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Dimeric zirconium benzyl and amide complexes supported by an imidazolone framework have
been successfully synthesized and fully characterized. The amide complexeswere found to be effective
catalysts for intramolecular hydroamination of primary and secondary amines.

Hydroamination has emerged as an atom-economical and
one-step strategy for constructing nitrogen-containing mo-
lecules via functionalization of an N-H bond across a
carbon-carbon unsaturation.1 Eliciting significant interest
among chemists over the years, the advantages of hydro-
amination have led to exploitation of much of the periodic

table in an effort to improve the effectiveness and complexity
of this process.2-4 Over the past decade, the application of
group 4 transition metal to intramolecular hydroamination
of C-C multiple bonds with primary amines has arisen as
one such alternative, with the additional benefit of commer-
cial availability, low cost, and low toxicity.5

Previously, we reported the isolation of a zirconium complex
bearing a unique η2(N,C) imidazolyl carbene moiety resulting
from the C-N cleavage of an amino-linked nitrogen hetero-
cyclic carbene.6 Interestingly, such imidazolyl carbenemoieties
have been implicated as intermediate species for scandium-,
yttrium-, and uranium-mediated ring opening of imidazole
rings.7 Unfortunately, having a highly reactive imidazolyl car-
benemoiety in ametal complexmay circumvent the stability of
the complex that is important to the catalytic application. To
eliminate the chemical promiscuity of the imidazolyl carbene
group, while maintaining the desired imidazole scaffold, we
have turned our attention to imidazolones, which are easily
assembled five-membered heterocyclic molecules contain-
ing N and O binding sites. The imidazolones are known to
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manifest a broad range of biological activities,8 but they are
rarely employed as ligands formodulating the transition-metal
reactivities.9 With this in mind, we have sought to prepare the
first example of zirconium complexes supported by an imida-
zolone ligand. In this contribution, we report the characteriza-
tion of imidazolonated benzyl and amide zirconium complexes
and an examination of their catalytic activity toward intramo-
lecular hydroamination.

Result and Discussion

The preparation of imidazolone 1 was carried out in accord
with a previous report by Joule et al., as shown in Scheme 1.10

The 4-methylphenyl and 2,6-dimethylphenyl isocyanates were
each reacted with acetaldehyde dimethyl acetal to give the
corresponding urea 2. Cyclization upon treatment of acid
affords the imidazolones 1. Imidazolone 1a reacts readily with
Zr(CH2Ph)4 in ether to furnish compound 3a in moderate yield
(Scheme2). The 1HNMRspectroscopic features of 3adisplay a
new singlet integrating to three protons at 2.31 ppm for the tolyl
groupof the imidazolone ligandandabroadpeak for thebenzyl
moieties at 2.33 ppm integrating to a sumof six protons. Similar
attemptswere carriedout toprepareananalogous compoundof
3b using ligand 1b, but multiple products complicated the
isolation of the pure product.11 A single-crystal X-ray diffrac-
tion study was undertaken to determine the connectivity in 3a.
The structure model of 3a in Figure 1 demonstrates a noncen-
trosymmetric dimer, with each zirconium atom bearing two η1-
benzyl groups, one η2 benzyl group, and two bridging imida-
zolone ligands with a μ-N-C-O binding site, consistent with
the solutionNMRanalysis.On thebasis of a searchof theCam-
bridge Structural Database,12 we believe that compound 3a

represents the first isolated zirconium complex supported by
imidazolonates (Figure 1). Both the C-O (O(1)-C(8) =
1.292(5) Å and O(2)-C(18)=1.297(5) Å) and the C-Nbonds

(N(2)-C(8)=1.327(5) Å and N(4)-C(18)=1.334 (5) Å) lie
between single- and double-bond distances, implying some
electronic conjugation over theO-C-Nmoiety in the bridging
imidazolone ring.13 The Zr-N distances of 2.263(4) and
2.267(3) Å in 3a are considered to be at the longer range of an
anionic Zr-N amido bond,14 but the Zr-O distances of
2.072(3) and 2.058(3) Å are shorter than those observed in
other Zr(VI) amidate and ureate complexes (∼2.2-2.3 Å).14a,15

Alternatively, the synthesis of imidazolone zirconium amide
complexes 4 is straightforward. The addition of 1 equiv of 1a or
1b to an ether solution of Zr(NMe2)4 furnishes the pale yellow
solid 4. Like 3a, 4b exhibits a dimeric structure containing two
bridging imidazolones (Figure 2). The π-donor character of the
amido ligands in 4b gives rise to a strong trans effect on the
imidazolonate ligand, as witnessed by the slightly elongated
bond distance of Zr-N (2.3635(19) Å) and Zr-O (2.1202(15)
Å) in comparison with compound 3a (vide supra).

Figure 1. Molecular diagram of 3a with thermal ellipsoids
drawn at the 30% probability level. All hydrogen atoms have
been omitted for clarity.

Scheme 1

Scheme 2
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Hydroamination catalysis with high-oxidation-state early
transition metals has received a considerable amount of
attention, particularly the intramolecular hydroamination
of aminoalkenes. Preliminary screening experiments were
undertaken to determine the viability of complexes 3, 4a, and
4b, as precatalysts for the intramolecular hydroamination of
2,2-diphenyl-4-pentenylamine (10) substrate (eq 1). Tests
were conducted on the substrate with a loading of 5 mol %
of catalyst precursor and substrate andmonitored at 70 �C by
NMRspectroscopy. As seen in Table 1, the benzyl complex 3a
shows no catalytic activity (entry 1) even after prolonged
heating for 24 h. When the reaction was performed in the
presence of either amide complex, the substrate 10 underwent
a successful cyclization process to 20 (entries 2 and 3), with
precatalyst 4b being found to be the most active. It was
reported that a corresponding starting reagent such as Zr-
(NMe2)4 could also mediate an intramolecular hydroamina-
tion process.16,17 Therefore, the possibility of the residual
Zr(NMe2)4 mediating the reaction should not be ruled out.
To verify such a notion, a separate experiment containing 5%
mol of Zr(NMe2)4 was conducted. The results indicated that
indeed compound 4b is superior to Zr(NMe2)4 (entry 4), as the

latter requires a longer period of time (7 h) to achieve a full
conversion under similar reaction conditions. To our delight,
the conversion time of 10 can be successfully shortened to
0.25 h by increasing the temperature to 130 �C (entry 5).
Having an optimized result in hand, the generality of the

cyclization process was then extended with various aminoalk-
ene substrates (Table 2). The results indicate that substrates
with larger geminal disubstituents react very efficiently, achiev-
ing a 95% yield in around 1 h (entries 1-3 and 6, Table 2).
When the size of the geminal group is reduced to less bulky
methyl groups (13), a much longer reaction time is required to
increased (24 h) to attain a good yield of the cyclic product 23
(entry 4). Nevertheless, transformation of the aminoalkene 14
(entry 5, Table 2) containing only one geminal aryl group
proceededwith a higher conversion rate in 4 h in comparison to
substrate 13. In general, diastereoselectivity is considered to be
moderate for substrates 12 (entry 3) and 14 (entry 5) with cis
isomers as major products.
Very interestingly, 4b exhibits significant reactivity toward

the cyclization of secondary aminoalkenes of 16 and 17, facil-
itating the formationofproducts 26and27, respectively, in high
yield (entries 7 and 8). The reactivity of a secondary aminoalk-
ene was established by the emergence of characteristic singlet
peaks at 2.07 ppm (N(CH3)) and 1.11 ppm (CH-CH3) for
product 26 in proton NMR analysis. This reactivity is in
contrast with the case for previously reported highly active Ti
and Zr hydroamination systems exhibiting a lack of reactivity
with secondary amines, which is usually attributed to an ina-
bility to form the imido species with the secondary amine.18

There are only limited examples of neutral group 4 metal cata-
lysts mediated the cyclization of secondary aminoalkenes.5l,19

Although still speculative at this juncture, this result may
interpreted as 4b invoking uncommon catalytic behavior for
the group 4 early transition metal, operating upon reactivity of
σ-bond insertion. Such an operating mechanism is quite com-
mon in the trivalent lanthanide system.20 Nevertheless, the
several intriguing mechanistic possibilities of the [2 þ 2]
cycloaddition/imido route have not been excluded yet. Finally,
it is worth mentioning that the cyclization reactions of ami-
noalkenes can also proceed as effectively as with compound 4b

by just adding catalytic equal amounts of imidazolones and
Zr(NMe2)4 in situ. For example, a full conversion of substrate
10 can be achieved within 20 min upon mixing 5 mol % of Zr
amide and imidazolone 2b in situ. Froma synthetic perspective,
the combined imidazolone ligand/zirconium catalysts represent
a unique fast-trackmanifold for tuning themodularity without
resorting to the laborious effort of preparing and purifying the
metal-ligand complexes prior to screening and tuning.

Conclusion

In summary, zirconium benzyl and amide complexes sup-
ported by imidazolones have been successfully synthesized and
characterized. The amide complexes (4) show good catalytic
activity for intramolecular hydroamination of primary and
more importantly, secondary amines. Additional reactions, as

Table 1. Intramolecular Hydroamination and Condition Optimi-

zation

entry precatalyst temp (�C) time (h)a yield (%)b

1 3a 70 24 0
2 4a 70 7.5 >95
3 4b 70 4.5 >95
4 Zr(NMe2)4 70 7 >95
5 4b 130 0.25 >95

aTime for >99% conversion in toluene-d8.
bYield determined by 1H

NMR spectroscopy on the basis of an internal standard.

Figure 2. Molecular diagram of 4b with thermal ellipsoids
drawn at the 30% probability level. All hydrogen atoms have
been omitted for clarity.
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well as detailed kinetic and mechanistic investigations, are
underway to gain more insight into the catalytic system.

Experimental Section

General Procedure. All air-sensitive manipulations were per-
formed under an atmosphere of nitrogen using Schlenk techni-
ques and/or a glovebox. Toluene, hexane, THF, and ether were
purified by passage through a column of activated alumina using
a solvent purification system purchased from Innovative Tech-
nology, Inc. Deuterated benzene and toluene were dried by
vacuum transfer from activated molecular sieves. Zr(NMe2)4
was purchased from Aldrich Chemical Co. and used without
further purification. 1H and 13C NMR spectra were run on
Bruker 300, 400, and 500 MHz spectrometers using the residual
proton of the deuterated solvent for reference. The preparationof
imidazolone ligands 1a.bwas carried out on the basis of previous
reports.10 Aminoalkenes of the substrates 2,2-diphenyl-4-penten-

1-amine (10),21 (1-allylcyclohexyl)methylamine (11),22 2-methyl-
2-phenyl-4-pentenylamine (12),23 2,2-dimethyl-4-pentenylamine
(13),24 2-phenyl-4-pentenylamine (14),23 2-allyl-2-phenyl-4-pen-
tenylamine (15),5c N-methyl-2,2-diphenyl-4-pentenylamine
(16),2g (1-allylcyclohexyl)-N-methyl-methylamine (17),23 4-methyl-
2,2-diphenyl-4-pentenylamine (18),2g and 2,2-diphenylhex-4-
en-1-amine (19)20b were synthesized according to according to
previous literaturemethods.Hydroamination products of 20-29

are known compounds and their NMR spectroscopic data were
compared to the literature data.2g,5c,20b,21-24

Synthesis of [Zr(CH2Ph)3(1-(p-tolyl)-1H-imidazol-2-olate)]2
(3a). In a 20 mL screw-capped vial equipped with a magnetic
stir bar was added Zr(CH2Ph)4

25 (131mg, 0.287mmol) in 2mL of
an ether solution containing 1a (50 mg, 0.287 mmol) at -10 �C.
The mixture was reacted for 30 min at room temperature, during
which time a yellow precipitate was formed. Then, the solvent was
evaporated to dryness. The yellow solidwaswashedwith iced ether
and dried in vacuo. The product was further purified by recrys-
tallization from CH2Cl2/hexane solution (3:1 volume) at -20 �C.
Yield: 56% (86 mg). 1H NMR (CD2Cl2, 500 MHz, -10 �C):
7.29-7.21 (m, 10H, Ar-H), 7.18-7.12 (m, 9H, Ar-H), 6.39 (s, 1H,
CH), 4.50 (s, 1H, CH), 2.33 (s, 6H, CH2Ph), 2.31 (s, 3H, ArCH3).
13CNMR (CD2Cl2, 125MHz,-10 �C): 155.2 (NCN), 138.6 (Ar),
138.3 (Ar), 133.5 (Ar), 130.1 (Ar-H), 129.3 (Ar-H), 128.5 (Ar-H),

Table 2. Hydroamination of Various Aminoalkenes with Compound 4ba.

a.The reactionwas conducted at 130 �C. b.Time for>99%conversion in toluene-d8.
c.Yield determined by 1HNMRspectroscopy on the basis of the

internal standard; values in brackets are isolated yields. d. Isolated yield based on the corresponding benzoylamide product from the derivatization of
pyrrolidine with benzonyl chloride prior to isolation. e.Diastereomeric ratio determined by 1H NMR.
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125.5 (Ar-H), 124.4 (Ar-H), 120.8 (CH), 114.0 (CH), 54.4 (CH2-
Ph), 21.1 (ArCH3). Anal. Calcd for C62H60N4O2Zr2: C, 69.23; H,
5.62; N, 5.21. Found: C, 68.92; H, 5.71; N, 5.12.
Synthesis of [Zr(NMe2)3(1-(4-methylphenyl)-1H-imidazol-2-

olate)] (4a). To a solution of Zr(NMe2)4 (153 mg, 0.574 mmol)
in ether (2mL) was slowly added 1-(tolyl)-2-imidazolone (100mg,
0.574 mmol) which was dissolved in 5 mL of ether at -10 �C.
After the mixture was stirred for 10 min, it was warmed to room
temperature. The solution was removed in vacuo to afford a
pale yellow foamy compound. The compound was washed with
n-hexane. The combined solution was concentrated to give a pale
yellow solid compound. Yield: 71% (160 mg). 1H NMR (C6D6,
400 MHz, 25 �C): 7.32 (d, 3JH-H = 8 Hz, 2H, Ar-H), 6.97 (d,
3JH-H=8Hz, 2H,Ar-H), 6.45 (s, 1H,CH), 6.22 (s, 1H,CH), 3.13
(s, 18H,NMe2), 2.02 (s, 3H,ArCH3).

13CNMR(C6D6, 100MHz,
25 �C): 156.9 (NCN), 135.8 (Ar), 134.7 (Ar), 129.6 (Ar-H), 129.4
(Ar-H), 122.7 (CH), 112.7 (CH), 44.8 (NMe2), 20.8 (ArCH3).
Synthesis of [Zr(NMe2)3(1-(2,6-dimethylphenyl)-1H-imidazol-

2-olate)] (4b).To a solution of Zr(NMe2)4 (141 mg, 0.531 mmol)
in ether (2 mL) was slowly added 1-(2,6-dimethylphenyl)-
2-imidazolone (100 mg, 0.531 mmol) in 5 mL of ether at
-10 �C. After the mixture was stirred for 30 min, it was warmed
slowly to room temperature. The solvent was removed in vacuo
to afford a yellow solid compound. The product was further
purified by recrystallization from an ether solution at -20 �C.
Yield: 51% (111 mg). 1H NMR (C6D6, 400 MHz, 25 �C):
6.97-6.87 (m, 3H, Ar-H), 6.32 (s, 1H, CH), 5.80 (s, 1H, CH),
3.04 (s, 18H, NCH3), 1.99 (s, 6H, CH3).

13C NMR (C6D6, 100
MHz, 25 �C): 156.9 (NCN), 137 (Ar), 135.5 (Ar), 128.7 (Ar-H),
128.4 (Ar-H), 121.3 (CH), 112.6 (CH), 43.6 (NMe2), 17.9
(ArCH3). Anal. Calcd for C34H58N10O2Zr2: C, 49.72; H, 7.12;
N, 17.05. Found: C, 49.03; H, 7.10; N, 16.54.
General Procedure for NMR-Scale Catalytic Intramolecular

Hydroamination Reactions. In a drybox, the appropriate ami-
noalkenes (0.500 mmol) and catalyst 4b (20.6 mg, 0.025 mmol)
with the internal standard 1,3,5-trimethoxybenzene (16.8 mg,
0.04mmol) were dissolved in deuterated toluene (1mL), and the
solution was loaded into a J. Young NMR tube. The tube was
heated to 130 �C and was monitored by 1H NMR spectroscopy
for the disappearance of the olefinic peaks of the substrate
relative to the internal standard. The yield of the reaction is
based on the average value of two conducted experiments.
General Procedure for Isolated Yield of the Catalytic Intramo-

lecular Hydroamination Reaction for Derivatization of Pyrroli-

dine with Benzonyl Chloride. The method of the catalysis is
similar to the aforementioned NMR-scale method with the
following few exceptions (Table 2, entries 3, 5, and 6). After
the reaction mixture was heated to 130 �C for the appropriate
time, it was cooled to room temperature.NEt3 (3 equiv), benzoyl
chloride (∼1.1 equiv), and dichloromethane (5.0 mL) were
added to the reaction mixture and stirred at room temperature
overnight. Then the solution was diluted with ether (25 mL) and

washed with a saturated aqueous NH4Cl solution. The organic
solution was isolated and concentrated under vacuum. The
residual product was further purified and isolated by flash
chromatography.

Single-Crystal X-ray Characterization. Crystallographic data
and refinement details for 3a,b and 4b are included in the
Supporting Information, Tables S1-S3. Crystals were mounted
using viscous oil or epoxy adhesive onto glass fibers and cooled to
the data collection temperature. Data were collected using a
Nonius Kappa CCD diffractometer (Mo KR = 0.710 73 Å).
Multiscan absorption corrections were employed. Unit cell para-
meters were obtained from 60 data frames, 0.3� ω, from three
different sections of the Ewald sphere. Systematic absences are
consistent with P21 and P21/m for 3a, Cc and C2/c for 4b, and,
uniquely, Pnna for 3b. Solution in the centrosymmetric space
group option, C2/c, for 4b yielded chemically reasonable and
computationally stable results of refinement. An exhaustive ex-
ploration of the centrosymmetric space group option in 3a yielded
bizarre results andwas abandoned. The solution inP21 for 3awas
inspected with ADDSYM in Platon,26 which did not report any
overlooked symmetry. The Flack parameter in 3a refined to nil,
indicating the true handof thedatahadbeendetermined correctly.
The�structures were solved by direct methods and refined using
the least-squares method on F2. The compound molecules exhibit
molecular, and for 3b and 4b also crystallographic, 2-fold sym-
metry. Structures 3a,b each display cocrystallized methylene
chloride solvent: one per compound molecule in 3a and two per
compound molecule in 3b (one symmetry unique). The solvent
molecule in 3b was located disordered in two positions with a
refined 86/14 refined site occupancy ratio. All non-hydrogen
atoms were refined with anisotropic displacement parameters.
All hydrogen atoms were treated as idealized contributions.
Structure factors and anomalous dispersion coefficients are con-
tained in the SHELXTL 6.12 program library.27
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