through
dimerisation and incorporation of LiCl. This results in an 18
VE di-zirconium complex with distorted octahedral coordi-
nation geometry about each Zr" centre.

The reaction of {Pn*Zr(p-Cls,)},(p-Cl,)-LiTHF, with LiCp’
reagents afforded a series of 18 VE mixed-sandwich complexes,
Pn*ZrCp’Cl, which are highly active precatalysts for ethylene
polymerisation.®® The 16 VE bis(allyl) complex, Pn*Zr(n’*
C3Hs),, also obtained by salt metathesis, spontaneously reacts
with CO, to give the double-insertion product, Pn*Zr(kx>
0,CCH,CHCH,),, which is 18 VE.'® To extend our investi-
gation of group 4 Pn* chemistry we targeted Zr-N bonds in
mono and bis-amido Zr complexes and their subsequent inser-
tion reactions with CO,.

Reactions of transition metal amides with CO, have been
known since 1965,'" and their carbamic acid derivatives,
R,NCO,R’, can provide an alternative route to chemicals that
are widely used in the pharmaceutical,'® chemical,"® and agro-
chemical industries." This has encouraged significant
research into metal complexes for CO, activation;">*® penta-
lene ligands have shown the ability to stabilise the highly elec-
tropositive metal centres typically required, and recent work
has established the reactivity of early transition and f-block
metal n®-pentalene metallocenes with CO, and other small
molecules.'” "

Carbon dioxide insertion reactions into Zr-N bonds to
afford zirconium carbamate complexes are limited to a
handful of examples.>> Homoleptic carbamato complexes, Zr
(k>-0,CNR,),, were obtained by exhaustive carbonation of Zr
(NR,)4,>*® and are active precatalysts for the ring-opening
polymerisation of rac-lactide.”® Lappert and co-workers syn-
thesised a heteroleptic complex, Cp,Zr(n'-OC{O}NMe,)(OAr)
(Ar = 2,6-C¢H3'Buy),”” by carbonation of Cp,Zr(NMe,)(OAr),
however, no X-ray structural data were reported to confirm the
suggested monodentate binding mode of the carbamate
ligand. Chirik and co-workers reported the reaction of CO,
with the dimeric ansa-zirconocene dinitrogen complex, [Me,Si
(n*-CsMe,)(n°-CsH3{3-Bu})Zr](1,n*m>N,), which resulted in
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N, carboxylation at each nitrogen atom.>® Erker and co-
workers reported reaction of CO, with cationic Zr amido com-
plexes, [Cp,ZINRR']" (for R = R’ = Ph and R = ‘By, R’ = 3,5-
(CeH3(CH3),), to afford [(Cp,Zr)s(pak O,k 0-0,CNRR'), >
species, which show bridging coordination of the carbamato
moieties.>

Results and discussion

The reaction of Pn*ZrCpCl,® with LiNMe, in benzene at room
temperature over 3 days afforded a yellow solution and cream
precipitate of LiCl (Scheme 1). Subsequent workup and recrys-
tallisation from hexane at —80 °C furnished a yellow microcrys-
talline solid of Pn*ZrCp(NMe,) (1) in good yield (83%).
Similarly, an ampoule was charged with Pn*ZrCpCl and
KNPh, and pre-cooled THF was added at —78 °C. The reaction
was allowed to warm to room temperature and stirred for 16 h,
which following workup and recrystallisation from a pentane-
toluene mixture at —80 °C, furnished the yellow microcrystal-
line solid Pn*ZrCp(NPh,) (2) in 60% yield (Scheme 1).
However, the reaction of 2 in benzene required 1.7 equivalents
of KNPh, for full conversion of Pn*ZrCpCl and this resulted in
a 63:37 mixture of complex 2 and bis(amido) complex Pn*Zr
(NPhy,), (3) (vide infra).

The identities and purity of 1 and 2 were confirmed by "H
and C{"H} NMR spectroscopy, mass spectrometry, elemental
analysis and X-ray crystallography. The 'H NMR spectra of 1
and 2 show five sharp singlets for the carbocyclic ligands in a
5:6:6:6 integration ratio, which is consistent with Cs mole-
cular symmetry (Fig. S1f). Three singlets between
1.67-2.11 ppm define the Pn*-Me groups, with the wingtip
methyl (WT-Me) proton resonance found at a higher chemical
shift than the two non-wingtip methyl (NWT-Me) proton reso-
nances. A singlet around 5.50 ppm is assigned in both spectra
to protons of the Cp ligand. This lies close to the corres-
ponding resonance in compound Pn*ZrCpCl (5.65 ppm) and
at a lower chemical shift to the respective resonance in

PnZrCpCl (6.03 ppm).*° This reflects the increased
inductive electron donation resulting from the Pn* methyl
groups.

The reaction of {Pn*Zr(p-Cls,)},(p-Cl,)-LiTHF, with KNPh,
at room temperature resulted in a yellow solution and cream
precipitate of KCI (Scheme 2). Workup and cooling of a hexane
solution to —80 °C resulted in the isolation of a yellow micro-
crystalline solid, Pn*Zr(NPh,), (3), which was isolated in an
88% yield.

M = Li, R = Me (1)
M=K, R=Ph (2)
2

\Zr:@ + [MINR, \Zr.é@
/ e / NR

Scheme 1 Synthesis of Pn*Zr Cp mono(amido) complexes 1 and 2.
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Scheme 2 Synthesis of Pn*Zr bis(amido) complex 3.

The "H NMR spectrum of 3 displays five signals consistent
with solution phase C,, symmetry (Fig. S2t), which reflects a
higher order of symmetry than that found with 1 and 2.
Singlets at 1.77 and 1.87 ppm define the Pn* NWT-Me and
WT-Me proton environments respectively, whilst resonances in
the aromatic region correspond to the protons of the phenyl
ring.

Single crystals of 1, 2 and 3 suitable for X-ray diffraction
studies were grown through evaporation of saturated CgDg
solutions at room temperature (Fig. 1 and S77). The solid-state

Fig. 1 Solid-state molecular structures of (top) Pn*ZrCp(NPh,) (2) and
(bottom) Pn*Zr(NPh,), (3). H atoms are omitted for clarity and thermal
ellipsoids are set at 50% probability.
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structures of 1 and 2 correspond to Cy symmetry, in agreement
with the solution phase, with a mirror plane that bisects the
molecule through the Pn* bridgehead C-C and Zr-N bonds. By
contrast, a descent in symmetry is observed for 3 from C,, in
the solution phase to C, in the solid state. This results from
the loss of the two vertical mirror planes (one that bisects the
Pn* WT regions and one that runs along the Pn* bridgehead
and Zr-N bonds), which render the NWT-Me resonances equi-
valent on an NMR timescale. The pentalene fold angles of 1, 2
and 3 are 30.58°(13), 29.21°(18) and 30.46°(14), respectively
(Table 1). These values are similar to pentalene fold angles in
{Pn*Zr(p-Clz )}, (p-Cl,)-LiTHF, (30.0°) and Pn*ZrCpCl (30.7°),°
but smaller than those observed in PnZrCpCl (33.0°),>° which
may be attributed to the increased donor capability of the Pn*
ligand relative to the unsubstituted pentalene.*! The angles of
N1-Zr-Ct1(Cp)/N1’ in 1, 2 and 3 are found in a similar range
to those of Pn*ZrCpCl (103.3°) and PnZrCpCl (105.2°),>° which
indicates a distortion from idealised tetrahedral geometry
(109.5°). C-N-C bond angles around the nitrogen centre are
observed to increase from 1 to 2 to 3 (112.5(3)°, 115.5(3)° and
119.0(2)°, respectively) and the sum of the bond angles around
each nitrogen correspondingly tend towards to 360° (351.2°,
357.4° and 359.8° respectively). This is attributed to a shift
towards sp” hybridisation, as the planar arrangement allows
for more effective donation of the n-electron density from the
N 2p-orbitals to unoccupied Zr 4d-orbitals. For 1 and 2 to be
18 VE complexes the amido ligand would be required to act as
a 1le” donor, with corresponding sp® hybridisation around the
nitrogen atom. By contrast in 3, it can be rationalised that sub-
stitution of a 5e¢~ donating Cp ligand for a second amido
ligand requires both nitrogen atoms to act as 3e~ donors in
order to maintain a 18 VE configuration, which requires sp*
hybridisation.*>** Although changes in hapticity of bound
pentalene ligands have been reported, these are extremely rare.
One example by Kilpatrick et al. in a titanium bis(oxo) bridged
dimer observed a change in hapticity of the pentalene ligand
from 1n®- to n°-mode upon addition of pyridine."”

Bearing in mind the background outlined in the introduc-
tion, the potential of 1, 2 and 3 to activate CO, was investi-
gated. A frozen solution of 1 in C¢De under static vacuum was
exposed to an atmosphere of CO, (1 bar overpressure) at
—78 °C. The reaction mixture was allowed to warm to room
temperature and this resulted in an almost instant quantitative
conversion of 1 to Pn*ZrCp(n'-0,CNMe,) (4; eqn (S1)1) analo-
gous to the synthesis of M(O,CNMe,), (M = Ti, Zr, V).>***

Table 1 X-ray crystallographic parameters, bond lengths (A) and angles
(°) for complexes 1, 2 and 3

1 2 3
Zr-N1 2.136(3) 2.236(3) 2.188(2)
Zr-Ct1(Cp)/N1' 2.280(3) 2.2484(17) 2.1191(12)
Zr-Ct2(Pn¥) 2.1326(12) 2.1290(14) 2.1191(12)
Zr-Ct3(Pn*¥) 2.1254(4) 2.1377(18) 2.188(2)
N1-Zr-Ct1(Cp)/N1’ 103.77(10) 102.45(9) 107.57(12)
Fold angle 30.58(13) 29.21(18) 30.46(14)
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However, by comparison the analogous addition of CO, to a
frozen solution of 2 in C¢Dg did not yield a reaction, despite
heating at 75 °C for 16 h.

The generally accepted mechanism for d-block metals
involves a direct nucleophilic attack of the metal-coordinated
nitrogen to carbon dioxide, with the generation of an inter-
mediate N-bound carbamato/carbamic acid moiety.**
Subsequent rearrangement provides the typical O-coordinated
carbamato ligand. The facile reaction of 1 with CO, to afford 4,
compared with no reaction observed with 2 and CO, can be
explained by the lower Lewis basicity of HNPh, compared with
HNMe,. Furthermore, the increased steric congestion around
the Zr-N bond in 2 may further retard CO, insertion.

Complex 4 was characterised by NMR and IR spectroscopy,
elemental analysis and mass spectrometry. The 'H NMR spec-
trum revealed singlets at 1.88, 1.98 and 2.09 ppm, which
define the Pn*-Me groups (Fig. S31). These data are in agree-
ment with 4 possessing Cs symmetry in the solution phase,
whereby a mirror plane is found bisecting the Pn* bridgehead,
Zr-O and Zr-Cp bonds, with the result of one Pn*-Me NWT
and two Pn*WT environments. Singlets at 2.52 ppm and
5.81 ppm were assigned to protons of the NMe, and Cp
ligands respectively. These resonances tend to lie at a higher
chemical shifts than the corresponding peaks in the starting
material 1 (1.84, 1.90, 2.11, 2.41 and 5.73 ppm respectively),
which is attributed to electron withdrawing effect of the carba-
mate ligand in 4. The "*C{"H} NMR spectrum is consistent
with this structure and the characteristic carbamate resonance
is located at 166.7 ppm. This demonstrates a contrast between
the carbamate and carboxylate moieties the additional contri-
bution of electron density by the nitrogen atom results in a
reduced chemical shift with respect to the corresponding peak
in carboxylate species Pn*Ti(k*-0,CCH,SiMe;), (189.8 ppm),
Pn*Ti(x>-0,CCH,'Bu), (189.9 ppm),”® and Pn*ZrCp(n'-
0,CC3H;) (188.0 ppm).'® IR spectroscopy of 4 reveals strong
v,(CO) and v,(CO) stretches at values at 1564 and 1408 cm ™",
respectively. A key determinant in the bonding mode is the
difference between these two frequencies compared to the
corresponding value of the free carboxylate ion, 164 cm™*.**??
The observed difference of 156 cm™' suggests monodentate
coordination, in accordance with stretches reported for one of
the few reported examples of the Zr(n'-0,CNMe,) bonding
motif in the literature.””

The synthesis of Pn*Zr(x*-O,CNPh,), (5) was achieved by
the addition of CO, (1 bar overpressure) to a frozen solution of
3 at -78 °C. Following work-up and recrystallisation from
benzene-ds, complex 5 was isolated as a white solid in 70%
yield (eqn (S2)t). This bidentate CO, bonding mode is
expected to provide enhanced electronic stability in 5, relative
to the monodentate binding found in 4.® The proposed for-
mulation of 5 is consistent with data from NMR and IR spec-
troscopy, mass spectrometry, elemental analysis and a single-
crystal X-ray diffraction study. The 'H NMR spectrum of the
bis(carbamate) complex 5 shows three resonances in the ali-
phatic region (1.92, 2.03 and 2.08 ppm), in contrast to the two
CH; resonances observed in the starting material 3 (1.77 and

This journal is © The Royal Society of Chemistry 2021
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1.87 ppm; Fig. S471). This reflects a decrease in symmetry on
the NMR timescale from the C,, to the C, point group. As with
4, both the aliphatic and aromatic NMR signals of 5 are
deshielded with respect to the corresponding signals in the
starting complex 3. The *C{'"H} NMR spectrum reflects the
reduced symmetry, with three Pn*-Me carbon environments
observed compared to the two found in the solution phase of
3. The bridgehead carbons are found to be equivalent
(128.9 ppm), a diagnostic feature for differentiation between
C, and C, symmetric Pn* complexes. A singlet carbamate reso-
nance frequency is observed at the highest chemical shift,
167.6 ppm, which is in close agreement with 4, but slightly
below that reported (179.8 ppm) for the similar bidentate
complex Pn*Zr{k*-(0,CCH,CHCH,)},. Mesomeric donation is
reflected in the IR spectrum of 5, which shows characteristic
bands at 1513 and 1422 cm™ ' assigned to the v,,(CO) and
v5(CO) carbamate stretches respectively. The separation of
these stretching frequencies is significantly less than that
observed both in the free ion®> and 4 and is consistent with
bidentate coordination.

A single crystal X-ray diffraction study of 5 confirmed the
bidentate coordination mode of the two carbamate ligands
(Fig. 2) giving C, molecular symmetry, in agreement with the
solution phase. Each CO, molecule inserts to give a four-mem-
bered Zr-O-C-O ring, which lies in the same plane as its
corresponding nitrogen atom. The sum of the angles around
the C and N nitrogen atoms total to exactly 360°, further corro-
borating the sp> hybridisation of the atoms. This heterometal-
lacycle motif is known in other carbamates®” and suggests
added stability from the overlapping n-orbitals. Though no bis
(Cp) zirconium complexes with a chelating k*-carbamate
ligand have been structurally characterised, comparisons can
be made between 5 and the heteroleptic and mono(Cp) di-
ethylcarbamate complexes, Zr[1<2-02CNEt2)4 and Cle‘(KZ-
0,CNE,); (Table S11).>*> The average Zr-O bond is observed to
be marginally longer in 5 (2.239(4) A) than in Zr(x>-0,CNEt,),

Fig. 2 Solid-state molecular structure of Pn*Zr(x?>-0,CNPh,), (5). H
atoms are omitted for clarity and thermal ellipsoids are set at 50% prob-
ability. Selected bond lengths/A and angles/°: Zr1-O1 2.258(4), Zr1-02
2.223(4), Zr1-03 2.250(4), Zr1-04 2.223(4), N1-C16 1.376(8), N2-C29
1.366(8).
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(2.201(2) A) and CpZr(k*>-O,CNEt,); (2.226(3) A), attributed to
the increased bulk of the Pn* ligand and its enhanced electron
donating abilities.

Conclusions

The synthesis and full characterisation of the first mono
(amido) Pn*Zr complexes, Pn*ZrCp(NR,) (R = Me, Ph), and the
first bis(amido) Pn*Zr complex, Pn*Zr(NPh,),, have been
reported. The amido ligands show interesting versatility in
their bonding, acting as both 1e™ and 3e™ donors to accommo-
date the electronic requirements of the metal centre. Multiple
variants of the amido alkyl substituents have been attempted
and it has been observed that whilst small groups encourage
dimerisation, larger groups inhibit reactivity. A steric compro-
mise is therefore required to afford the monometallic species.

The zirconium amido species Pn*ZrCp(NR;) {R = Me (1), Ph
(2)} and Pn*Zr(NPh,), (3) were tested for their reactivity with
CO,. This proceeds via insertion of the CO, molecule into the
Zr-N bonds resulting in the formation of the carbamate com-
plexes Pn*ZrCp(n'-0,CNMe,) (4) and Pn*Zr(x*-O,CNPh,), (5),
respectively. Although both a (Cp)(NR,) and a (NR,), ligand set
donate 6¢e” in total, the Cp has a larger steric demand than an
amide. Hence, the reactivity of (Cp)(NPh,) is hampered due to
the reduced nucleophilicity of the amide (since 1 reacts) and
the increased steric protection of the Cp (since 3 reacts) and
both factors prevent carboxylation of complex 2. These results
demonstrate the versatility of amido and carbamate as ligands
in adapting to the electronic requirements of the metal centre,
and further illustrate the ability of Pn* metallocenes to activate
small molecules.
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