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Zirconium complexes stabilized by piperazidine- and imidazolidine-bridged bis(phenolato) ligands have

been synthesized and characterized. Their activities in catalyzing intramolecular hydroamination

reactions have been tested and compared, which reveals the significant role that the ancillary ligands

play in influencing catalytic activities. Cationic species derived from zirconium dibenzyl complexes

showed good activities in catalyzing intramolecular hydroamination reactions of both primary and

secondary amines, and afforded the respective N-heterocycles in 85% to 99% yields. Moreover, this

catalytic system also catalyzed sequential cyclization of primary aminodienes, and generated bicyclic

tertiary amines in 94–99% yields.
Introduction

Hydroamination reactions, which involve the direct addition of
N–H bonds over carbon–carbon unsaturated bonds, represent
one of the most atom-economic approaches to construct phar-
maceutically and biologically important nitrogen-containing
compounds.1 Over the past decades, signicant efforts have
been devoted to develop efficient catalysts to promote such
transformations, which involve early1a and late transition met-
al1b,d,e and main-group metal complexes.1f Group 4 metal
complexes have drawn great interest due to their easy avail-
ability and high activity.1a,g,2 Since the rst zirconium catalysts
for hydroamination reactions reported in the 1990s,3 zirconium
complexes of various structures and different activities have
been developed. A major limitation of zirconium complexes in
general is that they are only capable of catalyzing intra-
molecular hydroamination/cyclization of primary amines, while
they show no activity towards reactions of secondary amines.1a,g

On the other hand, cationic zirconium complexes in most
instances showed great activities for secondary amines, while
they are inactive for primary amines.4 To date, zirconium
complexes that are active for intramolecular hydroamination
reactions of both primary and secondary amines are still rela-
tively rare.5,6
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Bis(phenolato) ligands are derived from readily available
bis(phenol)s and can be conveniently tuned in terms of both
electronic and steric properties. Recently, our group have re-
ported a series of group 4metal complexes stabilized by bridged
bis(phenolato) ligands, which showed good activities in cata-
lyzing intermolecular hydroamination reactions of both
primary and secondary amines.7 Ancillary ligands with different
backbones and substituents are found to play signicant roles
in inuencing catalytic activities of zirconium complexes.7c As
a continuation of our study, a series of bis(phenolato) ligand
stabilized zirconium complexes with different coordination
environment were synthesized, and their activities for intra-
molecular hydroamination were tested and compared.
Results and discussion
Synthesis and characterization of zirconium complexes

Ligand precursors L1H2 and L2H2 bearing piperazidine and
imidazolidine bridges were treated with ZrBn4, which generated
zirconium dibenzyl complexes 1 and 2 in good yields of 80%,
respectively (Scheme 1). Complexes 3–5 were synthesized
according to literature methods for comparative study.7,8

The identity of complexes 1 and 2 were conrmed by 1H, 13C
NMR and X-ray diffraction analysis, respectively. The 1H NMR
spectrum of complex 1 suggests a C2-symmetric molecule, and
four signals at 2.90, 2.70, 2.60 and 1.04 ppm are assigned to
eight methylene groups. In contrast, more signals are observed
in the 1H NMR spectrum of complex 2, revealing a non-
symmetric structure, and seven methylene groups are found
to resonate in the range of 4.32–2.17 ppm.

The difference in solution behaviors between complexes 1
and 2 is also observed in their solid state structures. As depicted
in Fig. 1, the zirconium center in complex 1 is hexa-coordinated
RSC Adv., 2016, 6, 10541–10548 | 10541
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Scheme 1 Synthesis of zirconium complexes stabilized by bis(phenolato) ligands.
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by two N and two O atoms of the ligand L1 and two benzyl
groups. Complex 1 adopts an octahedral geometry. Bond
distances of Zr–N bonds amount to 2.389(5) �A, while bond
lengths of Zr–O bonds are 2.048(4) �A. In contrast, ligand L2 in
complex 2 coordinates through one N and two O atoms (Fig. 2),
while the distance between Zr1 and N2 (3.907 �A) is not within
that of a reasonable bond. Both nitrogen atoms are reported to
bind to the same metal centers in mononuclear lanthanide and
yttrium complexes bearing the same ligand L2, probably as
a result of their larger ionic radii.9 Benzyl groups in complexes 1
and 2 are located cis to each other, as evidenced by the C–Zr–C
angles of 107.95� (for complex 1) and 120.04� (for complex 2),
while two O atoms of phenolate groups are arranged in a trans
conguration. This observation is in consistent with that of Zr
complexes stabilized by various bridged bis(phenolato) ligands.8

Catalytic intramolecular hydroamination reactions of
aminoalkenes

Intramolecular hydroamination reaction of 2,2-diphenylpent-4-
enyl-amine (6a) was rst studied to compare catalytic activities
Fig. 1 Molecular structure of 1 showing 30% probability ellipsoids.
Two phenyl groups of benzyl groups and hydrogen atoms are omitted
for clarity. Selected bond lengths (�A) and bond angles (deg): Zr1–O1
2.048(4), Zr1–N1 2.389(5), Zr1–C1 2.273(6), O1–Zr1–N1 73.02(17), O1–
Zr1–N2 113.93(18), O1–Zr1–C1 89.9(2), O1–Zr1–C2 85.7(2), N1–Zr1–
N2 61.7(3), N1–Zr1–C1 102.4(2), N1–Zr1–C2 142.6(2), C1–Zr1–C2
108.0(4).

10542 | RSC Adv., 2016, 6, 10541–10548
of complexes 1–5 (Table 1). In general, 5 mol% of these
complexes catalyzed this reaction, and afforded the cyclized
product 7a in 70–97% yields (entry 1, 2, 4, 5), with the exception
of complex 3 (entry 3). Clearly subtle modications in ligands
result in profound changes in catalytic activities. Steric
congestions around metal centers in complexes 2, 3 and 4 may
account for their lower activity. Moreover, with the addition of
the cationic reagent [Ph3C][B(C6F5)4] (TB), the yields of 7a were
largely improved to 91–99%. In situ generated cationic
complexes are believed to possess increased Lewis acidity and
reduced steric hindrance, which facilitates the catalytic cycli-
zation process. Similar trends have been observed for inter-
molecular hydroamination reactions catalyzed by cationic Zr
complexes7 and group 3 metal complexes.10 It is noteworthy the
mixture of complex 1 and TB showed overall the best activity, as
the model reaction resulted in >99% yield within 4 h (entry 6).
Fig. 2 Molecular structure of 2 showing 30% probability ellipsoids.
Hydrogen atoms are omitted for clarity. Selected bond lengths (�A) and
bond angles (deg): Zr1–O1 2.001(3), Zr1–O2 1.999(3), Zr1–N1 2.356(3),
Zr1–C1 2.294(4), Zr1–C2 2.287(4), O1–Zr1–N1 75.81(12), O1–Zr1–C1
91.22(14), O1–Zr1–C2 95.75(15), N1–Zr1–O2 85.39(11), N1–Zr1–C1
121.49(14), N1–Zr1–C2 118.05(14), O2–Zr1–C1 95.48(14), O2–Zr1–C2
96.41(14), C1–Zr1–C2 119.92(16).

This journal is © The Royal Society of Chemistry 2016
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Table 2 Intramolecular hydroamination reactions of primary amines
catalyzed by complex 1 and TBa

Entry Aminoalkene Conditions Product Yieldb (%)

1

110 �C

97
18 h

2

135 �C

88
48 h

3

140 �C

95c
8 h

4

140 �C

94c,d
48 h

a Conditions: 6 (0.5 mmol), 1 (20 mg, 0.025 mmol), [Ph3C][B(C6F5)4] (TB)
(23 mg, 0.025 mmol), PhCl (2 mL). b Isolated yield based on the mass of
puried products aer column chromatography. c PhBr-d5 (0.7 mL),
determined by 1H NMR spectroscopy. d 10 mol% catalyst loading.
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No cyclization reaction was detected in the presence of [Ph3C]
[B(C6F5)4] only (entry 11).11

Under optimal conditions, a range of primary amino-
alkenes with different functional groups were studied, and
the results are summarized in Table 2. Both aliphatic and
aromatic primary amines underwent hydroamination/
cyclization reactions to generate six- and ve-membered
N-heterocycles in 88–97% yields (Table 2, entry 1–4). The
transformation of more challenging internal alkene 6c worked
less efficiently, and afforded cyclized product 7c in 88% yield at
an elevated temperature of 135 �C aer prolonged reaction
time of 48 h (entry 2). The reaction with the ortho-allylaniline
6e afforded 2-methylindoline, which required higher temper-
ature and longer reaction time than that of aliphatic analogue
6a (entry 4).

To probe the activity of Zr bis(phenolato) complexes in
catalyzing intramolecular hydroamination of secondary ami-
noalkenes, a comparative study between neutral complex 1 and
its cationic derivative was conducted. No yield was detected in
the presence of neutral complex 1 (Table 3, entry 1), while
a dramatic increase to >99% yield was observed with in situ
generated cationic species (entry 2). Comparing to complexes
2–5 under identical conditions, the mixture of 1 and TB showed
the highest catalytic activity, which is consistent with the result
obtained from primary aminoalkene cyclization (vide supra)
(entry 2–6).

Reactions with other secondary amines also worked
straightforwardly in the presence of 1 and TB, and generated
a series of tertiary amines in good to excellent yields (Table 4).
The reaction with secondary amine 6g proceeded smoothly
under room temperature, and furnished the desired product 7g
Table 1 Intramolecular hydroamination of 2,2-diphenylpent-4-enyl-
amine (6a) catalyzed by complexes 1–5a

Entry Cat. Time Yieldb (%)

1 1 8 94
2 2 12 70
3 3 12 Trace
4 4 12 82
5 5 12 97
6 1 + TB 4 >99
7 2 + TB 12 94
8 3 + TB 12 94
9 4 + TB 12 96
10 5 + TB 12 99
11 TB 12 Trace

a Conditions: 2,2-diphenylpent-4-enyl-amine 6a (118 mg, 0.5 mmol),
precatalyst 1–5 (0.025 mmol, 5 mol%), [Ph3C][B(C6F5)4] (TB) (23 mg,
0.025 mmol) if necessary, PhCl (2 mL), 100 �C. b Isolated yield based
on the mass of puried products aer column chromatography.

This journal is © The Royal Society of Chemistry 2016
in 95% yield within 6 h (entry 1). The piperidine derivative 7h
formed in an almost quantitative yield of 97% (entry 2).
Secondary amines with different N-substituents were also
tested, and 85–97% yields of desired products 7i–7k were iso-
lated (entry 3–5), showing a good group tolerance of the cationic
system. Bicyclic tertiary amines 7l and 7m formed in good yields
of 94 and 99%, respectively, from sequential cyclization of
aminodienes 6l and 6m (entry 7 and 8). The reaction of
Table 3 Intramolecular hydroamination of N-(4-chlorobenzyl)-2,2-
diphenylpent-4-enyl-amine (6f) catalyzed by complexes 1–5a

Entry Cat. Time (h) Yieldb (%)

1 1 20 Trace
2 1 + TB 20 >99 (87)c

3 2 + TB 20 79
4 3 + TB 20 90
5 4 + TB 20 58
6 5 + TB 20 94

a Conditions: N-(4-chlorobenzyl)-2,2-diphenylpent-4-enyl-amine 6f (181
mg, 0.5 mmol), precatalyst 1–5 (0.025 mmol, 5 mol%), [Ph3C]
[B(C6F5)4] (TB) (23 mg, 0.025 mmol) if necessary, PhCl (2 mL), 140 �C.
b PhBr-d5 (0.7 mL), determined by 1H NMR spectroscopy. c Isolated
yield based on the mass of puried products aer column
chromatography.

RSC Adv., 2016, 6, 10541–10548 | 10543
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Table 4 Intramolecular hydroamination reactions of secondary amines catalyzed by complex 1 and TBa

Entry Aminoalkene Conditions Product Yieldb (%)

1

25 �C

956 h

2

60 �C

9748 h

3

140 �C

85

50 h

4

140 �C

97

48 h

5

140 �C

88

60 h

6

140 �C

94c
70 h

7

140 �C

99c,d
96 h

a Conditions: 6 (0.5 mmol), 1 (20 mg, 0.025 mmol), [Ph3C][B(C6F5)4](TB) (23 mg, 0.025 mmol), PhCl (2 mL). b Isolated yield based on the mass of
puried products aer column chromatography. c PhCl-d5 (0.7 mL), determined by 1H NMR spectroscopy. d 10 mol% catalyst loading.

Fig. 3 1H NMR monitoring of sequential cyclization of 6l.
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aminodiene 6l (entry 7) was monitored by 1H NMR spectroscopy
(Fig. 3), which revealed that the rst-step cyclization was
complete within the rst four hours, while the cyclization of
secondary amine took much longer time of 66 hours.
10544 | RSC Adv., 2016, 6, 10541–10548
To ascertain the formation of cationic complex from 1 and
TB, 1H NMR monitoring of the reaction was performed. Aer
reaction, all methylene protons of ligand L1 become diaster-
eotopic, and give rise to eight doublets/multiplets in the range
of 5.44–1.00 ppm (ESI†). Moreover, a characteristic signal cor-
responding to Ph3CCH2Ph that formed as a by-product is
detected at 3.83 ppm, which provides some indirect evidence on
cationic complex formation. However, all attempts to isolate the
cationic species failed.

Based on the afore-discussed results, it is thus conclusive
that the cationic species generated from complex 1 and TB
represents one of the most active group 4 metal systems for
cyclization of both primary and secondary amine.4 On the basis
of previous studies on an oxazolinylborate-supported Zr cata-
lyst,12 a tethered bis(ureate) Zr complex,5f and an amino acid
derived [ONO]-type ligated Zr complex2b which provide solid
evidence on a proton-assisted C–N bond formation mechanism,
a plausible mechanism involving concerted C–H and C–N bond
formation is proposed in Scheme 2. Reaction of neutral complex
1 and TB generates cationic complex A, which undergoes ami-
nolysis with excess amine to form Zr–amide complex B. Based
This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Plausible mechanism.
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on the nding that A is an active precatalyst for both primary
and secondary amine transformation, Zr–imido intermediates
are excluded in this system. Intramolecular hydroamination
reaction takes place via concerted C–H and C–N bonds forma-
tion (intermediate C),2b,5f,12 followed by the disassociation of the
cyclized product. However, the possibility of alkene insertion
into Zr–amido bond cannot be unambiguously ruled out, which
requires further mechanistic investigations.
Conclusion

In summary, zirconium complexes stabilized by bridged
bis(phenolato) ligands have been prepared, which showed good
activities in catalyzing intramolecular hydroamination reac-
tions. Ancillary ligands are found to play signicant roles in
inuencing activities of complexes through tuning the steric
and electronic environment around the metal center. Various
aminoalkenes including primary and secondary amine-tethered
terminal and internal alkenes with different functional groups
were transformed into respective N-heterocycles in 85% to 99%
yields. Sequential cyclization of primary aminodienes was also
studied, which generated bicyclic tertiary amines in 94–99%
yields. Further studies on development of application of group 4
metal complexes are ongoing in our laboratory.
Experimental section
General considerations

All manipulations of air- or moisture sensitive compounds were
performed under an inert atmosphere of argon or nitrogen
using ame-dried Schlenk glassware or glovebox techniques.
Toluene and hexane were distilled over Na wire prior to use
under argon. PhCl, PhBr-d5 and PhCl-d5 were dried over CaH2.
ZrBn4 were prepared using ZrCl4 and BnMgCl.13 Ligand
precursors L1H2 (ref. 14) and L2H2 (ref. 9b) and complexes 3–5
This journal is © The Royal Society of Chemistry 2016
(ref. 7 and 8) were prepared according to literature methods.
CHCl3 was distilled under argon from P2O5. NMR spectra were
recorded on a 400 MHz spectrometer. X-ray crystallographic
data were obtained with an AXS D8 X-ray diffractometer.

Preparation of Zr(CH2Ph2)2L
1 (1)

To a solution of ZrBn4 (0.91 g, 2 mmol) in toluene (10 mL),
a solution of L1H2 (1.05 g, 2 mmol) in toluene was added at
room temperature, during which the colour of the solution
changed from orange to yellow. Aer the solution was stirred
overnight, it was ltered and concentrated to 4 mL. Crystals
suitable for X-ray diffraction analyses were obtained at room
temperature aer a few days upon standing (1.27 g, 1.6 mmol,
80%). 1H NMR (400 MHz, C6D6): d 7.60 (s, 2H, ArH), 6.97 (d, 8H,
J ¼ 23.33 Hz, ArH), 6.77 (s, 2H, ArH), 6.69 (s, 2H, ArH), 2.90 (s,
4H, ArCH2), 2.71 (s, 4H, NCH2CH2N), 2.61 (s, 4H, NCH2CH2N),
1.89 (s, 18H, o-C(CH3)3), 1.41 (s, 18H, p-C(CH3)3), 1.05 (s, 4H,
CCH2N).

13C{1H} NMR (100 MHz, C6D6): 158.2, 148.7, 140.8,
138.3, 126.9, 124.0, 123.1, 121.2 (Ar–C), 70.5 (Ar–CH2N), 59.5
(NCH2CH2N), 48.6 (NCH2CH2N), 36.1 (C(CH3)3), 34.8 (C(CH3)3),
32.4 (C(CH3)3), 30.9 (C(CH3)3). Anal. calcd for C48H66N2O2Zr: C,
72.58; H, 8.38; N, 3.53. Found: C, 72.55; H, 8.40; N, 3.51.

Preparation of Zr(CH2Ph2)2 L
2 (2)

Complex 2 was prepared in analogous to that of complex 1 from
ZrBn4 (0.91 g, 2 mmol) and L2H2 (1.02 g, 2 mmol). Yield: 1.25 g,
1.6 mmol, 80%. 1H NMR (400 MHz, C6D6): d 7.62 (d, 2H, J¼ 2.66
Hz, ArH), 7.21 (d, 2H, J¼ 8.22 Hz, ArH), 7.08 (d, 2H, J¼ 9.05 Hz,
ArH), 7.02–6.95 (m, 4H, ArH), 6.85–6.76 (m, 3H, ArH), 6.67–6.66
(m, 1H, ArH), 4.31 (d, 1H, J ¼ 9.51 Hz, ArCH2), 2.93 (s, 2H,
CCH2N), 2.76–2.66 (m, 6H, NCH2CH2CH2N), 2.54–2.48 (m, 3H,
ArCH2), 2.19–2.17 (m, 2H, NCH2C), 1.88 (s, 18H, o-C(CH3)3), 1.37
(s, 18H, p-C(CH3)3).

13C{1H} NMR (100 MHz, C6D6): 158.5, 146.2,
142.9, 142.2, 137.7, 129.7, 129.0, 127.9, 126.0, 124.5, 123.5, 122.5
(Ar–C), 79.1 (Ar–CH2N), 66.4 (Ar–CH2N), 65.2 (NCH2N), 57.4
(NCH2CH2N), 49.6 (NCH2CH2N), 36.0 (C(CH3)3), 34.8 (C(CH3)3),
32.3 (C(CH3)3), 31.2 (C(CH3)3). Anal. calcd for C47H64N2O2Zr: C,
72.35; H, 8.27; N, 3.59. Found: C, 72.33; H, 8.29; N, 3.60.

General procedure for hydroamination reactions

The reactions were carried out in a glovebox lled with nitrogen.
Complex 1 (20 mg, 0.025 mmol) and [Ph3C][B(C6F5)4] (23 mg,
0.025 mmol) were mixed in PhCl (2 mL). The solution was
stirred for ve minutes, and 6 was added subsequently. The
resulting solution was stirred at the desired temperature for the
desired time. Aer reaction, the solvent was removed under
reduced pressure and the products were isolated by column
chromatography (petroleum ether/ethyl acetate 100/1, silica gel)
and characterized by 1H and 13C NMR spectroscopy.

2-Methyl-4,4-diphenyl-pyrrolidine (7a)

7a was prepared from 6a (119 mg, 0.5 mmol) as a colourless oil
in 99% yield (117 mg). 1H NMR (400 MHz, CDCl3): d 7.21–7.12
(m, 8H, ArH), 7.05 (t, 2H, ArH), 3.56 (d, 2H, J ¼ 11.72 Hz,
NCH2C), 3.35 (d, 2H, J ¼ 11.78 Hz, NCH2C), 3.31–3.22 (m, 1H,
RSC Adv., 2016, 6, 10541–10548 | 10545
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NCH), 2.66–2.51 (m, 1H, CCH2C), 2.35 (s, 1H, NH), 1.94 (t, 1H,
CCH2C), 1.09 (d, 3H, J ¼ 7.64 Hz, CH3).

13C{1H} NMR (100 MHz,
CDCl3): 147.8, 147.1, 128.4, 128.8, 127.1, 127.1, 126.1 (Ar–C),
57.9 (NCH2), 57.2 (CPh2), 53.2 (NCH), 47.1 (CH2), 22.5 (CH3).
2-Methyl-5,5-diphenylpiperidine (7b)

7b was prepared from 6b (126 mg, 0.5 mmol) as a colourless oil
in 97% yield (122 mg). 1H NMR (400 MHz, CDCl3): d 7.40 (d, 2H,
J ¼ 7.28 Hz, ArH), 7.33 (t, 2H, ArH), 7.08–7.23 (m, 6H, ArH), 3.89
(dd, J ¼ 3.19 Hz, J ¼ 3.15 Hz, 1H), 3.09 (d, 1H, J ¼ 13.53 Hz,
NCH2C), 2.80–2.72 (m, 1H, NCH), 2.67–2.73 (m, 1H, CCH2C),
2.24–2.16 (m, 1H, CCH2C), 1.65–1.61 (m, 1H, CCH2C), 1.48 (s,
1H, NH), 1.20–1.10 (m, 1H, CCH2C) 0.99 (d, 3H, J ¼ 6.33 Hz,
CH3).

13C{1H} NMR (100 MHz, CDCl3): 149.0, 144.9, 128.4,
128.8, 128.4, 126.6, 126.0 (Ar–C), 56.0 (NCH2), 52.5 (CPh2), 45.4
(NCH), 35.6 (CH2), 31.6 (CH2), 22.6 (CH3).
2-Ethyl-4,4-diphenylpyrrolidine (7c)

7c was prepared from 6c (132 mg, 0.5 mmol) as a colourless oil
in 88% yield (117 mg). 1H NMR (400 MHz, CDCl3): d 7.28–7.10
(m, 10H, ArH), 3.64 (d, 1H, J ¼ 13.39 Hz, NCH2C), 3.35 (d, 1H, J
¼ 10.08 Hz, NCH2C), 3.13–3.08 (m, 1H, NCH), 2.74–2.70 (m, 1H,
CCH2C), 1.98–1.96 (m, 1H, CCH2C), 1.46–1.21 (m, 2H, CCH2C),
1.20 (s, 1H, NH), 0.89 (t, 3H, CH3).

13C{1H} NMR (100 MHz,
CDCl3): 147.9, 147.1, 130.0, 128.5, 128.4, 127.2, 127.1, 126.2 (Ar–
C), 59.6 (NCH2), 57.8 (NCH), 56.9 (CPh2), 45.1 (CH2), 30.5 (CH2),
11.8 (CH3).
3-Methyl-2-azaspiro[4.5]decane (7d)

7d was prepared from 6d (46 mg, 0.3 mmol) in 95% yield. 1H
NMR (400 MHz, PhBr-d5): d 2.85–2.76 (m, 1H, NCH), 2.48 (d, 1H,
J¼ 10.32 Hz, NCH2), 2.28 (d, 1H, J¼ 11.16 Hz, NCH2), 1.42–1.35
(m, 1H, CCH2C), 1.12–1.06 (m, 1H, CCH2C), 1.28 (s, 1H, NH),
1.12–1.06 (m, 10H, CCH2CH2CH2CH2CH2C), 0.83 (d, 3H, J ¼
7.64 Hz, CH3), 0.69–0.64 (m, 1H, CCH2C).
2-Methylindoline (7e)

7e was prepared from 6e (40 mg, 0.3 mmol) in 94% yield. 1H
NMR (400 MHz, PhBr-d5): d 7.19–6.44 (m, 4H, ArH), 3.39 (s, 2H,
CH2), 1.95 (s, 1H, NH), 1.65 (s, 1H, CH), 0.81 (s, 3H, CH3).
1-(4-Chlorobenzyl)-2-methyl-4,4-diphenylpyrrolidine (7f)

7fwas prepared from 6f (181mg, 0.5 mmol) as a colourless oil in
87% yield (157 mg). 1H NMR (400 MHz, CDCl3): d 7.21–7.05 (m,
14H, ArH), 3.96 (d, 1H, J ¼ 13.69 Hz, NCH2C), 3.54 (d, 1H, J ¼
9.44 Hz, NCH2C), 3.16 (d, 1H, J ¼ 14.63 Hz, NCH2C), 289–2.84
(m, 1H, NCH2C), 2.81–2.75 (m, 1H, CCH2C), 2.71 (d, 1H, J¼ 9.67
Hz, NCH2C), 2.20–2.14 (m, 1H, CCH2C), 1.10 (d, 3H, J¼ 6.00 Hz,
CCH3).

13C{1H} NMR (100 MHz, CDCl3): 150.6, 148.8, 138.9,
132.6, 130.1, 128.5, 128.1, 128.0, 127.6, 126.1, 128.0, 127.6,
125.7, 127.0, (Ar–C), 66.6 (NCH2Ph), 59.8 (NCH2), 57.5 (NCH),
52.7 (CPh2), 48.1 (CH2), 19.7 (CH3).
10546 | RSC Adv., 2016, 6, 10541–10548
N-Methyl-2-methyl-5,5-diphenylpyrrolidine (7g)

7g was prepared from 6g (126 mg, 0.5 mmol) as a colourless oil
in 95% yield (119 mg). 1H NMR (400 MHz, CDCl3): d 7.33–7.13
(m, 10H, ArH), 3.82 (d, 1H, J ¼ 8.96 Hz, NCHC), 2.92–2.87 (m,
2H, NCH2C), 2.56–2.48 (m, 1H, CCH2C), 2.38 (s, 1H, NCH3),
2.27–2.21 (m, 1H, CCH2C), 1.16 (d, 3H, J ¼ 6.06 Hz, CCH3).

13C
{1H} NMR (100 MHz, CDCl3): 128.4, 128.3, 127.6, 127.3, 126.0,
125.7 (Ar–C), 70.5 (NCH3), 62.1 (NCH2), 52.8 (CPh2), 48.7 (NCH),
40.7 (CH2), 19.1 (CCH3).

N-Methyl-2-methyl-5,5-diphenylpiperidine (7h)

7h was prepared from 6h (132 mg, 0.5 mmol) as a colourless oil
in 97% yield (129 mg). 1H NMR (400 MHz, CDCl3): d 7.41 (d, 2H,
J ¼ 8.28 Hz, ArH), 7.27–7.11 (m, 8H, ArH), 3.47 (d, 1H, J ¼ 11.8
Hz, NCHC), 2.40–2.44 (m, 1H, NCH2C), 2.28 (s, 1H, NCH3), 2.19–
2.11 (m, 1H, NCH2C), 1.58–1.51 (m, 1H, CCH2C), 1.31–1.21 (m,
1H, CCH2C), 1.02 (d, 3H, J ¼ 6.06 Hz, CCH3).

13C{1H} NMR (100
MHz, CDCl3): 149.1, 146.9, 128.9, 128.1, 127.8, 127.2, 126.8,
125.8, 125.3 (Ar–C), 66.0 (NCH3), 59.0 (NCH2), 46.8 (CPh2), 43.2
(NCH), 35.2 (CH2), 31.0 (CH2), 19.7 (CH3).

1-Benzyl-2-methyl-4,4-diphenylpyrrolidine (7i)

7iwas prepared from 6i (164mg, 0.5 mmol) as a colourless oil in
85% yield (139 mg). 1H NMR (400 MHz, CDCl3): d 7.37–7.08 (m,
15H, ArH), 4.06 (d, 1H, J ¼ 14.84 Hz, NCH2C), 3.61 (d, 1H, J ¼
9.86 Hz, NCH2C), 3.22 (d, 1H, J ¼ 12.75 Hz, NCH2C), 2.93–2.88
(m, 1H, NCHC), 2.84–2.81 (m, 2H, CCH2C), 2.76 (d, 1H, J ¼ 9.66
Hz, NCH2C), 2.22–2.17 (m, 1H, CCH2C), 1.15 (d, 3H, J¼ 6.08 Hz,
CCH3).

13C{1H} NMR (100 MHz, CDCl3): 150.8, 146.9, 148.9,
140.3, 128.8, 128.4, 128.3, 128.0, 127.6, 127.5, 127.0, 126.0, 125.6
(Ar–C), 66.7 (NCH2Ph), 59.9 (NCH2), 58.2 (NCH), 52.7 (CPh2),
48.2 (CH2), 19.7 (CH3).

2-Methyl-1-(4-nitrobenzyl)-4,4-diphenylpyrrolidine (7j)

7j was prepared from 6j (186 mg, 0.5 mmol) as a colourless oil in
97% yield (181 mg). 1H NMR (400 MHz, CDCl3): d 8.06 (d, 2H, J
¼ 12.00 Hz, ArH), 7.42 (d, 2H, J ¼ 7.63 Hz, ArH), 7.15–7.02 (m,
10H, ArH), 3.99 (d, 1H, J ¼ 16.38 Hz, NCH2C), 3.49 (d, 1H, J ¼
11.62 Hz, NCH2C), 3.30 (d, 1H, J ¼ 13.73 Hz, NCH2C), 2.85–2.78
(m, 2H, CCH2C), 2.73 (d, 1H, J¼ 9.79 Hz, NCH2C), 2.20–2.14 (m,
1H, NCHC), 1.07 (d, 3H, J ¼ 5.10 Hz, CCH3).

13C{1H} NMR (100
MHz, CDCl3): 150.2, 148.5, 148.4, 147.2, 129.2, 128.4, 128.1,
127.5, 127.2, 126.1, 125.8, 123.7 (Ar–C), 66.6 (NCH2Ph), 59.8
(NCH2), 57.5 (NCH), 52.8 (CPh2), 47.8 (CH2), 19.9 (CH3).

1-(4-Methoxybenzyl)-2-methyl-4,4-diphenylpyrrolidine (7k)

7k was prepared from 6k (179 mg, 0.5 mmol) as a colourless oil
in 88% yield (157 mg). 1H NMR (400 MHz, CDCl3): d 7.30–7.09
(m, 12H, ArH), 6.86 (d, 2H, J ¼ 8.18 Hz, ArH), 4.01 (d, 1H, J ¼
14.37 Hz, NCH2C), 3.80 (s, 3H OCH3), 3.62 (d, 1H, J ¼ 10.09 Hz,
NCH2C), 3.18 (d, 1H, J ¼ 18.95 Hz, NCH2C), 2.95–2.89 (m, 1H,
NCHC), 2.83–2.80 (m, 1H, CCH2C), 2.75 (d, 1H, J ¼ 10.20 Hz,
NCH2C), 2.23–2.18 (m, 1H, CCH2C), 1.17 (d, 3H, J ¼ 5.36 Hz,
CCH3).

13C{1H} NMR (100 MHz, CDCl3): 158.7, 150.87, 149.0,
132.3, 129.9, 128.3, 128.0, 127.6, 127.5, 126.0, 125.6, 113.8 (Ar–
This journal is © The Royal Society of Chemistry 2016
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C), 66.5 (NCH2Ph), 59.8 (NCH2), 57.5 (NCH), 55.5 (OCH3), 52.6
(CPh2), 48.2 (CH2), 19.7 (CH3).

2,6-Dimethyl-4-phenyl-1-azabicyclo[2.2.1]hexane (7l)

7l was prepared from 6l (60 mg, 0.3 mmol) in 94% yield. 1H
NMR (400 MHz, PhCl-d5) (7lA : 7lB z 1.2 : 1) (7lA): d 7.27–6.98
(m, 5H, ArH), 3.16–3.27 (m, 2H, NCHNCH), 2.58 (d, 2H, J ¼
11.70 Hz, NCH2C), 1.69–1.60 (m, 2H, CCH2C), 1.38–1.19 (m, 2H,
CCH2C), 1.13 (d, J ¼ 1.71 Hz, 3H CH3), 1.11 (d, J ¼ 2.52 Hz, 3H,
CH3); (7lB) d 7.27–6.98 (m, 5H, ArH), 2.84–2.71 (m, 2H,
NCHNCH), 1.89–1.84 (m, 2H, NCH2C), 1.38–1.19 (m, 2H,
CCH2C), 1.16 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.91–0.86 (m, 2H,
CCH2C).

2,8-Dimethyl-5-phenyl-1-azabicyclo[3.3.1]nonane (7m)

7m was prepared from 6m (69 mg, 0.3 mmol) in 99% yield. 1H
NMR (400MHz, PhCl-d5): d 7.42–7.07 (m, 5H, ArH), 3.40 (d, 1H, J
¼ 13.87 Hz, NCH2), 3.03–2.96 (m, 1H, NCH), 2.86 (s, 1H, NCH),
2.63 (d, 1H, J ¼ 13.43 Hz, NCH2), 1.87–1.62 (m, 6H, CH3), 1.36–
1.06 (m, 8H, CH2).

X-ray crystallographic structure determination

Suitable single crystals of complexes 1 and 2 were sealed in
a thin-walled glass capillary for determination the single-crystal
structures. Intensity data were collected with a Rigaku Mercury
CCD area detector in u scan mode using Mo-Ka radiation (l ¼
0.71070�A). The diffracted intensities were corrected for Lorentz/
polarization effects and empirical absorption corrections.

The structures were solved by direct methods and rened by
full-matrix least-squares procedures based on |F|2. The
hydrogen atoms in these complexes were generated geometri-
cally, assigned appropriate isotropic thermal parameters, and
were allowed to ride on their parent carbon atoms. All of the
hydrogen atoms were held stationary and included in the
structure factor calculation in the nal stage of full-matrix least-
squares renement. The structures were solved and rened
using SHELEXL-97 programs.
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