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Palladium Supported on Nanodiamonds as an Efficient
Catalyst for the Hydrogenating Deamination of
Benzonitrile and Related Compounds

Neeraj Gupta, Yuxiao Ding, Zhenbao Feng, and Dangsheng Su*®

Palladium nanoparticles were successfully prepared on a nano-
diamond (ND) support and used for the hydrogenating deami-
nation of benzonitrile, aromatic imines, and amines for the first
time. The developed methodology was further used for the
in situ conversion of aldehydes into hydrocarbons, including
a biomass-derived model compound. The activity of the cata-
lyst was compared with palladium supported on activated

1. Introduction

Removal of a particular functional group is of the utmost im-
portance to some synthetic organic processes such as decya-
nation,””” deamination,” and hydrodeoxygenation,® which are
frequently used during fine chemical and drug synthesis. De-
cyanation processes generally involve the loss of a cyanide
group,™ resulting in carbon loss. Chemical processes involving
the conversion of cyanides to alkanes with the retention of the
carbon atom are rarely reported in literature, but developing
such a method could provide the dual benefit of decyanation
and alkylation. Deamination of aromatic amines is generally
achieved by a two-step process involving diazotization fol-
lowed by reduction with different reductants. Also, examples
of one-pot conversions of aromatic amines to alkanes are very
few™ in the literature. For the removal of an aldehyde group
from organic compounds, rhodium compounds® have derived
considerable attention since the use of Wilkinson’s catalyst®
for this particular reaction. Beside Rh, other catalytic systems
involving Ir,”? Ru,”® and Pd® compounds have also been stud-
ied. More recently, Maiti et al."” have used Pd(OAc), for the de-
carbonylation of aldehydes. The major drawback of these reac-
tions is the loss of a carbon atom during the transformations,
which makes them less atom efficient. To attain better atom ef-
ficiency, a two-step approach involving reduction of the alde-
hyde followed by hydrodeoxygenation™ was employed. This
also suffers from low yields and contamination of the final
product with the alcoholic intermediate. Therefore, a single-
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carbon (AC) under identical conditions and the performance of
Pd/ND was found to be superior to Pd/AC. The origin of the
difference in the catalytic performance was considered. Finally,
an attempt has been made to understand the mechanism
through the identification of the side products by GCMS
analysis.

step process providing high yields of alkanes without carbon
loss and without involving an alcoholic intermediate would be
highly beneficial. Moreover, most of the reported processes in-
volve homogeneous catalytic systems in which catalyst separa-
tion always remains a major challenge. Thus, developing the
analogous processes with the use of a heterogeneous catalytic
system is highly beneficial.

Nanodiamonds (ND), one of the recently explored nanocar-
bon materials, have many attractive features and a wide range
of applications'? in various fields such as the development of
magnetic sensors, biomedical imaging, drug delivery, and
chemical transformations. Recently, a number of reviews!
have been published to highlight the importance of nanodia-
monds in medicinal, chemical, and related fields. Metal nano-
particles (NPs) supported on different supports,™ including
carbon,™ have remarkable properties and have been used in
various chemical transformations.'"® Metal nanoparticles on
nanodiamonds have been recently used for developing nano-
medicines,"” as electrocatalyst in fuel cells,"® and in the
oxygen reduction reaction."” Palladium NPs supported on
nanodiamonds exhibit enhanced activity towards the hydro-
genation® of the C=C and C=C bonds. They were also used
in the hydrogenation®” of cyclohexene, allyl alcohol, nitroben-
zene, azomethines, allyl alcohol, and simultaneously for the re-
ductive amination of propanal® with 4-aminobenzoic acid.
Careful study of these literature reports indicate that NDs are
a good support for transition metals such as Pd. Metal NPs
supported on NDs are resistant to agglomeration during reac-
tions under a hydrogen atmosphere. Alekseev et al.*® have re-
ported that hydrogen reduction at 600°C did not increase the
Pd particle size on the ND surface, whereas it increased almost
ten times upon analogous treatment on activated carbon (AC).
It is generally hypothesized that the high activity of metals
supported on NDs is due to surface ordering and the almost
complete absence of micropores.
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Based on our continuing efforts to explore carbon materi-
als®¥ for different chemical transformations and the exception-
ally good properties of nanodiamond supports in comparison
to activated carbon, we present herein a new methodology for
the hydrogenating deamination reaction of benzonitrile and
analogous compounds by using palladium nanoparticles sup-
ported on nanodiamonds. The developed catalyst provides the
double benefit of decyanation and deamination and can also
indirectly substitute the hydrodeoxygenation process that is
used for the removal of aldehydic groups in organic molecules.
First, it is used for the reductive cleavage of the —C=N bond
in benzonitrile and later also for the cleavage of the carbon-
nitrogen bond in aromatic imines and amines. The methodolo-
gy was linked to the removal of aldehydic groups in aromatic
aldehydes and used for the conversion of model biomass-de-
rived compounds.

2. Results and Discussion
2.1. Catalyst characterization

We first prepared palladium nanoparticles supported on nano-
diamonds (Pd/ND) and a detailed description of the catalyst
preparation can be found in the Experimental Section. Com-
mercially available nanodiamonds from Beijing Grish Hitech
Co. (China) were used in the study. The surface morphology
and nature of the materials was first characterized by scanning
transmission electron microscopy (STEM). From Figure 1a, it is
clear that the Pd nanoparticles were uniformly distributed on
the surface of the NDs. Figure 1b shows that the nanoparticles
(bright contrast) are decorated on NDs and are well exposed.
Both the Pd nanoparticles and NDs exhibited good crystallini-
ty; a lattice spacing of 0.22 nm in the magnified STEM image
(Figure 1¢) of a Pd nanoparticle could be assigned to the (111)
crystal plane of metallic Pd. We further performed a fast
Fourier-transform (FFT) on the micrograph, and indexed the
bright spots in the pattern (Figure 1d) to be the {111}, {002},
and {111} planes of a cubic Pd crystal, as labeled in the image.
The signature of Pd was confirmed by X-ray photoelectron
spectroscopy (XPS) at ~335 eV and the elemental contents of
Pd/ND and Pd/AC are summarized in Table 1. Deconvolution
on the high-resolution Pd3d feature (Figure S1 in the Support-
ing Information) suggests that Pd° (334.9 eV for 3ds,,) and Pd**
(336.5 eV) species exist in a ratio of approximately 5:1; this was
found to be similar for both Pd/ND and Pd/AC.

We further performed N, adsorption studies to determine
the surface area of the catalysts (Table 1). For Pd/ND, the Bru-
nauer-Emmett-Teller (BET) surface area was calculated to be
309 m?g~", which is not much different from that of the pure
NDs (313 m*g™"). On the other hand, the BET surface area of
AC was reduced quite considerably after introduction of Pd
nanoparticles. This likely suggests that the Pd nanoparticles
grew on the surface of NDs as exposed nanoparticles (with
stacking pores of average size ~20 nm), whereas the nanopar-
ticles grew in the micropores of AC (<2 nm), clogging the
open micropores, and resulting in a reduced accessible area.
Growth of the metal nanoparticles on the relatively larger
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Figure 1. STEM images and particle size distribution histogram of Pd/ND:

a) STEM image of Pd/ND; b) Pd nanoparticle on the surface of ND; ¢) magni-
fied STEM image of Pd nanoparticle with schematic representation of its
crystal structure; d) fast Fourier transform pattern of image (c); e) particle
size distribution histogram of palladium nanoparticles on Pd/ND.

Table 1. Specific surface area measurements and XPS analysis of Pd/ND
and Pd/AC.

BET surface area [m?g™"'] XPS analysis

ND Pd/ND AC Pd/AC Pd/ND [At%] Pd/AC [At%]
313 309 1201 930 carbon  91.22 94.73
- - - - oxygen 8.6 4.99
- - - - Pd3d 0.19 0.28

stacking pores of ND or on the macropores of AC may not
result in any influence on the activity as the active metal parti-
cles may remain accessible in these cases.
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2.2. Hydrogenating deamination (HDA) of benzonitrile by
Pd/ND and the synthetic utility

Catalytic reduction of benzonitrile (BN) is one of the very im-
portant reactions used for the preparation of amines on an
industrial scale. The reduction of BN involves multiple hydro-
genated or semi-hydrogenated products/intermediates. Diben-
zylamine (DBA) and benzylamine (BA) are the major products
reported for the reduction of benzonitrile using Pd supported
on activated carbon (Pd/AC).*' We started by testing the effi-
ciency of Pd/ND towards this reaction. It was found that Pd/
ND can reduce BN to BA, but DBA was also formed as a side
product. The highest selectivity of BA obtained was 85% at
a low temperature and high pressure (Table 2, entry 7) without
the use of any additives such as ammonia® or acid.”?” The BA
selectivity decreases with rising temperature or with lowering
pressure. Thus, high pressure and low temperature seem to
favor the formation of BA and we do not observe high selectiv-
ity of BA in non-polar cyclohexane or in polar EtOH/H,O mix-
tures. From these studies, Pd/ND favors formation of BA over
DBA at pressures above 1 MPa and at comparatively low tem-
peratures (below 100°C) in comparison to those reported in
the literature,® where temperatures around 100°C or above
are reported. Surprisingly, 100% conversion of BN was ob-
served at 0.5 MPa at 120°C and no trace of BA or DBA were
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observed. The obtained product was confirmed as toluene
(yield, 99%) by GC analysis.

The deaminated product toluene could be generated either
from BN or from its hydrogenation product BA.” To determine
which, we analyzed the reaction mixture at different time inter-
vals (Figure S4 in the Supporting Information) under identical
conditions (120°C and 0.5 MPa H, pressure). It was interesting
to note that toluene was the major product noticed at differ-
ent stages of the reaction in THF and that very small amounts
of BA were detected during the initial stage only (2% after
1 h). No trace of DBA was observed at any stage of the reac-
tion and the selectivity of toluene reached a maximum of 99%
after 6 h. These results clearly indicate that the deaminated
product was directly formed from benzonitrile without involv-
ing amine formation. After the optimization process, Pd/ND
was further tested for the hydrogenating deamination of relat-
ed molecules (Table 3). Nicotinonitrile and related pyridine-con-
taining compounds are abundant in natural products and
hence applying this catalyst for the removal of the cyanide
group in these molecules will open new doors for related reac-
tions during natural product syntheses. Such strategies are
also valuable while studying the structure-activity relationships
of pharmaceutically active compounds. Therefore, reductive
cleavage of 3-cyanopyridine was performed, which afforded
72% vyield of 3-methyl pyridine (Table 3, entry 4). Non-aromatic

substrates such as octanonitrile did not undergo any
conversion. Thus, the presence of the aromatic ring is

Table 2. BN reduction with Pd/ND under different conditions. essent.lal for the. reaction. A|S?, ".: a Carbon_mtrOgen
CN bond is present in the aromatic ring as well as in the
Pd/carbon NH, N B . ) .
0520 MPa . ® H side chain, the one that is adjacent to the stable aro-
70-120 °C BA OBA matic ring is cleaved preferably at relatively high
temperatures. Furthermore, imines and amines are
Entry Catalyst Solvent Pressure T ¢ BN Yield classes of organic compounds that contain carbon-
[MPa] [°C1 [h] Conversion [%] [9%] nitrogen double and single bonds and hence the
BA DBA | same process can be applied for the hydrogenating
] Pd/ND CH 1 70 3 98 60 33 cleavage of the carbon-nitrogen bonds in these mol-
2 Pd/ND EtOH 1 70 3 93 52 2 ecules. To test this, the reductive cleavage of the —C=
(a] . ..
3 Pd/ND EtOH/R,0™ 1 703 20 4929 N— bond in benzyl phenylmethanimine (Table 3,
4 Pd/ND MeOH 1 70 3 72 23 3 ;
5 Pd/ND THE 1 70 3 4 o o entry 7) and benzylamine (Table 3, entry 10) have
6 Pd/ND EtOH 16 70 1 55 27 T been carried out. Here, we also observed that the
7 Pd/ND THF 2 70 2 33 28 1 aromatic substrate BA was converted to toluene, but
8 Pd/ND THF 2 100 3 76 61 4 n-octylamine did not show any conversion. This
9 Pd/ND THF 0.5 100 3 67 14 2 . firmed i b . hat th
10 PA/ND THE 05 120 6 100 0o 0 again confirmed our earlier observation that the aro-
1 Pd/ND THF 0 120 6 10 0 0 matic ring is essential for the conversion.
12 Pd/ND-NH;¥ THF 05 120 6 59 18 23 The end products of the hydrogenating deamina-
[d] . . . .
13 Pd/AC MeOH ! 703 74 21 tion reaction are aromatic alkanes; one of the objec-
14 Pd/AC THF 1 70 3 5 o T . . Lo
15 PA/AC CH 1 720 3 % 1 15 tives of biomass conversion is to get alkanes from
16 Pd/AC EtOH 1 70 3 90 6 3 naturally abundant aldehydes. Lignin and sugar de-
17 Pd/AC EtOH 1.6 70 3 50 5 3 rivatives generally provide aromatic aldehydes®®
18 Pd/AC THF 05 1003 35 8 Zb from naturally abundant resources. The hydrogenat-
19 Pd/AC THF 0.5 120 6 66 o T . Lo - s .
20 ND THE 05 120 6 0 0o 0 ing deamination of imine derivatives performed in
the previous stage serves as a link to correlate alde-
Reaction conditions: 100 mg of benzonitrile, 10 mg of catalyst, 10 mL of solvent . . .
) ) hydes with alkane formation through this route and
under the reported time, temperature (internal), and pressure. CH=cyclohexane,
THF =tetrahydrofuran, EtOH=ethanol, and MeOH =methanol. [a] De-mineralized hence the developed catalyst could be used for the
water (25 ul) was added to the reaction mixture. [b] Trace [T] quantities detected conversion of aromatic aldehydes to alkanes. There-
were less than 1 mg. [c] 40 mg of the catalyst was used. [d] The side product detected fore, we first converted benzaldehyde into an imine
during the reduction of benzonitrile in all cases was toluene. . . . . .
by reacting it with BA in the presence of activated
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Table 3. Reductive deamination of nitriles, imines and amines.
R{-C=N R4~CHg
or or
R,-CH=NCH,Ph Pd/L. Ry-CH3z +Ph—CHj
or 0.5 MPa H, or
R3-CHp-NH, heat, 6h R3-CHs
Entry Substrate T°Q Product yield [%]
1 R'=phenyl 120 99
2 R'=3-pyridyl 120 5
3 R'=3-pyridyl 150 26
4 R'=3-pyridyl 175 72
5 R'=heptyl 120 0
6 R?=phenyl 120 58
7 R?=phenyl 175 941
8 R?=4-methylpheny! 175 97
9 R®=phenyl 120 71
10 R®=phenyl 150 99
1 R*=phenyl 175 99
12 R®=heptyl 120 0
Reaction conditions: 100 mg of substrate, 10 mg of Pd/ND, 10 mL THF
under 0.5 MPa hydrogen pressure at specified temperature (internal).
[a] Total amount of toluene was divided by two.

molecular sieves (4 A) and its complete conversion was en-
sured before addition of the catalyst. The yield of toluene was
found to be 98% (Table 4) at 150°C, indicating that the cata-
lyst is effective for the direct conversion of aromatic aldehydes
to hydrocarbons. It was then tested on biomass-derived model
molecules to test its efficiency for biomass conversion. Vanillin,
containing —OH, —OCH,, and —CHO groups on the benzene
ring was chosen for the study as a model compound. These
groups are in abundance in lignin-derived molecules. Interest-
ingly, excellent yield of 2-methoxy-4-methyl phenol during the
conversion of vanillin was obtained under similar reaction con-
ditions. In this process, no decrease in the number of carbon
atoms occurs; hence, it is good for attaining high atom effi-
ciencies. Furthermore, the use of this catalyst for converting
furan-derived compounds did not prove benéficial.

Table 4. Conversion of aldehydes into hydrocarbons, including biomass-
derived compounds.
1. BA, Molecular Sieves

o
Y _THF . R-CH,
R™ “H 2. Pd/ND, 0.5 MPa H,
heat, 6h

Entry  Aldehyde Product T[°Cl  Yield [%]
1 benzaldehyde toluene® 150 98
2 vanillin 2-methoxy-4-methyl phenol 150 97
3 furfural 2-methyl furan 150 2
4 furfural 2-methyl furan 10° 0

Reaction conditions: 100 mg aldehyde, 1 mol equiv. BA, 50 mg molecular
sieves, 10 mL THF at 60 °C for 2.5 h, then 10 mg of Pd/ND was added and
the mixture heated under 0.5 MPa hydrogen pressure. The internal tem-
perature of the reaction mixture is reported. [a] Total amount of toluene
was divided by two. [b] Reaction was performed for two hours.
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2.3. Surface chemistry of the carbon support

The reduction of BN by Pd/AC was also performed by adopting
similar conditions (Table 2) and the catalyst (Pd/AC) was pre-
pared from commercially available activated carbon (see the
Supporting Information). It was found that the performance of
Pd/ND was better than that of Pd/AC and Pd/ND can perform
the reduction of BN to BA at much lower temperature. Reduc-
tion of BN by Pd/AC is mostly performed at temperatures
above 100°C as shown by earlier literature reports. Also, under
similar conditions (Table 2, entries 10 and 19), the performance
of Pd/AC in the hydrogenating deamination reaction was
lower in comparison to Pd/ND. Previous literature reports have
also shown that metal NPs supported on nanodiamonds
showed improved activity in comparison to activated carbon
during the hydrodechlorination reaction of hexachloroben-
zene® and 2,4,8-trichlorodibenzofuran.?” On this basis, we
could hypothesize that the difference in the activity may arise
from the following factors. The active metal on the catalyst
support may show different activity towards hydrogen owing
to different crystal structures, different surface distribution, and
different interactions with the support. At the same time, the
different surface nature of the support may also influence the
reaction. The presence or absence of micropores and the dif-
ferent concentration of surface functional groups might affect
the access to the active sites and adsorption of reactant/inter-
mediates on the catalyst surface.

As the Pd nanoparticles have identical natures on both of
the catalyst surfaces (Figure 1, Figures S2 and S3 in the Sup-
porting Information), the contribution from different crystal
structures or distributions of metal is negated. Also, by com-
paring the HR-TEM images of the Pd/ND (Figure 1b) and Pd/
AC (Figure S2), it seems that the metal particles on the surface
of Pd/ND are well exposed in comparison to Pd/AC, which
may further increase access to the active sites. Kachevskii
et al.’" observed significant differences in the temperature-
programmed reduction spectra of PAO/ND and PdO/AC. The
peak of reduction of PdO on NDs shifted towards lower tem-
peratures in comparison to PdO/AC. The difference was ex-
plained based on the easy reduction of PdO on the nanodia-
mond surface owing to weak interactions between the metal
and support and the unblocking effect offered by the support,
which increases the availability of the metal towards hydrogen.
As our catalytic system matches very closely to the reported
work, hence a similar effect may also operate during the reduc-
tion of benzonitrile. It is well-known fact that surfaces of nano-
diamonds have very ordered structure and have almost a com-
plete absence of micropores™ in comparison to activated
carbon. We have observed a decrease in surface area during
the preparation of Pd/AC (Table 1), which may possibly be ex-
plained by the blockage of the micropores by Pd nanoparti-
cles, which may further decrease access to the active sites.

To understand the difference in the distribution of surface
functional groups, the high-resolution O1s spectra (XPS) of
both the catalysts were further investigated (Figure 2). The Pd/
ND surface was rich in overall oxygen content (8.6%) in com-
parison to Pd/AC (4.99%). Furthermore, the surface of the
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Figure 2. O 1s XPS spectra of Pd/ND and Pd/AC.

nanodiamond was rich in O—C=0 functionality in comparison
to activated carbon, which is also reported in the literature.!"?
To see if these acidic groups might influence the reaction, we
first prepared Pd/ND-NH; (see the Experimental Section). An
ion-exchange reaction of acidic functional groups with aque-
ous ammonia solution can help to remove the acidic protons
from the catalyst surface. Then, we performed the reductive
cleavage of the CN bond in benzonitrile by the optimized pro-
cess and observed the yield and selectivity of toluene (Table 2,
entry 12). As expected, the yield and selectivity of toluene was
drastically decreased even when using four times of the cata-
lyst amount compare with Pd/ND. This indicated that the
acidic groups on the carbon surface might play a role during
the hydrogenating deamination reaction.

To see if the adsorption of the reactant and/or the inter-
mediates/products was responsible for the different behavior,
we studied the adsorption of benzonitrile, benzylamine, and
toluene on the nanodiamond and activated carbon surfaces.
BN, BA, and toluene (100 mg) were added to THF (25 mL) fol-
lowed by the addition of ND or AC (100 mg each). GC analysis
was performed after 24 h to determine the quantities of the re-
spective compounds remaining in the solution. No significant
difference in the adsorbed quantities of toluene and BN was
observed, but there was a significant difference in the adsorp-
tion of BA: 30 mg of BA was adsorbed on AC and only 5 mg
was adsorbed on ND. Because benzylamine formation is not
observed during the hydrogenating deamination reaction (Fig-
ure S4), its differential adsorption also did not seem to affect
the deamination reaction. However, it can certainly affect the
BA or DBA formation during the hydrogenation of BN at low
temperature and high pressure (Table 2). Because BA exhibited
more adsorption on the activated carbon surface, it may show
a greater tendency to stay on its surface along with the other
intermediates. When BA is formed at lower temperature
(Table 2, entry 7) and high pressure on a nanodiamond surface,
most likely it leaves the surface and therefore its further deam-
ination and side reaction with possible imine intermediates is
minimized.
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2.4. Possible mechanism for the hydrogenating deamination
of BN

To investigate the possible pathway of the reaction, the differ-
ent side products were identified by the GCMS analysis of the
reaction mixture (Figure S5 in the Supporting Information). In
addition to toluene (the main product of the hydrogenation
deamination of benzonitrile), the other products identified in
trace amounts are cyclohexanecarbonitrile and benzene. No
trace of benzylamine or dibenzylamine was detected during
the analysis. Direct conversion of BN to toluene was also ob-
served during the optimization studies (Figure S4). Therefore,
benzonitrile directly undergoes hydrogenating deamination to
form toluene without involving the BA intermediate. In addi-
tion, cleavage of BA was not facile in comparison to BN reduc-
tion under identical conditions (Table 3, entry 9) and the similar
observation has been reported previously.”® This also rules out
the possibility of fast cleavage of the carbon-nitrogen bond in
BA on the catalyst surface.

The formation of cyclohexanecarbonitrile in trace amounts
was clear evidence for the activation of the aromatic ring by
Pd, which was responsible for the ring reduction. Therefore, it
is probable that the m-electron cloud of the aromatic ring is in-
teracting with Pd during the reaction to form an intermediate
that gives toluene as the final product (Figure S6 in the Sup-
porting Information). This fact is further supported by the re-
luctance of octanonitrile and n-octylamine (which do not con-
tain aromatic rings in their structures) towards hydrogenating
deamination under similar conditions (Table 3, entries 5 and
12). Therefore, the catalyst most probably activates the aro-
matic ring in BN and cleaves the CN bond in the intermediate
(Figure S6). Cleavage of the CN bond is favored in comparison
to the carbon-carbon bond in the intermediate, which favors
the deaminated product and therefore toluene is the major
product in comparison to benzene. We have also observed
that toluene formation is minimized if the acidic groups on the
surface are exchanged with aqueous ammonia solution
(Section 2.3).

Based upon these facts, a mechanism is proposed for the re-
action (Figure 3). The reaction starts with the interaction of
benzonitrile with the palladium nanoparticles, where the ring
is probably activated by Pd and similar interactions could pos-
sibly be involved with the CN functional group. Well exposed
Pd nanoparticles on the surface serve as active sites for hydro-
gen absorption. Activation of the aromatic ring then may lead
to the hydrogenation of the —CN functional group and acidic
groups present on the surface might assist in the cleavage of
the carbon-nitrogen bond, leading to the deaminated product.
The high temperature and low pressure during this conversion
further seems to assist this cleavage (Figure 3), which seems to
operate in a synchronized way. If this arrangement is disturbed,
this ultimately disturbs the selectivity of the deamination reac-
tion. The fact is manifested by the reactions at 100 and 120°C
(Table 2, entries 8-10): at 100°C, BA formation was observed at
a high pressure of 2 MPa, whereas at 0.5 MPa, HDA is favored
at 120°C in comparison to 100°C.
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Figure 3. Plausible reaction mechanism for the HDA reaction by Pd/ND.

3. Conclusions

We have prepared palladium nanoparticles on nanodiamond
surfaces and applied them in the hydrogenating deamination
reaction of nitriles, imines, and amines for the first time. It was
found that Pd/ND possesses excellent activity towards hydro-
genating deamination and can be used for the removal of cya-
nide, imine, amine, and aldehydic groups in organic molecules
with very high selectivity towards deaminated product. No
traces of other hydrogenating products, such as analogous
amines (BA or DBA) were observed during the conversion. The
presence of uniformly distributed acidic sites with good expo-
sure of palladium nanoparticles are the key factors that result
in the good activity of the Pd/ND catalyst. The catalyst can
also be applied for biomass conversion by the removal of alde-
hyde groups in lignin-derived compounds, which potentially
provides an alternative chemical path for biomass utilization.

4. Experimental Section
4.1. Preparation of catalyst

Commercially available nanodiamonds (500 mg) were added to
dilute HNO; (25 mL) at pH 3 and stirred at room temperature
(25°C) followed by the addition of Pd(NO,), solution in demineral-
ized water (1 mL, 0.069 m). The contents were stirred at the same
temperature for 2 h and then water was evaporated under reduced
pressure at 50°C. The obtained mass was kept overnight to ensure
evaporation of trace amounts of water and then transferred to
a quartz crucible. It was then heated in a fixed-bed quartz glass

ChemCatChem 2016, 8, 922 -928 www.chemcatchem.org

tube reactor at 150°C for 2h under an argon gas flow
(100 mLmin™"). Finally, the temperature was increased to 300°C
and sample was heated under a flow of hydrogen gas
(80 mLmin ") for 2 h and then slowly cooled to room temperature.
The solid obtained is labeled as Pd/ND; it was stored at room tem-
perature and used as such in the experiments. Pd/AC was also pre-
pared by following the identical procedure. Pd/ND-NH; was pre-
pared from Pd/ND. Pd/ND (50 mg) was treated with aqueous am-
monia solution at 50°C for 2 h in an autoclave. The air in the auto-
clave was replaced with hydrogen gas to prevent Pd oxidation.
The autoclave was cooled to room temperature and the material
was dried under vacuum at 40°C for 16 h.

4.2. Standard procedure for the reduction of benzonitrile

Tetrahydrofuran (10 mL) was added to the Teflon vessel in the au-
toclave reactor (100 mL) followed by the addition of benzonitrile
(100 mg) and Pd/ND (10 mg). The reactor was closed and then
flushed with nitrogen and hydrogen gas to displace air. Care was
taken to check the hydrogen level in the surroundings by using
a hydrogen gas sensor (Caution: hydrogen is flammable). Finally,
the hydrogen gas was inserted at the desired pressure of 0.5 MPa
and the contents were heated at 120°C for 6 h (Table 2). The pres-
sure of the autoclave rose from 0.5 MPa to 1.1 MPa at equilibrium.
Finally, the mixture was cooled to room temperature and the pres-
sure of the autoclave was released slowly. The reaction mixture
was analyzed by gas chromatography and the yield of the product
was reported by comparison with the standard calibration curve of
toluene. Other products, such as 3-cyanopyridine, benzylamine,
and imines, were also reductively cleaved by a similar procedure.
The yields in these cases were calculated by comparison with the
standard calibration curve of the specific products.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.3, Standard procedure for the in situ conversion of benzal-
dehyde into toluene by using Pd/ND

Benzaldehyde (100 mg), benzylamine (101 mg), and molecular
sieves (50 mg, 4A) were added to tetrahydrofuran (10 mL) in
a round-bottom flask and heated at 60°C for 150 min. The con-
tents were cooled to 30°C and then transferred to the autoclave
after collecting a sample for GC analysis (10 uL added to 1.5 mL
THF). Finally, the catalyst Pd/ND (10 mg) was added to the reactor
and it was closed tightly. Air in the reactor was displaced by hydro-
gen gas, which was inserted at a pressure of 0.6 MPa (three cycles
repeated). Care was taken to check the hydrogen level in the sur-
roundings by using a hydrogen gas sensor (Caution: hydrogen is
flammable). Finally, the contents were heated at 150°C for the
specified time (Table 4), where the pressure of the autoclave
reached a maximum of 1.8 MPa. The contents were cooled to
room temperature and the yield of the product was reported by
comparison with the standard calibration curve of toluene. Vanillin
was also converted by adopting the same procedure.
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