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1. INTRODUCTION

The addition of amine across carbon�carbon double or triple
bond, also known as hydroamination reaction, is an important
chemical transformation which offers an efficient, atom economical
route to nitrogen-containing molecules that are useful as fine
chemicals for pharmaceuticals, synthetic materials, or chiral build-
ing blocks.1�4 The hydroamination of unsaturated organic com-
pounds to their nitrogen containing analogues or N-containing
heterocyclic compounds via intermolecular or intramolecular hy-
droamination has been reported to be catalyzed by various catalysts

including alkali metals,5acids,6 early transitionmetal (Group IV),7,8

and late transition metal such as Rh,9 Pd,10 and Ni11,12 complexes.
Zn-complexes have been increasingly considered for hydro-

amination reactions because of their lesser cost as well as proven
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ABSTRACT: Various aminotroponiminate-/aminotroponate-zinc
complexes functionalized mesoporous silica catalysts were synthe-
sized. These included [N-propyl-2-(propylamino)troponiminato]
zinc methyl (ZnDPRT), [N-propyl-2-(phenylamino)troponi-
minato] zinc methyl (ZnDPHT), and [2-(propylamino)
troponato] zinc methyl (ZnPRT) functionalized mesoporous silica
catalysts. The catalysts were characterized by various structural
(small angle XRD and gas sorption) and compositional (solid-state
NMR, XPS, FTIR, and thermogravimetric and elemental analyses)
techniques. Their catalytic activities for intramolecular hydroamina-
tion of nonactivated alkenes with varied steric and electronic
properties were investigated. The catalysts’ properties were generally
found to differ from one another. This is mainly attributed to (1)
fluorosilicate formation during the synthesis of the aminotroponiminate (ATI) ligands on themesoporous silica, (2) the higher reaction
efficiency of the nucleophilic substitution reaction of aminopropyl-functionalized mesoporous silica (API) with tropolone
p-toluenesulfonate forming 2-(propylamino)troponato- [or aminotroponate (ATO) ligand]-functionalized sample (PRT), compared
to that of the ATI ligands, where 2-(alkylamino)tropones or 2-(arylamino)tropones are activated with Et3OBF4 forming corresponding
vinylgous ethers which then undergo aminolysis with the API precursor, and (3) the different compositional and structural
characteristics of the amine/imine (ATI) or amine/carbonyl (ATO) chelation sites. To better understand the catalytic capabilities
of the synthesized catalysts, a broader functional group compatibility study was also performed. It was found that decreased bite angles
(Thorpe�Ingold effect) and increased electron donation of the p-substituted benzylic side arm of the substrates resulted in slightly
increased conversion efficiencies in the hydroamination reaction. Overall, the 2,2-diphenyl cyclizing agents formed their corresponding
N-containing 5-membered heterocycles at 74�94% conversion in 8 h under reflux conditions while the 2,2-dimethyl species exhibited
59�81% conversion of 12 h.

KEYWORDS: intramolecular hydroamination, non-activated alkene, β-aminoalcohol, mesoporous catalyst, aminotroponiminate/
aminotroponate-zinc, heterogeneous catalyst
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catalytic activities in hydroamination reactions. Roesky and
Blechert, along with their co-workers, have recently published
a number of papers related to the synthesis of different types of
zinc-aminotroponiminate (Zn-ATI) complexes and their use as
homogeneous catalyst for hydroamination reactions.13�18 By
changing the substituents on the aminotroponiminate ligands,
they also showed that the catalytic activities of these Zn-
complexes can be improved.

Very recently, we have reported the synthesis of the first zinc-
aminotroponiminate containing heterogeneous catalyst by tether-
ing 2-(propylamino)troponato] zinc methyl onto mesoporous
silica (ZnDPRT) and showed its catalytic activity in the intramo-
lecular hydroamination of 2,2-diphenyl-4-pentenyl)-(4-nitro-
benzyl)amine.19 The material’s catalytic activity was found to
compete well with homogeneous organometallic catalysts,20�28

and analogous homogeneous zinc-aminotroponiminate (Zn-ATI)
and zinc-aminotroponate (Zn-ATO) catalysts.14,15,29�32 Further-
more, the catalyst was found to be recyclable up to five times.

However, in our previous study, there were yet unresolved
issues related to the ZnDPRT synthesis because of unexpected
compositional and structural findings.19 The elemental analysis
data showed a loss of organic (C, H, and N) content when
N-propyl-2-(propylamino)troponimine (DPRT)-functionalized
mesoporous silica was synthesized from the reaction between
methyl-capped amine-functionalized mesoporous silica (CAPI)
and ethylated 2-(propylamino)tropone. New surface properties
shown in the solid-state 29Si NMR, FTIR, TGA, and XPS results,
as well as the vibrant yellow color of DPRT, proved ligand
formation was successful. Additionally, the formation of Zn�O
bonds during complexation of ZnMe2 onto DPRT to form
ZnDPRT was observed despite attempts to cap remaining
silanols with trimethylsilyl groups, rendering them inert. New
observations to be reported here are used to discuss and resolve
these discrepancies and shed some more light into the materials
chemistry and catalytic activities. Furthermore, our studies here
are expanded by the synthesis of two new functionalized
SBA-15, Zn-ATI, and Zn-ATO type catalysts, that is, [N-pro-
pyl-2-(phenylamino)troponiminato] zinc methyl (ZnDPHT)
and [2-(propylamino)troponato] zinc methyl (ZnPRT),
respectively (Figure 1). The synthesis of the latter materials
was accomplished by preparing N-propyl-2-(phenylamino)
troponiminato (ATI) or 2-(propylamino)troponato (ATO)
ligands by sequential coupling reactions onto propylamine-
functionalized mesoporous silica (API), and then letting the

ligands react with ZnMe2. An example of this synthetic
procedure is shown in Figure 2. A broader functional group
compatibility study in the hydroamination reaction in the pre-
sence of these catalysts has also been performed. To accomplish
this, (2,2-diphenyl-4-pentenyl)-(4-nitrobenzyl)amine, (2,2-di-
phenyl-4-pentenyl)benzylamine, and (2,2-diphenyl-4-pentenyl)-
(4-hydroxybenzyl)amine were synthesized for comparison of
how electron withdrawal from or donation to the secondary
amine affects catalytic efficiency (Scheme 1). To study changes in
Thorpe�Ingold effect, (2,2-dimethyl-4-pentenyl)-(4-nitrobenzyl)-
amine, (2,2-dimethyl-4-pentenyl)benzylamine, and (2,2-dimeth-
yl-4-pentenyl)-(4-hydroxybenzyl)amine were also synthesized
for comparison of how less bulky geminal methyl substituents
at the β-position with respect to the amino groups affect the
conversion rate of intramolecular hydroamination forming the
corresponding nitrogen heterocycles.

In addition, in our previous studies,19 remaining silanols that
were present after 3-aminopropyltrimethoxysilane grafting were
capped before the formation of DPRT-functionalized mesopor-
ous material via post modification. The synthesis of the DPRT-
functionalized mesoporous material was accomplished by 2-
(propylamino)tropone activation with Et3OBF4 forming the
corresponding vinylgous ether which then will undergo amino-
lysis with surface aminopropyl groups of the API mesoporous
material. Further recent studies,33 however, proved that Et3OBF4
serves as a mild silica etchant and excellent fluorinating agent,
resulting in even cleavage of some of the trimethylsilyl capping
groups. Because of the observed cleavage of trimethylsilyl capping
species upon treatment with the fluorinating agent Et3OBF4, the
silanol capping step was performed after synthesis of the ATI/
ATO ligands in this study. This has provided us further insightful
information regarding the best approaches to make Zn-ATI/Zn-
ATO type heterogeneous catalysts for hydroamination reactions.

2. EXPERIMENTAL SECTION

Chemicals. Tetraethyl orthosilicate (TEOS), 3-aminopropyl-
trimethoxysilane (APTMS), propylamine, N,N-dimethylanili-
nium tetra(pentafluorophenyl)borate, sodium hydroxide (NaOH),
dichloromethane (CH2Cl2), MgSO4, hexane, ethyl acetate, and
hexamethyldisilazane (HMDS) were all obtained from Sigma-
Aldrich and they were used as received without further purifica-
tion. Anhydrous toluene and ethanol were obtained from Fischer
Scientific.

Figure 1. Schematic of mesoporous catalysts [N-propyl-2-(propylamino)troponiminato] zinc methyl (ZnDPRT) (A), [N-propyl-2-(phenylamino)
troponiminato] zinc methyl (ZnDPHT) (B), and [2-(propylamino)troponato] zinc methyl (ZnPRT) (C). (Please note that the binding of the silyl
groups is shown via two siloxane bonds for the sake of simplicity; this does not necessarily mean all the ligands were bound to the mesoporous silica
surface with two siloxanes; some could be attached via one or two siloxanes).
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General Methods and Instrumentation. Syntheses were
performed under argon atmosphere in dried glassware unless
otherwise noted. Reaction solvents were dried with 4 Å, 3.2 mm
molecular sieves (Sigma-Aldrich). All other reagents were ob-
tained from commercial sources and used as received. Thin-layer
chromatography was performed with silica gel 60 F254 plates
(EM Science). Column chromatography was performed with
63�200 mesh, 60 Å silica gel (MP Silitech). Solution 1H and 13C
NMR spectra were obtained using a Br€uker DPX-300 NMR
spectrometer. Solid-state 29Si and 13C CP-MAS spectra were
obtained using a 300 MHz Br€uker Avance NMR spectrometer.
For 29Si CP-MAS NMR experiments, 7.0 kHz spin rate, 10 s
recycle delay, 10 ms contact time, π/2 pulse width of 5.6 μs, and
710�16384 scans using TPPM 1H decoupling were employed.
For 13C CP-MAS NMR experiments, 7.0 kHz spin rate, 5 s
recycle delay, 1 ms contact time, π/2 pulse width of 5.2 μs, and
10,000�61,000 scans using TPPM 1H decoupling were em-
ployed. Solution 1H- and 13CNMR spectra were obtained using a
Br€uker DPX-300 NMR spectrometer. FTIR spectra were ob-
tained using a Thermo-Nicolet IR200 spectrometer with samples
loaded onto a KBr disk (25 � 4 mm). Thermogravimetric
analysis (TGA) or decomposition profiles were acquired for
mesoporous materials with a Q500 series thermogravimetric
analyzer (TA Instruments). The TGA data were collected under
nitrogen atmosphere (60 cm3/min) in the temperature range of
25�800 �C at a rate of 10 �C/min. Gas adsorption isotherms
were obtained using a Micromeritics Tristar 3000 surface area
and porosity analyzer. Samples were degassed at 160 �C for
12�16 h and run at 77 K under nitrogen gas adsorption/
desorption. The specific surface area (SBET) was calculated
according to the Brunauer�Emmett�Teller (BET) method
from the adsorption isotherms. Pore size distributions were
obtained using the Barrett�Joyner�Halenda (BJH) method
from the adsorption branch of the N2 sorption isotherm. Powder
X-ray diffraction (XRD) profiles were obtained using a Scintag
powder diffractometer. X-ray photoelectron spectroscopy (XPS)

was performed using an XSAM 800 surface analysis system
(Kratos) equipped with a Mg KR X-ray source. A carbon
contamination peak with binding energy of 284.8 eV was used
as a reference. Elemental analyses of all the materials were carried
out by QTI-Intertek (Whitehouse, NJ).
Synthesis of 2-(Propylamino)tropone. Synthesis was

achieved with 62% overall yield as discussed previously19 with
a slightly modified procedure from previous literature.14,34

Briefly, 2-(tosyloxy)tropone35 (2.1 g, 7.7 mmol) was dissolved
in excess propylamine (15 mL) at 0 �C under stirring. The
solution was allowed to stir overnight while warming to room
temperature. The reaction was stopped and remaining propyla-
mine was removed under reduced pressure leaving an oily
residue. The residue was taken up with 2 M NaOH (15 mL)
and CH2Cl2 (30 mL) and extracted (CH2Cl2, 2 � 30 mL). The
combined organic extracts were washed with brine, dried with
MgSO4, and purified by column chromatography (7:1 hexane:
EtOAc) to give 1.1 g of the oily brown residue N-(propylamino)
tropone (88%).

Figure 2. Schematic for the synthesis of mesoporous catalyst, ZnDPHT. The other two catalysts, ZnDPRT and ZnPRT, were also synthesized by
following a similar procedure. (Please note that the binding of the silyl groups is shown via two siloxane bonds for the sake of simplicity; this does not
necessarily mean all the ligands were bound to the mesoporous silica surface with two siloxanes; some could be attached via one or three siloxanes).

Scheme 1. Intramolecular Hydroamination of Non-Acti-
vated Alkenes with Varied Steric and Electronic Properties
Catalyzed by Aminotroponiminate (ATI)/Aminotroponate
(ATO) Zinc Complexes Functionalized Mesoporous Silica
Catalysts
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1H NMR (CDCl3, 300 MHz): δ 1.04 (t, �CH2CH2CH3, J =
12.2 Hz, 3H), 1.79 (sextet,�CH2CH2CH3, J = 7.2 Hz, 2H), 3.29
(q, �CH2CH2CH3, J = 6.6 Hz, 2H), 6.54 (d, J = 10.2 Hz, 1H),
6.67 (t, J = 9.3 Hz, 1H), and 7.13�7.30 (m, 3H) ppm. 13C NMR
(CDCl3, 300 MHz): δ 12.09 (C10), 22.19 (C9), 45.04 (C8),
109.00 (C6), 122.37 (C2), 128.76 (C4), 136.69 (C5), 137.65
(C3), 156.11 (C1�N), and 177.02 (C7dO) ppm.
Synthesis of 2-(Phenylamino)tropone. Synthesis was

performed according to previously reported literature.36 2-
(Tosyloxy)tropone (1.60 g, 5.8 mmol) was dissolved in EtOH
(30 mL) and refluxed with aniline (0.56 mL, 6.1 mmol) for 24 h.
The solvent was evaporated, and the crude was purified by
column chromatography (4:1 hexane:EtOAc) to afford an
oily brown residue (609 mg, 54%). 1H NMR (CDCl3,
300 MHz): δ 6.79 (tdd, J = 12.2 Hz, 3H), 7.11�7.19 (m, 2H)
(sextet, �CH2CH2CH3, J = 7.2 Hz, 2H), 7.21�7.39 (m, 5H),
7.45 (m, 2H), and 8.78 (br. s, 1H) ppm. 13C NMR (CDCl3, 300
MHz): δ 110.9, 124.6, 125.0, 126.4, 130.1, 131.0, 136.4, 137.9,
138.7, 154.1, and 177.4 ppm.
Synthesis of (2,2-Diphenyl-4-pentenyl)benzylamine.Synthe-

sis was performed according to previously reported literature.21 1H
NMR (CDCl3, 300 MHz): δ 0.91 (br s, 1H), 3.09 (d, J = 6.9 Hz),
3.25 (s, 2H), 4.92�5.06 (m, 2H), 5.37 (tdd, J = 6.9, 10.2, 17.1 Hz,
1H), 3.76 (s, 2H), and 7.19�7.30 (m, 16H) ppm. 13C NMR
(CDCl3, 300 MHz): δ 41.4, 50.1, 54.1, 55.2, 117.5, 125.9, 126.1,
126.6, 127.7, 127.8, 127.9, 128.0, 128.1, 134.8, 140.7, and
146.8 ppm.
Synthesis of (2,2-Diphenyl-4-pentenyl)-(4-hydroxyben-

zyl)amine. Synthesis was performed according to previously
reported literature.21 1HNMR (CDCl3, 300MHz):δ 3.03 (d, J =
6.9 Hz), 3.03 (d, J = 6.9 Hz), 3.17 (s, 2H), 3.63 (s, 2H),
4.89�5.03 (m, 2H), 5.33 (m, 1H), 6.69 (d, 8.7 Hz, 2H), 7.00
(d, 12 Hz, 2H), and 7.04�7.29 (m, 12H) ppm. 13C NMR
(CDCl3, 300 MHz): δ 41.5, 50.0, 53.5, 55.0, 115.0, 17.6, 125.9,
127.9, 129.2, 134.7, and 146.6 ppm.
Synthesis of (2,2-Dimethyl-4-pentenyl)benzylamine. Syn-

thesis was performed according to previously reported literature.21
1H NMR (CDCl3, 300 MHz): δ 1.00 (s, 6H), 1.25 (br. s, 1H),
2.12 (dd, J = 7.5, 8.4 Hz, 1H), 2.46 (s, 2H), 3.87 (s, 2H),
5.08�5.27 (m, 2H), 5.90 (m, 1H), and 7.32�7.40 (m, 5H)
ppm. 13C NMR (CDCl3, 300 MHz): δ 26.1, 34.9, 45.2, 60.2,
117.3, 127.3, 128.5, 128.8, 136.1, and 141.6 ppm.
Synthesis of (2,2-Dimethyl-4-pentenyl)-(4-hydroxyben-

zyl)amine. Synthesis was performed according to previously
reported literature.21 1H NMR (CDCl3, 300 MHz): δ 0.87 (s,
6H) 2.01 (d, J = 7.5 Hz, 1H), 2.38 (s, 2H), 4.98�5.03 (m, 2H),
5.71�5.88 (m, 1H), 6.70 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.4 Hz,
2H). 13CNMR (CDCl3, 300MHz):δ 26.0, 34.6, 45.2, 54.7, 60.1,
116.1, 117.5, 130.0, and 135.6 ppm.
Synthesis of (2,2-Dimethyl-4-pentenyl)-(4-nitrobenzyl)amine.

Synthesis was performed according to previously reported
literature.21 1H NMR (CDCl3, 300 MHz): δ 0.88 (s, 6H), 1.31
(br. s, 1H), 2.00�2.03 (m, 2H), 2.33 (s, 2H), 3.88 (s, 2H),
4.97�5.02 (m, 2H), 5.70�5.85 (m, 1H), 7.50 (d, J = 8.7 Hz, 2H),
8.15 (d, J = 8.7 Hz, 2H) ppm. 13C NMR (CDCl3, 300 MHz): δ
25.8, 34.7, 45.0, 54.2, 60.0, 117.3, 123.8, 128.8, 128.9, 135.8, 147.2,
and 149.4 ppm.
Synthesis ofN-Propyl-2-(propylamino)troponimine Func-

tionalized Mesoporous Material (DPRT). The synthesis of the
catalysts was achieved following the procedure shown in Figure 2.
First 3-aminopropyl-functionalized SBA-15 (API) was synthe-
sized by stirring 3-aminopropyltrimethoxysilane (APTMS) in

solution of calcined SBA-15 dispersed in isopropanol as per-
formed previously.19 A reaction mixture containing ethylated
N-(propylamino)tropone was prepared by adding 1 M EtO3BF4
(2.50 mL, 2.50 mmol) in CH2Cl2 dropwise into a solution
N-(propylamino)tropone (0.41 g, 2.50 mmol) in CH2Cl2
(8 mL) and stirring the solution for 3 h. This reaction mixture
was then mixed with API (1.0 g) in CH2Cl2 (100mL) and stirred
at room temperature for 16 h forming a yellow N-propyl-
2-(propylamino)troponimine functionalized mesoporous silica
powder, labeled as DPRT. Remaining silanol groups were then
capped by stirring DPRT (0.8 g) in toluene (50 mL) with excess
hexamethyldisilazane (HMDS) (5 mL) at room temperature for
24 h to form methyl-capped DPRT (or CDPRT). The resulting
yellowmesoporous powder (CDPRT) was recovered by vacuum
filtration and washed copiously with ethanol (95%). Thematerial
was dried overnight at 85 �C and stored in a desiccator for future
use. The same procedure was utilized to produce DPHT/
CDPHT (Figure 2).
Synthesis of N-(Propylamino)tropone Functionalized

Mesoporous Material (PRT).API (1.0 g) was dispersed in EtOH
(95%, 100 mL) via sonication. 2-(Tosyloxy)tropone35 (0.56 g)
was then added to the API solution. The resulting mixture was
then stirred for 16 h under reflux. The resulting yellow-green
product, N-(propylamino)tropone functionalized mesoporous
silica (PRT), was then separated via vacuum filtration and washed
with CH2Cl2 (500 mL), dried overnight at 85 �C, and stored in a
desiccator until further use. Capping of PRT with methyl groups
usingHMDSwas performed as with CDPRT/CDPHT, yielding a
light yellow mesoporous powder (CPRT).
Synthesis of [N-Propyl-2(propylamino)troponiminato]

Zinc Methyl Functionalized Mesoporous Catalyst (ZnDPRT).
A solution of 0.5 g of DPRT in dry toluene (100 mL) was
prepared via sonication. Then 0.5 mL of 2 M ZnMe2 (1.0 mmol
in toluene) was added dropwise to the reaction vessel and
allowed to stir at room temperature for 6 h. The resulting yellow
powder (ZnDPRT catalyst) was recovered by vacuum filtration
and washed with 500 mL of ethanol (95%). The material was
dried overnight at 85 �C and stored in a desiccator for future use.
The same procedure was utilized to produce ZnDPHT and
ZnPRT catalysts.
Intramolecular Hydroamination Catalysis. Experiments

were performed as in previously published studies.19 In a typical
cyclization experiment, ZnDPRT (20 mg) was suspended
via sonication in 5 mL of toluene followed by addition of
cyclizing agent (0.15 mmol) and N,N-dimethylanilinium tetra-
(pentafluorophenyl)borate (20 mg, 0.024 mmol). The reaction
mixture was heated to 120 �C and stirred until completion.
Products were isolated via column chromatography. Their
yields were determined via gas chromatography (GC) and
1H NMR spectroscopy. The 1H NMR results are included
below.
Intramolecular HydroaminationCatalysis Products. 2-Methyl-

1-benzyl-4,4-diphenylpyrrolidine. 1H NMR (CDCl3, 300 MHz): δ
1.20 (d, J = 6Hz, 3H), 2.21�2.28 (m, 1H), 2.80�2.99 (m, 3H), 3.29
(d, 13.2 Hz, 1H), 3.68 (d, J = 9.9 Hz, 1H), 4.13 (d, J = 13.2 Hz 1H),
and 7.12�7.42 (m, 15H) ppm. 13C NMR (CDCl3, 300 MHz): δ
19.9, 30.2, 48.4, 53.0, 55.8, 58.5, 60.1, 66.9, 125.9, 126.3, 127.2,
127.7, 127.9, 128.1, 128.3, 128.6, 128.7, 129.1, 140.5, 149.1, and
151.0 ppm.
1-(4-Hydroxybenzyl)-2-methyl-4,4-diphenylpyrrolidine. 1H NMR

(CDCl3, 300 MHz): δ 1.20 (d, J = 6 Hz, 3H), 2.24�2.29 (m, 1H),
2.85�2.95 (m, 3H), 3.22 (d, 12.9 Hz, 1H), 3.64�3.69 (m, 1H),
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4.02 (d, J = 12.9 Hz 1H), 6.73�6.80 (m, 2H), and 7.10�7.30
(m, 12H) ppm. 13C NMR (CDCl3, 300 MHz): δ 19.2, 30.9, 45.2,
47.8, 52.4, 57.3, 59.5, 66.0, 115.1, 125.4, 125.7, 127.1, 127.3, 127.8,
128.1, 131.2, 148.6, 150.2, and 154.7 ppm.
1-Benzyl-2-methyl-4,4-dimethylpyrrolidine. 1HNMR (CDCl3,

300 MHz): δ 0.98 (s, 3H), 1.08 (s, 3H), 1.15 (d, J = 6 Hz, 3H),
1.32 (dd, J= 9, 12.3, 21.3Hz, 1H), 1.60�1.76 (m, 1H), 1.94 (d, J=
9 Hz, 1H), 2.50�2.60 (m, 1H), 2.65 (d, J = 9.3 Hz, 1H), 3.11 (d,
J = 13.2 Hz, 1H), 4.10 (d, J = 13.2 Hz, 1H), and 7.22�7.34
(m, 5H) ppm. 13C NMR (CDCl3, 300 MHz): δ 19.9, 29.6, 31.0,
35.8, 49.5, 58.4, 60.2, 68.8, 127.0, 128.5, and 129.1 ppm.
2-Methyl-1-(4-hydroxybenzyl)-4,4-dimethylpyrrolidine.Because

of decomposition of this product during catalyst and column
chromatography, data was obtained from crude mixture of starting
reagent and product. 1HNMR (CDCl3, 300MHz): δ 1.03 (s, 3H),
1.08 (s, 3H), 1.26 (d, J = 6.3 Hz, 3H), 1.46 (dd, J = 10.2, 12.9, 23.1
Hz, 1H), 1.81�1.88 (m, 1H), 1.96�2.04 (m, 1H), 2.50�2.60 (m,
1H), 2.44 (d, J=10.2Hz, 1H), 3.23 (d, J=12.9Hz, 1H), 4.00 (d, J=
13.2 Hz, 1H), 6.64 (d, J = 8.4 Hz, 2H), 6.68�6.74 (m, 2H), and
6.96�7.20 (m, 5H) ppm. 13C NMR (CDCl3, 300 MHz): δ 18.2,
24.9, 29.6, 30.0, 35.1, 36.0, 40.4, 41.3, 44.4, 48.6, 52.5, 58.0, 61.5,
67.7, 113.6, 115.8, 116.5, 117.9, 125.7, 128.6, 129.4, 129.8, 130.3,
130.4, 130.5, and 131.4 ppm.
2-Methyl-1-(4-nitrobenzyl)-4,4-dimethylpyrrolidine. 1H NMR

(CDCl3, 300MHz):δ 0.99 (s, 3H), 1.09 (s, 3H), 1.13 (d, J = 6Hz,
3H), 1.32 (dd, J = 8.7, 12.3, 21 Hz, 1H), 1.72�1.79 (m, 1H), 1.92
(d, 8.7 Hz, 1H), 2.57�2.62 (m, 2H), 3.21 (d, J = 14.4, 1H), 4.04
(d, J = 14.4 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), and 8.15 (d, J = 8.7
Hz, 2H) ppm. 13C NMR (CDCl3, 300 MHz): δ 20.0, 29.4, 31.0,
36.1, 49.3, 57.8, 60.4, 69.0, 123.8, 129.4, and 149.0 ppm.

3. RESULTS AND DISCUSSION

Synthesis. Three different aminotroponiminate (ATI) or ami-
notroponate (ATO) zinc methyl complexes functionalized meso-
porous silica heterogeneous catalysts were synthesized for
intramolecular hydroamination of nonactivated alkenes with var-
ied steric and electronic properties. By varying the catalysts and the
substrates, we investigated the properties related to bite angles
(Thorpe�Ingold effect) and electron donation of the p-substi-
tuted benzylic side arm of the substrates with respect to catalytic
activities. The catalysts included [N-propyl-2-(propylamino)
troponiminato] zinc methyl (ZnDPRT), [N-propyl-2-(phenyla-
mino)troponiminato] zinc methyl (ZnDPHT), and [2-
(propylamino)troponato] zinc methyl (ZnPRT) functionalized
mesoporous silica catalysts (Figure 1). They were synthesized by
preparing N-propyl-2-(propylamino)troponiminato, N-propyl-
2-(phenylamino)troponiminato or 2-(propylamino)troponato
ligands onto 3-aminopropyl functionalized mesoporous silica
(API), and then letting ZnMe2 react with the ligands, as shown
in Figure 2. The structures and compositions of catalysts as well as
their catalytic activities in the intramolecular hydroamination
reaction of a series of reactants were then studied.
Structural Analyses.N2 gas sorption studies were performed

to monitor the changes in surface area, pore size distribution, and
pore volume at all stages of catalyst preparation. The isotherms
and their corresponding BJH pore size distributions (PSDs) for
ZnDPRT, ZnDPHT, and ZnPRT, as well as their precursors, are
shown in Figure 3. The structural data for all steps in the
synthesis each catalyst is displayed in Table 1.
The parent SBA-15 (not shown) had a BET surface area of 841

m2/g, an average pore diameter of 6.2 nm, and an average pore

volume of 0.90 cm3/g. Upon APTMS grafting and forming API,
the surface area and pore volume showed significant decrease to
499 m2/g and 0.64 cm3/g, respectively, while the average pore
diameter showed only minor reduction (6.2 Å�). The nitrogen
sorption isotherm shows a type IV isotherm with sharp capillary
condensation from P/Po = 0.60 to 0.75, indicating the presence
of uniformmesopores in the materials. The use of Et3OBF4 as an
ethylating agent toward imine formation with surface aminopro-
pyl groups for the synthesis of DPRT and DPHT has, as
discussed in our previous report,33 also been found to cause
fluorination and mild etching of the silica surface because of the
nucleophilic substitution of F� (from the equilibrium reaction of
BF4

�TBF3þ F�) with surface silanols or cleavage of Si�O�Si
bonds within the fully condensed mesostructure.33 Pore diameter
increases to 7.2 and 6.7 nm for DPRT and DPHT, respectively,
with concomitant reduction of surface area to 320 and 368 m2/g
were observed. The nitrogen sorption isotherms for both sam-
ples shift toward larger P/Po. After capping and ZnMe2 addition
the average pore diameter is decreased to 6.2 nm (ZnDPRT) and
6.1 nm (ZnDPHT). The nitrogen sorption isotherms of both
samples exhibit a much broader P/Po range of ∼0.42�0.75 and
slight volume reductions, indications that ZnMe2 addition causes
some pore constriction or bottlenecking. It may be noticed,
however, that the surface areas of ZnDPRT and ZnDPHT both
exhibit slightly increased surface areas (358 and 371m2/g) which
may be due to the loss of unreacted/physisorbed 2-alkylamino-
tropone that was not successfully removed via EtOH washings
after DPRT and DPHT syntheses, but was after the capping step
where the catalyst is stirred in toluene for 24 h. Reaction of API
with tropolone p-toluenesulfonate yielded PRT, which had the
highest surface area (436 m2/g) and lowest pore diameter
(6.0 nm) of all catalyst precursors. The final catalyst (ZnPRT)
exhibited a similar nitrogen sorption isotherm and surface area
as the former catalysts; however, the average pore diameter and
volume were noticeably lower because of a higher loading
efficiency of the PRT ligand synthesis compared to that of the
ATI ligands, as will be shown in elemental analysis data below.
Figure 4 displays the small angle XRD patterns for the Zn

aminotroponiminate (Zn-ATI) and Zn aminotroponato (Zn-
ATO) catalysts and their respective precursors. The parent
SBA-15 material exhibits a well-defined (100) Bragg reflection
as well as discernible (110) and (200) Bragg reflections at 2θ =
1.00�, 1.66�, and 1.84�, respectively. After grafting with amino-
propyl groups, these Bragg reflections shift to 0.96�, 1.60�, and
1.82�, respectively, indicating slightly higher lattice spacing. It can
be seen that theDPRT andDPHT and their trimethylsilyl-capped
counterparts show better defined (110) and (200) reflections
than those of the parentmaterials (or SBA-15 andAPI) because of
advantageous pore reconstruction due to the surface fluorination,
whereas PRT does not display the same tendency. These findings
are in good agreement with surface fluorination studies performed
on the sulfonic acid functionalized SBA-15 catalyst presented in
ref 33. After zinc addition, however, these Bragg reflections are
slightly diminished in all three materials. This may be due to the
presence of zinc-complex agglomerates which decrease the con-
trast or constructive X-ray scattering effects between the channels
pores and the channel wall, broadening the peaks.
The X-ray diffraction (XRD) patterns for the three samples,

that is, ZnDPRT, ZnDPHT, and ZnPRT, were somewhat similar.
The maximum of the most intensive diffraction line was barely
changed indicating that the well-ordered mesostructure in the
materials remained intact and unchanged after each step of
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materials synthesis. It is known that the XRD patterns provide
information regarding the lattice spacing of the materials or the
center-to-center distance between the channels. Thus, the result
indicates that the lattice spacings of these mesostructured materi-
als (catalysts) were similar to one another, or they barely changed
after the different surface modification reactions.
On the other hand, unlike the XRD patterns, the N2 gas

isotherms of the materials changed after the surface modification
reactions. Furthermore, they changed differently for the different
samples. Please note that pore diameters of mesoporous materi-
als can change without affecting lattice spacings (or XRD
patterns). In Figure 3, it can be noticed that the saturation
pore volume of ZnPRT was smaller than those for samples
ZnDPRT and ZnDPHT. This may be because (1) the organic

ligands/complexes in the former were bulkier than those in the
latter, (2) the surface modification caused the walls of the latter to
enlarge because of surface etching, or (3) both. Because the sizes
of the ligands/complexes in the three materials were somewhat
similar, or actually slightly smaller in the case of ZnPRT
compared to ZnDRT and ZnDPHT, the differences in N2 gas
isotherms were more likely to do with the latter. This conclusion
makes sense considering the fact that EtO3BF4 was reported to
etch the walls and enlarge the pores of mesoporous silica,33 and
that EtO3BF4 was used only in the synthesis of ZnDPRT and
ZnDPHT materials, in which higher pore volume was observed
(Table 1).
Compositional Analyses. To aid in elucidation of the struc-

tural differences shown by nitrogen gas sorption and small angle

Figure 3. (A) N2 gas sorption isotherms and (B) BJH pore size distribution for ZnDPRT and precursors thereof. (C) N2 gas sorption isotherms and
(D) BJH pore size distribution for ZnDPHT and precursors thereof. (E) N2 gas sorption isotherms and (F) BJH pore size distribution for ZnPRT and
precursors thereof. The BJH pore size distributions were obtained from the adsorption branch of the N2 gas adsorption isotherms.
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XRD studies, thermogravimetric and elemental analyses were
carried out. Spectroscopic methods were also performed includ-
ing solid state 13C and 29Si CP-MAS NMR spectroscopy, FTIR
spectroscopy, and XPS spectroscopy.
The solid-state 29Si and 13C CP-MAS spectra for ZnDPRT

and its precursors are displayed in Figure 5. As shown in the 29Si
spectra, API (also shown in Figures 6 and 7) has peaks at �112
and �103 ppm from Q4 and Q3 silicate species and T3 silicates
at �69 ppm corresponding to (SiO)3Si-(CH2)3-NH2 and
a shoulder at �61 ppm which corresponds to (SiO)2
SiOH)-(CH2)3-NH2, or T

2 silicate species. The 13C spectrum
of API shows five main peaks. Peaks corresponding to the propyl
carbons can be seen at 9 ppm (Si�CH2�CH2�CH2�NH2), 24
ppm (Si�CH2�CH2�CH2�NH2), and 44 ppm (Si�CH2�
CH2�CH2�NH2).

37�40 The peaks shown at 59 and 67 ppm are
the result of ethoxy and isopropxy species, which form when
surface silanols and alcohols used as solvents undergo reaction.37

Upon formation of DPRT (Figure 5 B, left), the Q3 peaks are
fluorinated, as shown in ref 19, and a major Q4 peak centered
at �112 ppm and only a weaker shoulder corresponding to Q3

peak are observed. It is also shown that the shoulders at �62
and �60 ppm disappear leaving one T peak centered
around �68 ppm. The 13C spectrum of DPRT (Figure 5 B,
right) shows the formation of a broad set of peaks from 100�160
ppm corresponding to the tropone ring carbons. The propyl
carbon at 44 ppm shifts downfield slightly and the peak pre-
viously at 24 ppm shifts upfield to 21 ppm. It is also noticed that
the peaks at 59 and 67 ppm are almost completely removed
because of fluorination via nucleophilic substitution by EtO3BF4.
The chelation of zinc to the DPRT, forming ZnDPRT (Figure 5
C, right) is evidenced by the slight change of relative peak
intensities in the 100�160 ppm range while the propyl peaks,
now centered at 10, 22, and 44 ppm, see only minor shifts.
The solid-state 29Si and 13C CP-MAS spectra for ZnDPHT

and its precursors are shown in Figure 6. The 29Si spectrum
of DPHT (Figure 6 B, left) shows results similar to that of DPRT,
as expected, due to similar post modification methodologies.

The 13C spectrum of DPHT (Figure 6 B, right) shows a broad set
of new peaks from 100�160 ppm with clearly visible peaks at
105, 120 (shoulder), 129, 141, 153, and 160 ppm. These broad
set of new peaks from 100�160 ppm can be attributed to the
different carbon atoms of the 2-(phenylamino)troponiminato
moiety of the DPHT ligand. The propyl peaks are seen at 9,
21, and 44 ppm, respectively, as seen with DPRT, and the peaks
at 59 and 67 ppm are also significantly diminished because of
fluorination via nucleophilic substitution. The formation
ZnDPHT (Figure 6 C, right) is evidenced by the slight changes
exhibited in the 100�160 ppm range. The peaks previously
shown at 105, 153, and 160 ppm are broadened, and the shoulder

Table 1. Structural Data for Zn-ATI and Zn-ATO Catalysts
and Their Precursors

sample

unit cell

(nm)a
average pore

diameter (nm)b
BET surface

area (m2/g)

BJH average

pore volume

(cm3/g)b

SBA-15 10.2 6.2 841 0.90

API 10.6 6.2 499 0.64

DPRT 11.3 7.2 320 0.61

CDPRT 11.7 6.7 380 0.62

ZnDPRT 12.1 6.2 358 0.54

DPHT 11.6 6.7 368 0.60

CDPHT 11.7 6.8 388 0.63

ZnDPHT 12.4 6.1 371 0.56

PRT 12.4 6.0 436 0.59

CPRT 11.3 6.0 419 0.56

ZnPRT 11.9 5.4 385 0.47
a ao = 2d100/3

1/2 (�10�1 nm) for 2-D hexagonally ordered materials.
bObtained from adsorption branch of the N2 gas sorption isotherms.

Figure 4. (I) XRD patterns of ZnDPRT series: (A) SBA-15, (B) API,
(C) DPRT, (D) CDPRT, and (E) ZnDPRT. (II) XRD patterns of
ZnDPHT series: (A) SBA-15, (B) API, (C) DPHT, (D) CDPHT, and
(E) ZnDPHT. (III) XRD patterns of ZnPRT series: (A) SBA-15, (B)
API, (C) PRT, (D) CPRT, and (E) ZnPRT.
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at 120 ppm is not very visible. Deformation and broadening of
the major peaks seen at 129 and 141 ppm are also shown to
occur. It is also noticed that a new peak at 60 ppm corresponding
to ethoxy carbon appears.
The solid-state 29Si and 13C CP-MAS spectra for ZnPRT and

its precursors are displayed in Figure 7. The 29Si spectrum of
PRT (Figure 7 B, left) does not show the removal of Q3, or the
smoothing of the T peaks, as shown with the ATI samples. As
shown with the ATI samples, the 13C CP-MAS spectrum of PRT
shows a broad set of new peaks from 90�180 ppm with major
peaks at 129 and 138 ppm as well a multiple minor, but
distinguishable, peaks in the range of 150�180 ppm. The propyl
peaks are seen at 9, 22, and 43 ppm, respectively. The ethoxy and

isopropxy peaks at 59 and 67 ppm are still clearly visible, unlike
the ATI samples, because EtO3BF4 is not used in the synthetic
protocol. The formation ZnPRT is evidenced bymarked changes
the relative intensities of the peaks at 129 and 138 ppm as well as
the other minor peaks in the region.
Supporting Information, Figures S1�S4 display the TGA

profiles for the Zn-ATI and Zn-ATO catalysts and are shown
in conjunction with their precursors. The wt % loss from
100�600 �C, the region where organic species and surface
silanols are removed, for all catalysts and their precursors are
compared in Table 2. As shown with the structural analysis, the
ATI samples, synthesized via post modification using EtO3BF4,
show similar trends whereas PRT has a distinct profile

Figure 5. 29Si (left panel) and 13C (right panel) CP-MAS NMR spectra for (A) API and (B) DPRT and (C) ZnDPRT.

Figure 6. 29Si (left panel) and 13C (right panel) CP-MAS NMR spectra for (A) API and (B) DPHT and (C) ZnDPHT.
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(Supporting Information, Figure S4). The starting mesoporous
material API shows three distinct regions of wt % loss: (1)
25�100 �C (physisorbed H2O), (2) 100�300 �C, and (3)
300�600 �C. The two higher temperature regions are likely a
combination of the condensation of geminal or H-bonded
silanols and aminopropyl species followed by the loss of isolated
surface silanols at temperatures >400 �C, as reported in ref 33.
DPRT and DPHT show significant weight loss from
200�350 �C corresponding to the loss of the ATI ligands, in
agreement with previous findings.19 Unlike the ATI mesoporous
materials, PRT shows a smoother wt % loss over the same region,
possibly because of the lower molecular weight of the covalently
attached ligand. Additionally the fluorination process, which
occurs during synthesis of the ATI ligands, replaces surface
silanols with fluorosilicate species. This makes the silanol groups
not to contribute as much to weight losses on the TGA profiles of
the ATI samples. On the other hand, silanols remain present after
the synthesis of PRT and contribute to the wt % loss over the
entire region, albeit not significantly. It is worth nothing that the
loss of silanols occurs over large temperature ranges compared to
the loss of organic and fluoro groups over narrow temperature
ranges of ≈200�400 �C. In addition, as shown in the TGA
profiles, the region of wt % loss corresponding to ATI ligands was
also altered after capping with HMDS.
During experimentation, it was noticed that, upon completion

of the capping process and copious washing with ethanol, the
resulting eluate was slightly yellow because of the removal of
physisorbed ATI/ATO species that had not been removed during
the initial washing step. It should be noted, however, that after this
step and zinc chelation, the catalysts remained vibrantly yellow

and retained much of the ATI/ATO functionality, as proven by
29Si and 13C CP-MAS NMR as well as FTIR and XPS studies to
be discussed later. Upon zinc addition, all three catalysts exhibit a
lower wt % loss in the organic region, as expected, because of the
formation of highly thermally stable ZnOwhich contributes to the
overall wt % of the materials, lowering the relative wt % of organic
components within the mesoporous silica.

Figure 7. 29Si (left) and 13C (right) CP-MAS NMR spectra for (A) API and (B) PRT and (C) ZnPRT.

Table 2. Weight Loss (%) Occurring in the 100�600 �C
Region

sample

wt % changes in the

range 100�600 �C

SBA-15 3.8

API 12.3

DPRT Samples

DPRT 15.2

CDPRT 13.1

ZnDPRT 12.2

DPHT Samples

DPHT 14.2

CDPHT 10.7

ZnDPHT 10.5

PRT Samples

PRT 12.9

CPRT 11.7

ZnPRT 10.1
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The C, H, N, F, and Zn elemental analyses for the Zn-ATI and
Zn-ATO catalysts and their precursors are compiled in Table 3.
For purposes of comparison, the data from the first DPRT
catalyst, discussed in ref 19, is also included. As seen, the previous
CAPI (methyl-capped API) material had 8.9 and 2.3 wt % C and
H, respectively. Upon formation of the DPRT ligand, one would
expect amarked increase the wt %C as well as noticeable increase
in wt % H. An opposite trend is noticed, however, due to the
substantial loss of trimethylsilyl (TMS) capping agents because
of fluorination of the surface which resulted in lowered wt % C
and H of 7.1 and 1.7%, corresponding to relative losses of 19.5%
and 28.3% C and H content, respectively, despite the addition of
ligand which was clearly evident because of color change of the
powder and multiple analytical methods which have also been
used in this study. The wt % F for some representative samples
such as DPRT or DPHT were also included in Table 3. The
elemental analyses performed on the new Zn-ATI/Zn-ATO
catalysts as well as their precursors and more careful attention
to compositional changes at every step of synthesis gives valuable
insight to how HMDS capping after ligand synthesis improves
the understanding of the CHN wt % data and how the chelation
of Zn is enhanced. To better understand the chemical composi-
tions of these new materials and how they compare to the
previously synthesized ZnDPRT19 and homogeneous equiva-
lents of the metal-free ligands, the empirical formulas were
determined for comparison (Table 4).
In the present study APTMS grafted in isopropanol to

calcined SBA-15 (API) resulted in a material with 6.5, 2.0, and
1.4 wt % C, H, and N, respectively. In the case of the ATI ligands
the results are somewhat deceiving. In the case of DPRT, relative
losses of C andH content in comparison of the APImaterial were
found to be 10.0% C and 27.2% H. 29Si CP-MAS NMR shows
that T2 silicate species, containing uncondensed silanol(�OH)
groups during APTMS grafting as well as Q2 and Q3 are
significantly reduced because of nucleophilic substitution by

fluorine. The 13C CP-MAS NMR shows the existence of ethoxy
and isopropxy species in API, which are almost completely
removed upon formation of DPRT, also because of fluorination.
These substitutions result in a substantial loss of C and H, which
leads to uncertainty about the quantity of DPRT loading. How-
ever, unlike the DPRT material from ref 19, the new DPRT does
exhibit a slight gain in N wt % from 1.5 to 1.7 wt %. DPHT shows
similar results to DPRT, with fluorination taking place with
resultant loss of C and H sources; however, increases of C and
Nwt% are observed. This increase, in spite of fluorination, may be
due to more efficient aminolysis during ATI formation, which is
indicated by the 13C CP-MAS NMR spectra of DPHT by
comparison of the intensity of the region constituting the tropone
ring to that of DPRT. If we assume that both ATI ligand syntheses
occur with relatively similar reaction efficiencies, then it may also
be due, in part, to the highermolecular weight of theDPHT ligand.
Supporting Information, Figures S5�S7 display the FTIR

spectra of ZnDPRT, ZnDPHT, and ZnPRT as well as their
synthetic precursors. The major absorptions and their corre-
sponding chemical sources are compiled in Supporting Informa-
tion, Tables S1�S3. The principal precursor of Zn-ATI and/Zn-
ATO catalysts, API, (Supporting Information, Figures S5�S7 A )
exhibits major absorptions at 3366, 1052, 946, and 788 cm�1

corresponding to Si�OH stretching, Si�O�Si stretching, and
Si�O�Si bendingmodes indicative of the parent SBA-15.Grafting
of 3-aminopropyl groups on the mesoporous material is evidenced
by sp3 hybridized C�H stretching modes at 2975 and 2930 cm�1,
C�N stretching at 1375 cm�1, and N�H and Nþ�H δ vibra-
tional modes at 1627 and 1459 cm�1, respectively, in good
agreement with previously reported literature.41,42

It may quickly be noticed that the FTIR spectra of the Zn-ATI
catalysts, that is, ZnDPRT and ZnDPHT, as well as their
precursors, contain very structurally similar materials. The cata-
lyst ZnPRT and its corresponding precursors, however, have
very distinctive FTIR spectra. This is not only due to the
structural similarities of the conjugated amine/imine DPHT
and DPRT zinc chelates as opposed to that of the conjugated
amine/carbonyl PRT chelate. Elemental analyses prove that the

Table 3. Chemical Compositions of ZnATI/ATO Catalysts
and Their Precursors

chemical composition (wt %)

sample C H N F Zn

CAPIa 8.9 2.3 2.2

DPRTa 7.1 1.7 2.1

ZnDPRTa 5.6 1.5 1.7 22.6

API 6.5 2.0 1.5

DPRT 5.9 1.4 1.7 5.6

CDPRT 5.8 1.5 1.5 4.5

ZnDPRT 5.4 1.5 1.4 4.0 8.1

DPHT 6.7 1.5 1.5 7.9

CDPHT 6.5 1.5 1.5 3.3

ZnDPHT 5.7 1.6 1.3 3.1 7.7

PRT 9.1 1.7 1.1

CPRT 10.5 2.1 1.3

ZnPRT 9.0 2.0 1.2 8.9
a Previous work reported in ref 19.

Table 4. Empirical Formulae of Mesoporous Materials and
Catalysts and Some of the Ligands Used in Their Syntheses

sample empirical formulaa

propylamine C3H9N
c

N-(propylamino)tropone C10H13NO
c

N-propyl-2-(propylamino)troponimine C13H20N2
c

N-propyl-2-(phenylamino)troponimine C19H16N2
c

API C5.2 H 18.4 N1.0 Si14.3 O28.6

DPRT C4.0H11.5F2.4 NSi11.6O23.3

CDPRT C4.4 H13.7F2.2N1.0Si13.2O26.4

ZnDPRT C4.6H15.2F2.2NSi6.2O12.5Zn0.6
ZnDPRT b C3.8 H11.7F1.7NSi5.1O10.2Zn1.6
DPHT C5.1H10.5F3.8NSi12.6O25.2

CDPHT C5.1H13.6F1.6NSi13.7 O27.3

ZnDPHT C5.1H17.1F1.7NSi8.4O16.7Zn0.7
PRT C9.8H22.3NSi19.0O38.0

CPRT C9.4H22.0NSi15.4O30.9

ZnPRT C9.0H24.0N1.0Si15.9O31.7Zn1.6
aDetermined via elemental analysis data. b From previous work reported
in ref 19. cDetermined by molecular structure.
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nucleophilic substitution of tropolone p-toluenesulfonate with
API, a 1� amine source, which produces PRT results in higher
organic loading (wt %) in the formation of the ATI materials,
where activation with Et3OBF4 forming a corresponding vinylgous
ether then undergoes aminolysis with surface aminopropyl groups
to form the corresponding product. Additionally the resulting
fluorinated silicate mesostructures of the Zn-ATI complexes yields
structural differences such as deformation of the Si�OHstretching
region (3000�3500 cm�1), which splits from one major Si�OH
stretch to two separate absorptions centered around 3180 and
3360 cm�1, corresponding to N�H and Si�OH stretching
modes, respectively, which is not shown in the case of ZnPRT.
Also, the presence of silicon oxyfluoride species, as indicated by the
formation of the adsorption at 720 cm�1 in theDPRT (Supporting
Information, Figure S5 B) and DPHT (Supporting Information,
Figure S6 B) samples may be seen. These changes, however, are
not noticed in the case of ZnPRT (Supporting Information, Figure
S7 B). HMDS capping is clearly evidenced by the presence of
Si�(CH3)3γ vibrationalmodes at 845 and 757 cm�1 in theCPRT
and ZnPRT catalysts (Supporting Information, Figures S7 C and
D). These peaks are not clearly seen in the case of the Zn-ATI
catalysts and precursors (Supporting Information, Figures S5 and
S6 C and D) presumably because of the limited surface silanols
content after fluorination in the previous synthetic step. Solid-state
13C NMR studies, discussed previously, also showed that the
ZnPRT and its synthetic precursors have quantitative amounts of
ethoxy species which are not present in the Zn-ATI samples. These
groups are not present in the Zn-ATI catalysts because of either the
nucleophilic substitution of alkoxy species or the substitution of
surface silanols which eliminates the possibility of esterfication
taking in future reactions where alcoholic solvent systems are
utilized. These properties may be the reason the region of
2800�3000 cm�1, corresponding to aliphatic C�H stretching
modes, is significantly different for the ZnDPRT and ZnDPHT
ligand series as compared that of the ZnPRT series. Itmay easily be
noticed that the ZnPRT catalyst series has many more intense and
distinct absorbances in the aliphatic C�H stretching region than
that of the Zn-ATI materials.
The 1350�1650 cm�1 region also displayed many major

absorbances that are distinct to each of the respective ligand
series, and which were not present in the spectrum of the
precursor API. In the case of the ZnDPRT catalyst series
(Supporting Information, Figure S5 and Table S1) major absor-
bances are seen at approximately 1515, 1460, and 1400 cm�1

corresponding to CdC stretching modes from the tropone ring.
The ZnDPHT catalyst series (Supporting Information, Figure S6
and Table S2) displays similar absorbances at approximately
1512 and 1465 cm�1 as the ZnDPRT materials. Additionally,
peaks at approximately 1445, 1430, and 1411 cm�1 are seen,
possibly due to the phenyl arm of the DPHT chelate. It may
quickly be observed that the ZnPRT catalyst series (Supporting
Information, Figure S7 and Table S3) is very different from the
Zn-ATI materials. Unlike the latter, ZnPRT contains an absor-
bance at approximately 1600 cm�1, corresponding to a carbonyl
(CdO) stretching mode. Additionally, the only other prominent
absorbances are at 1448 and 1515 cm�1. While these are similar
to those exhibited by the ZnATI materials, they are a much more
discernible in the ZnPRT catalyst series.
The samples were further characterized by X-ray photoelec-

tron spectroscopy (XPS). A carbon contamination peak with
binding energy of 284.8 eV was chosen as a reference to
compensate binding energy of the charging species. Supporting

Information, Figures S8 and S9 display the XPS spectra of API,
the Zn-ATI/Zn-ATO complexes, and their precursors. Specific
binding energies (B.E.) (in eV) of molecular components and
their respective atomic percentages (at %) are compiled in
Table 5. As shown, the parent API material exhibits a N 1s
binding energy of 399.0 eV. Upon formation of the ATI ligands
this peaks shifts to 401.3 eV for the ATI ligands of both DPRT
(Figure 8A) and DPHT (Figure 8B), and to 399.9 eV for the
ATO ligand PRT (Figure 8C).

Table 5. Combined Compositional Data from XPS Spectra

sample B.E.(eV) area at %

API

C 1s 284.8 811.4 26.6

O 1s 531.5 4362.8 48.8

Si 2p 102.2 570.9 22.9

N 1s 399.0 91.0 1.7

DPRT

C 1s 284.8 282.6 10.6

O 1s 531.9 3943.9 50.4

Si 2p 102.7 576.4 26.4

N 1s 401.3 95.9 2.0

F 1s 685.6 1262.6 10.7

ZnDPRT

C 1s 284.8 295.5 14.6

O 1s 532.5 3098.5 52.2

Si 2p 103.2 325.8 19.7

N 1s 400.3 68.2 1.9

F 1s 685.7 581.5 6.5

Zn 2p 1022.3 2986.5 5.1

DPHT

C 1s 284.8 335.6 14.2

O 1s 532.4 3425.4 49.6

Si 2p 103.1 488.5 25.3

N 1s 401.3 85.8 2.0

F 1s 686.5 927.0 8.9

ZnDPHT

C 1s 284.8 225.5 18.4

O 1s 532.0 1832.6 51.3

Si 2p 102.8 198.9 20.0

N 1s 400.2 40.7 1.9

F 1s 685.7 172.1 3.2

Zn 2p 1021.9 1821.8 5.2

PRT

C 1s 284.8 525.4 20.3

O 1s 532.3 4006.0 52.8

Si 2p 103.0 536.4 25.3

N 1s 399.9 75.1 1.6

ZnPRT

C 1s 284.8 413.9 21.0

O 1s 532.3 2899.3 50.2

Si 2p 103.0 365.5 22.7

N 1s 399.8 53.9 1.5

Zn 2p 1021.6 2587.8 4.6
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From these data it is observed that shifts toward higher B.E.
occur as primary amines are converted to secondary amine or
imine species. Upon ZnMe2 addition, the N 1s emissions are
shifted uniformly to slightly lower B.E.’s to 400.3 and 400.2 eV
for the ATI ligands DPRT and DPHT, respectively, and to 399.8
eV for the ATO ligand PRT. The presence of F 1s peaks, due to
the formation of silicon oxyfluoride species, are noticed in the
DPRT and DPHT samples at 685.6 and 686.5 eV, respectively
consistent with fluorination studies using Et3OBF4 as a fluorinat-
ing agent of mesoporous silica.33 The peaks shift slightly to lower
B.E.’s upon ZnMe2 addition to 685.7 eV for ZnDPHT possibly
due to Zn�O formation on the pore walls, resulting in polariza-
tion of the lattice. This shift may also be due to the capping of
excess acidic surface silanols that may interact with adjacent
fluorosilicate species. This is also evidenced by the Si 2p data. API
exhibits a Si 2p B.E. of 102.2 eV. Upon post modification forming
the ATI/ATO ligands, a shift to∼103 eV is noticed with all three
ligands. This trend may be due to the presence of less ionic
3-aminopropyl species covalently attached onto the surface of
the substrate and reducing the emission from fully condensed
silicate species within the pore walls or previously on the surface.
The Zn 2p emission spectra are shown in Figure 9, which

indicate a B.E. of∼1022 eV for all the samples, that is, ZnDPRT,
ZnDPHT, and ZnPRT. Previous work performed by Futsuhara
et al.43 showed that species such as Zn3N2 and pure ZnO

displayed Zn 2p3/2 emissions at 1022.0 and 1021.8 eV, respec-
tively. Further work by Fu et al.44 found ZnO to have a Zn 2p3/2
emission at 1021.1 eV and that formation of ZnO�SiO2, or
Zn�O�Si, species resulted in a shift to 1023.0 eV. Our previous
studies show that Zn�O bonds formed in pure SBA-15 (Zn-
SBA-15) and aminopropyl-functionalized SBA-15 (Zn-CAPI)
via treatment with a solution of ZnMe2 exhibited distinct binding
energies of 1022.4 and 1022.7 eV, respectively.19 Other studies
have shown that ligands chelating through N, O, or S groups
exhibit Zn 2p3/2 emissions ranging from 1019.3�1022.6 eV in
good agreement with the Zn-ATI/Zn-ATO catalysts.45�48

The SBA-15 support material used for Zn-ATI and Zn-ATO
catalytic sites is known to have corrugated and microporous wall
structure.49,50 Hence, we have attempted to determine whether
and if the surface roughness of the SBA-15 support can influence
the distribution of immobilized Zn aminotroponiminates
(Zn-ATI) and Zn aminotroponates (Zn-ATO) although to the
best of our knowledge probing the distribution of supported
organometallic complexes such as Zn-ATI or Zn-ATO on
mesoporous silicas directly is rather difficult. The approach we
used involved the successful method we recently reported that
enabled us to determine the distribution of supported organoamine
groups on mesoporous MCM-41 material.51 Because we used
supported organoamines to subsequently attach the Zn-ATI
and Zn-ATO complexes, this approach should be reasonable

Figure 8. (I) N 1s XPS spectra of ZnDPRT series: (A) API, (B) DPRT, and (C) ZnDPRT. (II) N 1s XPS spectra of ZnDPHT series: (A) API,
(B) DPHT, and (C) ZnDPHT. (III) N 1s XPS spectra of ZnPRT series: (A) API, (B) PRT, and (C) ZnPRT.
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enough to provide some information about the possible distribu-
tion of Zn-ATI and Zn-ATO complexes on the walls of SBA-15
materials.
Hence, we first synthesized SBA-15 mesostructured material,

and from which we prepared calcined and solvent-extracted SBA-
15, that were labeled as SBA-15-Cal and SBA-15-Ext, respectively.
Solvent-extracted SBA-15 generally has a rougher surface com-
pared to its calcined counterpart which has more annealed and
smoother surface and hence, the former was used as a reference
material in the study. The resulting mesoporous silica materials
were functionalized with 3-aminopropyltriethoxysilane (APTMS)
in isopropanol to produce aminopropyl-functionalized mesopor-
ous silicas, that were denoted as API-SBA-15-Cal and API-SBA-
15-Ext, respectively (Supporting Information, Figure S10). The
distribution of the organoamine groups in the twomaterials were
then probed with a copper test, as we reported previously.51 The
result is included in Supporting Information, Figure S11. The
result indicated that the λmax of the Cu2þ-organoamine com-
plexes in API-SBA-15-Ext was slightly more blue-shifted com-
pared to those in the corresponding samples made from API-
SBA-15-Cal. This indicated that the organoamines in API-SBA-
15-Ext were slightly more aggregated (or densely distributed)
compared to those in API-SBA-15-Cal. This in turn indirectly
implied that the Zn-ATI and Zn-ATO complexes in the API-
SBA-15-Ext could be slightly more densely distributed compared
to the ones in the API-SBA-15-Cal. The reason for the differ-
ences, however, is not necessarily the differences in the degree of
corrugation (or surface roughness) between the two materials.
It could also be the differences in the surface density of silanol
groups, which is typically higher in solvent-extracted materials
than corresponding calcined materials, which in turn affect the
density of possibly grafted organoamine groups in the mesopor-
ous silica materials.
To fully obtain more insightful information of the effect of the

surface of the materials, the results were compared with those of
MCM-41 based materials that are known to have smoother
surface than SBA-15 based materials. The λmax for organoamine-
functionalized solvent-extracted MCM-41 material (API-SBA-
15-Ext) showed significantly red-shifted UV�vis absorption.51

This indicated that the organoamines in API-MCM-41-Ext
were slightly more spatially distributed than those in API-Ext-
SBA-15 (or the organoamines in API-SBA-15-Ext were more
densely distributed than those in API-MCM-41-Ext). This, in

turn, implies that supported organometallics could be more closely
spaced in the former than in the latter. In this case, these differences
couldnecessarily be due to the differences in the degree of corrugated
structures between the two materials, with the more corrugated
surface of SBA-15 resulting in more densely spaced supported
catalysts compared to that rather smooth surface of MCM-41.
Hence, it can be concluded that a difference in surface corrugation
could affect the degree of distribution supported organic groups and
organometallic complexes such as Zn-ATI and Zn-ATO.
Intramolecular Hydroamination Catalysis. To test the cat-

alytic activity of the synthesized Zn-ATI/Zn-ATO catalysts
for use in the intramolecular hydroamination of nonactivated
alkenes, molecules with varied steric and electronic properties
were synthesized. To determine the effect of how bulky (phenyl)
and nonbulky (methyl) geminal substituents locatedβ to the second-
ary amine altered cyclization efficiency by changing the bite angle
of the quaternary carbon (i.e., Thorpe�Ingold effect), corre-
sponding nonactivated alkenes were synthesized, having different
p-substituted benzylic side arms of the nonactivated alkenic
cyclizing agents with electron donating (�OH), electron with-
drawing (-NO2), and neutral (-H) moieties. The results from the
intramolecular hydroamination catalytic trials using ZnDPRT,
ZnDPHT, and ZnPRT are compiled in Table 6. Reactions were
performed at 110 �C under atmospheric conditions with fast
stirring. The 2,2-diphenyl substituted moieties cyclized in faster
reaction times than that of the 2,2-dimethyl analogues (8 vs 12 h)
and also resulted in higher overall product conversion. Prolonged
reaction times for the less bulky dimethyl analogues have also
been observed in many previous studies, because of the decreased
bite angle resulting in a lowered reaction rate.22,30,31 The bite
angle may be altered causing changes in the distance between
secondary amine and olefinic carbon, or their relative proximity,
that facilitates or hinders the formation of the corresponding
heterocycle. In general, it is observed that the dimethyl-substi-
tuted substrates with electron donating p-substituted (�OH)
benzylic side arms cyclize faster than that of the relatively
electroneutral benzyl (-H) species and the electron withdrawing
p-substituted (NO2) species, which exhibit lowered conversions
over the same reaction time or lowered turn over frequencies
(TOFs). For the diphenyl-substituted substrates, those contain-
ing electron donating (�OH) benzylic and electroneutral
p-substituted benzylic side arms cyclize faster than the ones
containing electron withdrawing (NO2) species.
In addition, the following observation can be made by com-

paring the catalytic TOF values of the three catalysts compiled
in Table 6. For cyclizing substrates containing diphenyl groups
at β-position with respect to the amine, the catalytic activity of
ZnDPHT was higher than that of ZnDPRT, and the catalytic
activity of ZnDPRT was higher than that of ZnPRT, regardless
of whether an electron donating or withdrawing p-substituted
group was used on the benzylic side arm of the substrate
(Scheme 1). For the cyclizing substrates containing dimethyl
groups at β-position with respect to the amine and an electron
donating group on the benzylic side arm of the substrate, the
catalytic activity of ZnDPHT was again slightly higher compared
to both ZnDPRT and ZnPRT. However, for the other cyclizing
substrates with dimethyl groups at β-position with respect to the
amine and electroneutral (H) or electron withdrawing (NO2)
groups, the catalytic efficiencies of all the three catalysts were
somewhat similar, and no strong correlations were observed
based on TOF values (Table 6). These results clearly show the
effects of changing the types of catalysts as well as substituents of

Figure 9. Zn 2p XPS spectra of (A) ZnDPRT, (B) ZnDPHT, and
(C) ZnPRT.
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the substrate in the hydroamination reactions catalyzed by Zn-ATI-
and Zn-ATO, even though the effects are only moderate in some
cases. These differences can be hypothetically attributed to the
favorable (or unfavorable) electronic and steric effects caused by
the substituents on the reaction intermediates as well as catalysts.
Further work is required to fully understand these in more detail.

4. CONCLUSIONS

In this workwe expanded previous studies,19 by synthesizing two
new functionalized SBA-15 containing Zn aminotroponiminate
(Zn-ATI) and Zn aminotroponato (Zn-ATO) catalytic groups.
These include [N-propyl-2-(phenylamino)troponiminato] zinc
methyl (ZnDPHT) and [2-(propylamino)troponato] zinc methyl
(ZnPRT). The catalysts were characterized by various structural
(small angle XRD and N2 gas sorption) and compositional (solid-
state NMR, XPS, FTIR, thermogravimetric, and elemental ana-
lyses) techniques. In general, it is observed that the catalytic
properties of Zn-ATI differ from that of ZnPRT in the hydro-
amination of various nonactivated alkenes with varied steric and
electronic properties. Moreover, investigation of the catalytic
properties of the materials in hydroamination revealed that de-
creased bite angles (Thorpe�Ingold effect) and increased electron
donation of the p-substituted benzylic side arm result in increased
conversion efficiencies. Overall the 2,2-diphenyl cyclizing agents
formed their corresponding N-containing 5-membered hetero-
cycles at 74�94% conversion in 8 h under reflux conditions while
the 2,2-dimethyl species exhibited 59�81% conversion of 12 h.
The findings from this work have provided further insightful
information regarding the best approaches to produce Zn-ATI
and Zn-ATO based heterogeneous catalysts for the hydroamina-
tion reactions of various substrates.
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