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As atom economical reactions become increasingly important
to the chemical industry, catalysts that can perform reactions
with not only high activity, but also with good selectivity are
sought after. Regioselective hydrogenations, in particular, are
critical reactions in the fine chemical and pharmaceutical
industries where molecules are more elaborate.” The connec-
tivity and sterics of the substrate in question are generally the
most determinant factors with regard to regioselectivity of a
hydrogenation.>® The steric environment of the catalyst can
also have a dramatic effect on the regioselectivity of a
reaction.”®*

Zeolitic imidazolate frameworks® (ZIFs), a subset of metal-
organic frameworks (MOFs),® are metal imidazole based
materials that share many of the same features as zeolites.
ZIFs are generally composed of a divalent metal (e.g. Zn>" or
Co>")” and imidazolate based ligands. Many are microporous
and much like zeolites, find use in size and shape selective
applications.® Recently, encapsulation of catalytically active
nanoparticles within ZIFs and MOFs has resulted in catalysts
for interesting reactions.’™"

One of the popular methods of encapsulating nanoparticles
in MOFs and ZIFs is incipient wetness impregnation,'® which
entails dissolution of a metal-cation-containing precursor in a
liquid phase followed by removal of solvent and reduction of
the metal precursor, generally under hydrogen. However, this
method generally produces a distribution of nanoparticles
sizes with some on the surface of the framework,'*” resulting
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Pt@ZIF-8 composites with crystallite sizes of ca. 150 nm were synthesized. The composite was used as a
catalyst for the regioselective hydrogenation of trans-1,3-hexadiene to 3-hexene. 1-Hexyne was hydro-
genated to 1-hexene and hexane while 3-hexyne did not react. In all cases, the Pt@ZIF-8 composite had

in non-selective catalysis. For high reaction selectivity, it is
imperative that nanoparticles are completely enshrouded by
the host framework. Lately, researchers have utilized linkers
with functional group (such as NH, groups) to enhance the
selectivity of the encapsulation. During impregnation, the
metal precursor coordinates to the functional group,'® which
is followed by reduction of the metal precursors. This method
produces a more even distribution of nanoparticles while
decreasing the fraction of nanoparticles formed on the MOF
external.

A more general approach to encapsulating various shape,
size, and composition of nanoparticles within ZIF-8 has been
reported Lu et al.'? ZIF-8, which is composed of 2-methyl-
imidazole and Zn**, has a sodalite topology with an aperture
of 3.4 A and a large pore diameter of 11.6 A. Our team relied
on the coating of the nanoparticles with polyvinylpyrrolidone
(PVP) which then added during the synthesis of the MOF
materials'” a procedure which has since been adapted by other
groups for use other MOFs as well."* Pt nanoparticles encapsu-
lated in the sterically confined environment of ZIF-8 per-
formed well in both size selective and regioselective
hydrogenations of olefins.'? cis-Cyclooctene was not hydrogen-
ated while linear terminal alkenes such as 1-hexene were
hydrogenated. The Pt@ZIF-8 catalyzed conversion of 1-hexene
to hexane, however, occurred in low yield. It is possible that
the low product yield reflects slow diffusive transport of the
alkene substrate through the ca. 600 nm diameter particles of
the ZIF/catalyst composite. For ZIF-8, comparatively slow trans-
port of molecular permeants of kinetic diameter greater than
3.4 A (such as 1-hexene) is not unexpected as the “hinged” Zn-
imidazolate-Zn units defining the edges of the 3.4 A aperture
must swing open to admit the molecules.”/* We hypothesized
that decreasing the ZIF crystallite size would result in
enhanced conversion of 1-hexene without affecting the regio-
selectivity of the reaction. Thus, a decrease in crystallite size
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would both diminish distances for diffusive transport and
increase (for a given mass of composite) the number of entry
points into the composite, as the number will scale as the
external surface area of the crystallites. In the limit of spherical
crystallites, the external surface area (for a given mass of com-
posite) will increase inversely with crystallite diameter. Herein,
we report the synthesis of Pt@ZIF-8 composite with crystallite
diameters of about 150 nm for the regioselective hydrogen-
ation of terminal alkynes and alkenes. Pt@ZIF-8 with 2.7 nm
Pt nanoparticles and crystallite sizes of 150 nm was syn-
thesized by adapting our previously reported method."> We
obtained the Pt@ZIF-8 with crystallite size of 150 nm by
increasing the methanolic concentration of both 2-methyl-
imidazole and zinc nitrate hexahydrate from 25 mM to
100 mM. Separately, we prepared a solution of 2.7 nm PVP
coated Pt nanoparticles and added the equivalent of 1 wt% Pt
to the solution. The mixture was allowed to stand for 24 h
before isolating the grey powder via centrifugation. The com-
posite was washed several times with methanol to remove
unreacted precursor before being dried overnight on a Schlenk
line. The composites were characterized by transmission elec-
tron microscopy (TEM) and scanning electron microscopy
(SEM) as shown in Fig. 1. The Pt content of the composites as
determined by ICP-AES was ca. 1 wt% Pt.

We found that the best method for determining whether Pt
nanoparticles are on the surface of the ZIF is by attempting
size selective hydrogenation, where the examined substrates
include one that is too large to pass through ZIF apertures.
(Elsewhere it has been shown that the maximum viable sub-
strate size for aperture-based permeation of ZIF-8 is ca.
5.8 A.)*"* Size selective hydrogenations were performed with
Pt@ZIF-8, using 2 mmol of cis-cyclooctene (kinetic diameter:
5.5 A), in 4 mL total solvent with 3.6 mL ethyl acetate (EtOAc)
under 1 bar of H, for 24 h using undecane as an internal stan-
dard. EtOAc was chosen as a solvent since solvent can influ-
ence the selectivity of a reaction by binding to the reactive sites
of a nanoparticle and EtOAc is expected to have a limited
effect on reaction selectivity.'* Also, as a result of its kinetic
diameter (4.8 A),"” EtOAc should be largely hindered from
entering the ZIF at room temperature. The composite was acti-
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vated for hydrogenation reactions by first heating at 150 °C
under vacuum. The composite was reduced under a H, atmos-
phere for 2 h at the same temperature. Presumably, there
would be a large local concentration of H, within the pores of
the ZIF and around the Pt nanoparticles which should
enhance the catalyst performance.'® After 24 h, the reaction
was purged with N, and an aliquot was analysed by GC-TOF.
No cyclooctane was observed in the GC chromatogram
(Table 1, entry 1). We also attempted hydrogenations using
1,3,5-trimethylbenzene with both Pt@ZIF and Pt/C under iden-
tical reaction conditions as with cis-cyclooctene (Table 1,
entries 3 and 4). As with cis-cyclooctene, 1,3,5-trimethylben-
zene was hydrogenated in 5% conversion to predominantly
1,3,5-trimethylcyclohexane when using Pt/C, but did not react
at all when using Pt@ZIF-8 as a catalyst. These observations
are in agreement with the previously reported results from our
team and others.">"?

Next, we performed hydrogenations with linear alkenes 1,3-
hexadiene and 3-hexene. In our previous work,'” we observed
that Pt@ZIF-8 could regioselectively hydrogenate terminal
olefins, but we did not attempt selective hydrogenation of a
multiply unsaturated substrate. We can now report that the
hydrogenation of 1,3-hexadiene produces 3-hexene in 60%
yield after 24 h (Table 1, entries 5 and 6). No n-hexane or
1-hexene is observed in GC traces, indicating that only the
terminal olefin is catalytically hydrogenated. Conversely, the
hydrogenation of 1,3-hexadiene when performed with Pt/C
yielded n-hexane in 80% yield, together with some 1-hexene
and 3-hexene. Many factors govern which unsaturated site(s)
will react preferentially, but one of the most important is the
sterics of the substrate. Generally, terminal olefins react orders
of magnitude more rapidly than internal olefins since the
terminal olefins are more accessible to the catalyst; thus, com-
parative kinetics may play a role.> In order to determine
whether the regioselectivity we observe is due to inherent reac-
tivity differences, rather than ZIF-controlled accessibility (or
inaccessibility) of specific sites to the enshrouded catalyst, we
performed a hydrogenation of 1,3-hexadiene until the terminal
olefinic site was completely hydrogenated. After 4 days of reac-
tion time, only 3-hexene remained. This result supports the

41001

Fig. 1 (a) Repeating unit of ZIF-8 showing 11.6 A cavity and 3.4 A micropore; hydrogen atoms were omitted for clarity. (b) SEM of Pt@ZIF-8 showing

multiple crystallites. (c) TEM of single crystallite of Pt@ZIF-8.
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Table 1 Catalytic results for Pt@ZIF-8 and Pt/C

View Article Online

Inorganic Chemistry Frontiers

Pt@ZIF-8
H,
EtOAc, 24 h, rt .
—_— L

Entry” Catalyst Substrate(s) Conv. (%) Product(s) Select (%)
1 Pt@ZIF-8 0 — —
2P Pt/C 7.6 Cyclooctane 100
3 Pt@ZIF-8 0 — —
4 Pt/C 5 -ane? 90
-ene 10
5 Pt@ZIF-8 NN 60 3-Hexene 95
6 Pt/C 100 3-Hexene 20
1-Hexene
n-Hexane 80
7 Pt@ZIF-8 NS 0 — —
8 Pt/C 80 15
n-Hexane 85
9 Pt@ZIF-8 TN 40 1-Hexene 80
n-Hexane 20
10 Pt/C 100 1-Hexene 5
n-Hexane 95
11° Pt@ZIF-8 NN 40 1-Hexene 85
n-Hexane 15
12¢ Pt/C TN 90 1-Hexene 30
n-Hexane 70
13 Pt@ZIF-8 N 0 — —
14 Pt/C 100 3-Hexene 5
n-Hexane 95

“ General reaction conditions: reactions were carried out using Pt@ZIF-8 or Pt/C (0.1 mmol based on Pt) and substrate (2 mmol) in EtOAc using
undecane as an internal standard in 4 mL total volume under 1 bar H, for 24 h at room temp. ® From ref. 12. ° One : one mixture of 1-hexene and

1-hexyne. d 1,3,5-Trimethylcyclohexane or 1,3,5-trimethylcyclohexene.

notion that the ZIF-defined steric environment about the
nanoparticle plays an important role in regioselectivity. If
the regioselectivity that was obtained after 24 h was strictly the
result of kinetics, hexane or 1-hexene would be observed after
4 days reaction time. Expectedly, the hydrogenation of
3-hexene with Pt@ZIF-8 yielded no product after 24 h (Table 1,
entry 5). When Pt/C was used as a catalyst, hexane was
obtained in 80% yield (Table 1, entry 6).

Considering our results in which terminal olefins were
hydrogenated within Pt@ZIF-8 exclusively, we were interested
in investigating whether the selectivity would extend to
alkynes, which are sterically more accessible than trans-
alkenes. We performed hydrogenation reactions with 1-hexyne
and 3-hexyne with Pt@ZIF-8 and Pt/C (Table 1, entries 9-14).
With Pt@ZIF-8, we obtained 1-hexene in 32% yield and
n-hexane in 8% yield (Table 1, entries 9 and 10). In contrast,
hydrogenation of 1-hexyne over Pt/C produced n-hexane in
95% yield, together with 5% 1-hexene (i.e. no alkyne
remained). To determine whether 1-hexyne would preferen-
tially react over 1-hexene within Pt@ZIF-8, we performed a
hydrogenation experiment using a 1:1 molar ratio of 1-hexyne
and 1-hexene as the substrate feed (Table 1, entries 11 and 12).
Again, we observed a preference for the hydrogenation of the

450 | Inorg. Chem. Front, 2015, 2, 448-452

alkyne to the alkene as n-hexane is obtained in only 15% yield.
Pt/C produced predominantly n-hexane and a small amount of
1-hexene. The preferential hydrogenation of alkynes over
alkenes has been reported in the literature and is attributed to
the greater affinity (stronger binding) of an alkyne versus an

alkane to Pt atoms.”"'®

Conclusions

A Pt@ZIF-8 composite has been synthesized with crystallite
diameters of ca. 150 nm. The observed increase in yield for
hydrogenation of linear alkenes with 150 nm crystallites com-
pared with our previously reported Pt@ZIF-8 composites with
600 nm crystallite points to a reduction in substrate mass-
transport limitations and an increase in external surface area
(for a given quantity of Pt@ZIF-8) for the 150 nm version of
the catalytic composite. 150 nm diameter Pt@ZIF-8 performed
well in size-selective hydrogenations whereby linear alkenes
and alkynes were hydrogenated while large cyclic substrates
went unreacted. These findings support the contention that
the Pt nanoparticles are fully enshrouded by the ZIF. In com-
parative studies, Pt@ZIF-8 readily hydrogenated terminal
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alkenes and alkynes while internal sites of unsaturation went
unreacted. Exhaustive exposure of 1,3-hexadiene to Pt@ZIF-8
and H, yielded 3-hexene, to the exclusion of n-hexane and
1-hexene. These observations indicate that the observed high
regioselectivity is not a kinetic result, and the confined
environment of the ZIF plays an important part in dictating
the regioselectivity of the product. These results demonstrate
that control of ZIF crystallite size in conjunction with encapsu-
lation of a range of reactive nanoparticles within a confined
environment is a promising strategy for discovering new
heterogeneous catalysts for selective organic transformations.

The encapsulation of reactive nanoparticles within frame-
works with different pore and channel sizes could enable us to
perform regioselective transformations of more elaborate sub-
strates that are more relevant to the chemical world.
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