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Abstract

Silica-supported Pd, Rh and Pt metal nanoparticles catalyze the hydrogenolysis of the
Pt—OPh bond of (‘bpy)Pt(OPh)CI to release PhOH. Based on kinetic studies monitored
by *H NMR spectroscopy, the reactivity trend is Pd > Rh > Pt. Kinetic studies with Pd/SiO2
are consistent with a first-order dependence on the catalyst and the molecular Pt(ll)
complex (‘bpy)Pt(OPh)CI. Using TEM-EDS mapping and ICP-OES measurements of a
recovered Pd catalyst, after 1 hour of hydrogenolysis of (‘bpy)Pt(OPh)CI, approximately

10-16% Pt deposition (relative to Pd mol%) on the Pd/SiO2 surface was quantified.
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Introduction

The use of dihydrogen in chemical synthesis generally involves two broad reaction
classes: hydrogenation and hydrogenolysis reactions. Hydrogenation reactions of olefins,
aldehydes and ketones play an important role in the synthesis of high-value chemicals,
intermediates, and active pharmaceutical ingredients.1?l Examples of catalytic
hydrogenolysis include alkane hydrogenolysis to produce lighter alkanes! and
hydrogenolysis of C-O bonds of biomass derived platform molecules.*! Hydrogenolysis
reactions are of particular interest for the conversion of molecules from biomass to more
valuable products, which commonly involves a reaction process involving hydrogenation

followed by dehydration!® and hydrodeoxygenation of biomass derived compounds.[5¢: €l

Net hydrogenolysis of ether and alcohol groups is a key transformation.l”! For
transition metal catalyzed deoxygenation, the formation of metal alkoxide, aryloxide
and/or hydroxide intermediates is sometimes invoked in reaction pathways for
deoxygenation processes,'®l and, hence, understanding reactions of M—OR (R = alkyl,
aryl or H) groups with dihydrogen, particularly to release ROH, is of interest.[8b. 8¢. 8. 9] For
example, Goldberg and co-workers demonstrated that hydrogenolysis of palladium(ll)
hydroxide, phenoxide and alkoxide complexes release corresponding HOR (R = H, CHs,
CeHs and CH2(CHs)3) (Scheme 1a).B> &l Similarly, hydrogenolysis of platinum(ll)
hydroxide and amido complexes was observed by the Gunnoe group (Scheme 1b).[8d. &
101 In studies of net hydrogenolysis of a Pt(ll) anilido complex, an induction period was
observed,8 8 101 which was attributed to the in situ formation of elemental Pt that served

as a catalyst for the hydrogenolysis. In addition, Piers and coworkers observed that in situ
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formation of reduced Pt nanoparticles can serve as the catalyst promoting the addition of

benzene C—H bonds across Pt(ll)-hydroxide bonds (Scheme 1c).[¢¢!

In this study, we examined the use of silica-supported Pd, Rh, and Pt nanopatrticles
as catalysts for the hydrogenolysis of a M—OR bond. Specifically, we investigated catalytic
performance towards hydrogenolysis of the Pt—OPh bond of (‘bpy)Pt(OPh)CI (1) to form
PhOH (Scheme 1d). We note that such a reaction could be considered a hydrogenolysis,
since the observed products, including free PhOH, are the result of cleavage of the Pt—
OPh bond, but, also, the initial kinetic product likely has phenol coordinated to Pt(Il) and,
hence, retention of the Pt—O bond, which makes a case for the reaction to be considered
as a hydrogenation process. Herein, we refer to the overall process with phenol

production (i.e., hydrogenolysis).

PBu, P'Bu,
| +H,
2a P‘d—OR _ P|d—H + HOR
P'Bu, P'Bu,
R = H, CHa, CgHs,CH,C(CH3)s,
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Scheme 1. Examples of hydrogenoly5|s of Pd—OR, Pt—NHPh and Pt—OR bonds.
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Results and Discussion

Synthesis of molecular Pt(ll) phenoxide complex. The complex (‘bpy)Pt(OPh)CI
(1) (‘bpy= 4,4'-di-tert-butyl-2,2"-bipyridine) was synthesized by reacting (‘bpy)Pt(OPh)2
with one equivalent HCl at -78°C, and ~70% isolated yield was obtained (eq 1).

Bu X Bu

| B
_N.  OPh THF, -78 °C N cl
\pt/ + HCl —— \Pt/ +HOPh (1)
>N oph >N oph
| \
NS X
Bu Bu

&)

Complex 1 was characterized by *H and **C NMR spectroscopy, elemental analysis
and single crystal X-ray diffraction. A single crystal of 1 was grown by slow evaporation
of a pentane/acetone solution (Figure 1). As expected, the geometry around the Pt center
is square planar. The Pt—O bond distance of complex 1 is 1.988(10) A, which is similar to

the Pt-O distances of (‘opy)Pt(OPh)2 (2.001(4) A and 2.014(4) A).[84 The Pt-O—C bond

Author Manuscript

angle is 124.3(9)°.

Figure 1. ORTEP of (‘bpy)Pt(OPh)CI (1) (30% probability). Hydrogen atoms have been omitted for clarity.
Selected bond lengths (A) and angles (°): Pt-N(1) = 2.042(8), Pt-N(2) = 1.997(11), Pt—-O(1) = 1.988(10),
Pt—CI(1) =2.292(3), C(1)—0O(1)—Pt= 124.3(9), CI(1)-Pt-O(1) = 90.6(3), CI(1)-Pt-N(2) = 95.0 (3), O(1)-Pt-N(1)
=93.1 (4), N(1)-Pt-N(2) = 81.3(4). An acetone co-solvent molecule and protons are removed for clarity.
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Synthesis of silica-supported Pd, Rh and Pt nanoparticles. Uniform noble metal
catalysts on silica support (Pd/SiO2, Rh/SiO2 and Pt/SiO2) were synthesized via an ion
exchange method based on literature procedures.'l The supported nanoparticle
materials were characterized by ICP-OES and TEM (see Supporting Information).['1b-d. 121
Analyses by ICP-OES indicated the following metal compositions: 5.0 wt% Pd (Pd/SiO2),
1.0 wt% Pt (Pt/SiO2) and 3.6 wt% Rh (Rh/SiO2).l'"*4. 12 Typical HAADF-STEM images of
Pd/SiO2 and Rh/SiOz are shown in Figure 2. The particle size distribution analysis of the
synthesized Pd/SiO2 material indicated that the Pd nanoparticles were approximately
1.1(4) nm in diameter, and the nanoparticles are well dispersed on the silica support.
Analysis by H2 chemisorption, assuming a H/Pdsurface ratio of unity, indicated the fraction
of Pd atoms exposed to the surface was 80%, which is consistent with the nanometer
particle size evaluated by electron microscopy. For the analyses of catalyst performance,
surface Pd atoms are assumed to be the catalytically active sites. The same
characterization techniques were used for Pt/SiO2"'cl and Rh/SiO2"d materials.
Dihydrogen chemisorption of the synthesized Rh/SiO2 material indicated a fraction of Rh
exposed to be ~70% and the average Rh metal particle size measured by TEM was found
to be 2.2(5) nm.[1d Using H2 chemisorption, the fraction of Pt exposed on Pt/SiO2 was
determined to be 40%, suggesting that the Pt particles on Pt/SiO2 are approximately 3.0

nm. 13l
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20 nm :

Figure 2. A HAADF-STEM image of synthesized SiO2 supported Pd nanoparticles (Pd/SiOz, left) and Rh
nanoparticles (Rh/SiOz, right).

Catalytic hydrogenolysis of (‘bpy)Pt(OPh)CI (1). The reaction of complex 1 with 20
psig Hz in THF at 50 °C in the presence of Pd/SiO2 as catalyst resulted in the net
hydrogenolysis of the Pt—OPh bond of complex 1 to produce phenol in ~83% yield by *H
NMR spectroscopy, (‘bpy)PtClz in ~36% yield, free tbpy in ~40% yield and Pt(s) (eq 2).
The reaction is complete after approximately 6 hours. A control reaction between 1 with
H2 (20 psig) in the absence of the Pd/SiO2 produced phenol at a greatly reduced rate (<
10% conversion after 8 h compared to almost 80% conversion after 6 h when Pd/SiO2
was used). In a control experiment, complex 1 was combined with silica and heated to
50 °C for 3 hours with no observation of phenol. These observations are consistent with
the Pd/SiO: catalyzing the hydrogenolysis of 1.

(bpy)Pt(OPh)CI (1) Pd/SiO, PhOH + 1/2 (‘bpy)PtCl,
+ 12 H, 50 °C,THF + 1/2 thpy + 1/2 PY(s)

We used 'H NMR spectroscopy to monitor the kinetics of hydrogenolysis of complex
1 (Figure S3). In a typical experiment, the resonance at 6.3 ppm (assigned as the para H
of the phenyl group) was used to quantify the conversion of complex 1. Resonances due
to the formation of PhOH (6.6, 7.1 and 8.1 ppm), free bpy (7.3, 8.5 and 8.6 ppm) and

(‘bpy)PtCl2 (7.6, 8.2 and 9.4 ppm) were used to quantify the formation of products. A
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typical concentration profile of PhOH (red) and (‘bpy)Pt(OPh)CI (1) (blue) is shown in

Figure 3.

16[ i

14
12 -

10 +

Concentration, (mM)

0 60 120 180 240 300 360 420
t (min)

Figure 3. Concentrations of reactants and products from Pd/SiO2 catalyzed hydrogenolysis of
(‘opy)Pt(OPh)CI (1): Sum of the concentrations of complex 1 and PhOH (green), concentration of PhOH
(red), and concentration of (‘opy)PtCI(OPh) (blue). Reaction conditions: (tbpy)Pt(OPh)CI (13.2 mmol/L), 20
psig Hz (~7-11 mmol/L in solution), Pd/SiO2 (5 wt%, 1.1 x 107® mol Pdsur), 50 °C, THF-ds, internal standard
hexamethyldisilane (2.33 mmol/L).

For the hydrogenolysis of 1 at 50 °C, a first-order dependence on complex 1 was
determined for the Pd nanopatrticle catalyzed hydrogenolysis (Figure 4), which contrasts
previously reported hydrogenolysis of the Pt—NHPh bond of (tbpy)Pt(NHPh)(CHz), which
exhibited a zero-order dependence on (‘opy)Pt(NHPh)(CHz3).1® The previously reported
zero-order dependence on the (‘bpy)Pt(NHPh)(CHs) complex is explained by an initial
induction period during which decomposition of (tbpy)Pt(NHPh)(CH3) to form
heterogeneous Pt nanoparticles occurs, which is followed by catalytic hydrogenolysis of
the Pt—-NHPh moiety of (‘tbpy)Pt(NHPh)(CHs3) in a process that is first-order in Hz. For our
current kinetic studies, Hz in solution is replenished from the gas phase as the reaction
progresses (Figure S4), and, thus, our kinetic studies are under conditions that are

effectively pseudo first-order in 1.
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The rate of hydrogenolysis of 1 using Pd/SiO:2 as catalyst was found to be proportional
to the number of surface Pd atoms in the reactor. Monitoring the catalytic plot of kobs
versus relative amount of surface Pd (Figure 5, the x-axis is the ratio of surface palladium
sites and complex 1. The kobs was determined from the slope of the first-order kinetic plot
of In[PtOPh] vs. time. We found that kobs increased by approximately 5-fold by increasing
the amount of Pd catalyst by 5 times. This linear dependence on the amount of Pd
nanoparticles indicates that the surface Pd atoms are likely responsible for the

accelerated hydrogenolysis rate of complex 1 to release PhOH.

n
(3]

N

y =-0.005x + 2.5
R?=0.99

-
)]

-

In[(tbpy)PHOPh)CI] (mM)

©
)]

0 50 100 150 200 250 300 350
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Figure 4. Plot of In[(*bpy)Pt(OPh)CI (1)] versus time is consistent with a reaction that is first-order in complex
1. Reaction conditions: (*bpy)Pt(OPh)CI (13.2 mmol/L), 20 psig Hz (~7-11 mmol/L in solution), Pd/SiOz2 (5
wt%, 1.1 x 1078 mol Pdsurf), 50 °C, THF-ds, internal standard hexamethyldisilane (2.33 mmol/L).
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Figure 5. A plot of kobs versus amount of Pd/SiOz loading. Reaction conditions: (*bpy)Pt(OPh)CI (1) (13.2
mmol/L), 20 psig Hz (~7-11 mmol/L in solution), Pd/SiO2 (5 wt%, 1.1 x 10 mol, 2 x 107 mol, and 6 x 107®
mol Pdsurf), 50 °C, THF-ds; hexamethyldisilane (2.33 mmol/L).

During the hydrogenolysis of 1 in the presence of Pd/SiO2, evidence of deposition of
elemental Pt on the Pd surface was obtained. After 1 hour of hydrogenolysis of 1 at 50 °C
in the presence of 20 psig Hz, TEM-EDS mapping of Pt, Pd and Si of the recovered solid
revealed approximately 16 mol% Pt (relative to Pd) on the Pd/SiO2 surface (Figure 6).
Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements
further confirmed and quantified the deposition of Pt on Pd/SiO2 with approximately 10
mol% (relative to Pd) atomic Pt deposited. Particle size analysis of the Pd nanoparticles
following 1 hour of hydrogenolysis of complex 1 revealed that the average size of the
metal nanoparticles increased from 1.1(4) nm to approximately 2.0(5) nm in diameter

(Figure 7), which is consistent with the observation of Pt deposition.

Si-K map Pt-L map

Pd-L map Scan region

Figure 6. TEM-EDS mapping of selective areas of supported Pd nanoparticles (on silica) after 1 h of
reaction. Reaction conditions: (‘bpy)Pt(OPh)CI (1) (13.2 mmol/L), 20 psig Hz2 (~7-11 mmol/L in solution),
Pd/SiO: (5 wt%, 3 mg, 1.1 x 107 mol Pdsur), 50 °C, THF-ds, internal standard hexamethyldisilane (2.33
mmol/L).
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Figure 7. The particle size distribution of recovered Pd nanoparticles (on silica) measured by TEM analysis
after 1 h of hydrogenolysis of (‘tbpy)Pt(OPh)CI (1). Reaction conditions: (‘bpy)Pt(OPh)CI (1) (13.2 mmol/L),
20 psig Hz (=7-11 mmol/L in solution), Pd/SiO2 (5 wt%, 3 mg, 1.1 x 107 mol Pdsur), 50 °C, THF-ds, internal
standard hexamethyldisilane (2.33 mmol/L).

In order to evaluate relative efficacy of other metals in the hydrogenolysis of complex
1, we prepared nanoparticles of Rh and Pt on silica with 3.6 wt% Rh/SiO2 and 1.0 wt%
Pt/SiO2 and tested their catalytic efficacy. We compared the catalytic hydrogenolysis of 1
using the Rh/SiO2 and Pt/SiO2 materials to the Pd/SiO2 material. At a relatively low
conversion of complex 1, Table 1 shows a comparison of TOFs for the Pd, Rh, and Pt
nanoparticles {TOF = (mole of complex 1 reacted)/(mole of surface atoms)/t(s), note
surface atoms are the fraction of nanoparticles estimated by hydrogen chemisorption}.
The TOFs were calculated from the initial rates of reaction evaluated at relatively low
conversion: a) for the Pd/SiO2 reaction, the TOF was determined after 1 hour of reaction
(~35% conversion), b) for the Rh/SIO2 reaction, the TOF was determined after 4 hours of
reaction (~25% conversion), and c) for the Pt/SiO:z reaction, the TOF was determined
after 4 hours of reaction (~5% conversion). With equivalent amounts of catalyst loading,
the rate of hydrogenolysis of 1 follows the trend: Pd > Rh > Pt. Relative to Pt, the Pd
nanoparticles gave a TOF that is approximately 5.2 times faster, while the Rh

nanoparticles TOF value is 1.4 times larger than Pt. Although the liquid hydrogenolysis

10
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rate is much slower compared with that of C=C hydrogenation, the relative rate trend
mediated by different nanopatrticle is consistent with previously reported results for the
liquid phase olefin hydrogenation with noble metal catalysts, which is Pd > Rh > Pt.[14
Importantly, the differences in rate of dihydrogen addition across the Pt—OPh bond and
C=C bonds based on metal identity are more pronounced for the former. Although we
cannot, at this time, rationalize the trends based on metal identity for dihydrogen addition
to the Pt—OPh bond, it is clear that this reaction, which likely involves a net heterolytic
addition of a proton to the phenoxide ligand and a hydride to Pt, is much different in nature

than the dihydrogen addition across a C=C bond.

Table 1. Liquid phase TOFs for nanopatrticles catalyzed Pt—-OPh hydrogenolysis and C=C hydrogenation

Pt-OPh?, s! C=Cl, 571

2.5(6)x107* (Pd/SiO2) 1.35-1.72 (supported Pd)°
6.9(4)x107° (Rh/SiO>) 1.16-1.36 (supported Rh)
4.9(4)x107° (PU/SiO2) 0.55-0.66 (supported Pt)

aTOF = (mole of complex 1 reacted)/(mole of surface atoms)/t(s). Reaction conditions: 10 mM complex 1 in 0.5 mL
THF-ds, ~1.1 x 107 mol surface Pd, Pt and Rh atoms, 20 psig hydrogen, 50 °C and 2 mM hexamethyldisilane as an
internal standard. ® A typical reaction condition for liquid phase cyclohexene hydrogenation: solvent cyclohexane, 25 °C
and 14.7 psi Ha.

Despite Pt deposition on the Pd nanopatrticles, the observed rates of reaction appear
to retain a first-order dependence on complex 1. Given that Pt nanoparticles were not as
active as Pd nanopatrticles for the hydrogenolysis of 1 (vide supra), deposition of Pt onto
the Pd nanoparticles is expected to potentially decrease the rate of hydrogenolysis by
reducing access to Pd active sites. It is possible that in the presence of Hz, Pd atoms

migrate to the surface of the nanoparticles despite the deposition of Pt atoms.*®]

It is difficult to elucidate the operative pathway for phenol formation in the gas-solid-
liquid interface because there is no straightforward technique to observe the interaction

between a homogeneous molecular complex and a heterogeneous material. Also, in situ

11
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IH NMR spectroscopy did not reveal molecular Pt intermediates. Two possible
mechanisms, among many possibilities, for Pt—-OR bond hydrogenolysis are shown in
Schemes 3 and 4. In pathway 1, H: is activated heterolytically™® and transferred across
the Pt—-OPh bond as H*/H in an Eley-Rideal type mechanism without the direct
interaction of the Pt complex with the nanoparticle surface.l*”l Phenol is formed upon
proton transfer from the metal surface to phenoxide ligand (Scheme 2). In contrast,
pathway 2 (Scheme 3) involves the initial cleavage of both the H-H and Pt—OPh bonds
to generate surface-bound phenoxide and hydrogen atoms via a Langmuir-Hinshelwood
type of mechanism.l*8l In this pathway, the (‘bpy)Pt—-OPh species would be initially
adsorbed to the Pd surface followed by Pt-OPh bond cleavage, and then surface OPh

and H atom combination would release HOPh.

‘ Pathway 1. Eley-Rideal Type of Mechanism

HOH R
M—M—M  +nH, H M-M—M H +('bpy)Pt{(OPh)CI
NN N R — A NSNSy -
M-M—M—-M M-M—M—M
Support Support
s Cl
(bpy)Pt- ¢3;
HH
M-M—M pH —= HOPh
H FNSON SN s
M-M—M—M

Scheme 2. Possible Eley-Rideal type mechanism: polarization of Hz for hydrogenolysis of Pt—-OPh bond to
release HOPh.

Pathway 2. Langmuir-Hinshelwood Type of Mechanism

H
|
M-M—M +nH, H M-M—M H +(tbpy)Pt(OPh)CI
NN N R — VAN N ANy —_— -
M-M—M-—M M-M—M—-M
Support Support
Cl
/ Cl
e 1
(pv)t’i’t? /H (‘bpy)P\t 0--H
HMMEM, B MMM g HOP
M-M—M-M “M-M—M-M
Support Support

Scheme 3. Possible Langmuir-Hinshelwood type mechanism: H: activation and Pt—-OPh cleavage to
release HOPh.

12

This article is protected by copyright. All rights reserved

Author Manuscript

85U8017 SUOWWOD BANES1D 3ot dde ayy Aq peusenob ae ssole YO ‘88N JO s9jni Joj AIqiTaUIIUO A8|IM UO (SUONIPUOD-PUe-SWLB) IO A8 1M Ale1q 1 [Bu U0//SdNY) SUORIPUOD pue SWe | 8y} 88S *[£202/0T/92] U0 A%eiqiauluo |1/ ‘UOIBULIOU| [BOIUY0S | PUY dJHUBIOS JO 80110 AQ 285002202 100/200T OT/I0p/L00™ A8 |mArelq1jeul juo'adouns-A1is Iweyoy/sdny woj papeojumoq ‘8T ‘220 ‘6685.98T



We used Raman spectroscopy in an effort to observe intermediates of potential
relevance to the catalytic process. Pd/SiO2 was reacted with complex 1 in THF at 50 °C
in the presence of 20 psig of Hz for 1 h and recovered the solid Pd/SiO2. Raman
spectroscopy of the recovered Pd/SiO: indicated that a (‘bpy)Pt(OPh)CI species might be
absorbed on the nanoparticle surface (Figure 8). This hypothesis is supported by the
observation of features consistent with a Pt—O vibration (~573 cm™),1% a C-O bending
mode (~505 cm?), and a C-O stretching mode (~1240 cm™) in the Raman spectrum.
Further evidence for the formation of Pd absorbed (tbpy)Pt(OPh)CI was observed when
the recovered Pd/SiO2 was treated with 20 psig Hzin THF at 50 °C for ~2 h, resulting in
the release of free tbpy as observed by *H NMR spectroscopy (Figure S7). Using Raman
and 'H NMR spectroscopies, we hypothesize that the formation of surface bound
molecular Pt species could occur during the catalysis. Whether such species are

responsible for the catalytic activity is difficult to discern.

4500 4

1486
1284
4000 - [ 1371 | 1536
b
HI | ’ |
3500 C-O stretch ‘u" (11
AR
\ | )Vi '}\
2 e ¥ )
e 3000 Aromatic Ring 1240 W
Q deformation | /
o 1 C-O bend \ | | 4
2500 | \ | 1129, M‘h
Pt-O stretch *‘\ \l‘
1 iy / 1|
W [ 721 /
2000 - T o (L‘ m
i
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-—TrTr——TrT T
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Raman shift / cm”’

Figure 8. Raman spectrum of recovered Pd/SiO2 material after hydrogenolysis of (‘bpy)Pt(OPh)CI (1) for 1
h. Reaction conditions: (‘bpy)Pt(OPh)CI (13.2 mmol/L), 20 psig Hz (~7-11 mmol/L in solution), Pd/SiO2 (5
wt%, 1.1 x 1076 mol Pdsur), T = 50 °C, THF-dsg, internal standard hexamethyldisilane (2.33 mmol/L).
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Summary and Conclusions

Using (‘bpy)Pt(OPh)CI (1) as a probe molecule, it has been demonstrated that silica-
supported Pd, Pt and Rh nanopatrticles catalyze the hydrogenolysis of Pt—OPh bonds to
release HOPh. Using *H NMR spectroscopy to monitor concentration changes in solution
for the Pd/SiO:2 catalyzed reaction, a process that is first-order in complex 1 has been
confirmed. Ex situ characterization of recovered Pd/SiO2 using *H NMR and Raman
spectroscopies revealed the possibility of adsorption of molecular Pt complexes on the
Pd/SiO2 surface, but current data are far from definitive, and a mechanistic proposal
cannot be made. For the noble metal mediated hydrogenolysis of (‘bpy)Pt(OPh)CI
complex and C=C bonds, they follow the reactivity trend: Pd > Rh > Pt. These results
demonstrate the ability of heterogeneous materials to catalyze hydrogenation and/or
hydrogenolysis reactions, which could have utility in its own right and is also relevant to
possible decomposition of homogeneous molecular complexes into heterogeneous

products that can serve as catalysts for various reactions.

Experimental Methods

General Methods. The glovebox purity was maintained by periodic dinitrogen purges
and was monitored by a dioxygen analyzer (O2 < 15 ppm for all reactions). THF-ds was
distilled over sodium/benzophenone and was stored over 4A molecular sieves. *H NMR
and 3C NMR spectra were acquired using a 600 MHz (*H NMR) and 201.2 MHz (*3C
NMR) and referenced using residual proton signals or the '°C resonance of the
deuterated solvent. Medium-walled high-pressure glass NMR tubes with a PV-ANV

Teflon valve (maximum pressure rating 150 psig) were purchased from Wilmad-Lab glass
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and used for all 20 psig Hz2 experiments. The NMR tubes were charged with H2 using a
stainless steel gas pressure line (maximum pressure rating 3000 psig) connected directly
to the gas cylinder. Although the pressures were maintained well below the limits of the
NMR tubes, all reactions were kept behind a blast shield. The complexes (‘bpy)PtClz and
(bpy)Pt(OPh)2 were synthesized based on literature procedures.®1 Noble metal on silica
catalysts were prepared by the ion exchange method.[*10. 11d. 181 Compound 1 was

deposited to CCDC depository with the deposition number of 2169989.

Synthesis of (‘tbpy)Pt(OPh)CI (1). HCI (138 ul,1M in diethyl ether) was added to 90
mg (0.138 mmol) of (bpy)Pt(OPh)2 dissolved in acetone (5 mL) and THF (30 mL). The
reaction mixture was kept at -78 °C in a dry ice acetone bath for 30 minutes. Then, the
dry ice bath was removed and the solution was allowed to slowly warm to room
temperature. Upon addition of HCI, the color of the solution changed from orange to
yellow. After 4 hours, the reaction mixture was condensed to approximately 1 mL under
reduced pressure, and excess hexane was added to form a yellow precipitate. The
precipitate was collected by vacuum filtration and washed with hexane (3 x ~20 mL) and
diethyl ether (2 x 10 mL). The final product was obtained in approximately 70% vyield, (~61
mg). *H NMR (600 MHz, acetone-ds, ppm, Figure S1), 1.47 (s, 9H,'Bu), 1.44 (s, 9H,'Bu),
6.92 (t, 3Jnn = 9 Hz, 2H, m-OPh), 6.40 (t, 3Jun = 7 Hz, 1H, p-OPh), 5 = 7.14 (d, 3Jnn = 9
Hz, 2H, 0-OPh), 7.83 (dd, 3JnH = 6 Hz, 4Jun = 2 Hz, 1H, 'bpy), 7.81 (dd, 3JxH = 6 Hz, 4JuH
= 2 Hz, 1H, bpy), 8.57 (d, 4Jun = 2 Hz, 1H, 'bpy), 8.55 (d, *JnH = 2 Hz, 1H, bpy), 8.85 (d,
3Jun = 6 Hz, 1H, bpy), 9.50 (d, 1H, 6 Hz, tbpy). BC{*H} NMR (200 MHz, acetone-ds, ppm,
Figure S2), 8 = 29.4, (C(CHs)s), 29.4, (C(CH3)s), 35.8 (C(CHs)s), 35.9 (C(CHa)s), 114.3

(phenoxide, p-C), 119.4 (phenoxide, 0-C), 120.9 (‘bpy, m-C), 121(‘bpy, m-C), 124.3 (‘opy,
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m-C), 124.2 (‘bpy, m-C), 127.9 (phenoxide, m-C), 146.6 (‘bpy, 0-C), 150.1 (‘bpy, m-C),
156.5 (‘bpy, 0-C), 157.5 (‘bpy, 0-C), 164.3 (‘bpy, p-C), 164.4 (phenoxide, O-C), 168.6 (‘bpy,
p-C). Anal. Calcd. for C24H20N2CIOPt: C, 46.69; H, 4.94; N, 4.73 Found: C, 48.72; H,
4.92; N, 4.76. Single crystals suitable for X-ray diffraction analysis were obtained from a
bilayer diffusion method, in which an acetone solution was layered with pentane at -1 °C.

The crystal data and structure refinement for (‘tbpy)Pt(OPh)Cl is shown in Table S1.

Synthesis of Silica-supported Noble Metal Nanoparticles. The 3.6 wt% silica-
supported Rh nanopatrticles (Rh/SiO2) were prepared via an ion exchange method!*!a 11°]
of the Rh precursor using Davisil 636 silica (Sigma-Aldrich) as support. RhClze3H20
(0.250 g, 99%) was dissolved in a solution of aqueous ammonia (14.8 M, 28%-30% of
NHs in water), which was prepared by dissolving 5.5 mL ammonium hydroxide in
282 mL distilled deionized water. The RhCls solution was added dropwise over 10 min to
4.75 g of acid-washed Davisil 636 silica in 114 mL of distilled deionized water at 70 °C.
The mixture was stirred for 60 min at 70 °C and then allowed to cool to room temperature.
The slurry was filtered and collected. The filtrate was washed with water and vacuum
dried overnight. After calcination in flowing air (medical grade) at 400 °C for 2 h, the
sample was reduced in flowing dihydrogen (99.999%) at 250 °C for 2 h. After reduction,
the system was evacuated and cooled to 30 °C for analysis. At 30 °C, the stoichiometric
ratio of H to surface Rh is assumed to be 1:1. For the Pd catalyst, after reduction, the
system was evacuated and cooled to 100 °C for analysis. The number of available metal
sites was determined by extrapolating the high pressure, linear portion of the isotherm to
zero pressure. At 100 °C, the stoichiometric ratio of H to surface Pd is 1:1. Using

dihydrogen chemisorption on a Micromeritics ASAP 2020 adsorption system,!119] the
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https://www.sciencedirect.com/topics/chemical-engineering/isotherm

number of available metal sites was determined by extrapolating the linear portion of the
isotherm to zero pressure with the assumption of no dihydrogen uptake on the support.
Similarly, 5 wt% Pd/SiO2 and 1 wt% Pt/SiO2 were synthesized and characterized, as
reported in the literature.[110: 11l

Transmission Electron Microscopy (TEM). Samples analyzed by transmission
electron microscopy (TEM) were prepared by dispersing the powders in cyclohexane or
hexanes (99.5%, anhydrous, Sigma-Aldrich) and sonicating for 1 minute before mounting
on Cu-supported holey carbon grids. The catalyst samples were imaged using an FEI
Titan 80-300 operating at 300kV. The Pd/SiO2 and Rh/SiO2 samples were characterized
in high angle annular dark field (HAADF) and scanning mode of TEM for single-
nanoparticle composition analyses.

Kinetic Measurements. The reaction of (‘bpy)Pt(OPh)CI (1) with Hz in the presence
of nanoparticles (Pd, Rh, and Pt on silica) was monitored by *H NMR spectroscopy using
a 10 s relaxation time delay. To ensure reproducibility, each kinetic experiment was
performed at least in triplicate. A representative procedure is given below. A medium-
walled glass high-pressure NMR tube with a Teflon valve was charged with 0.5 mL of
THF-ds, (‘bpy)Pt(OPh)CI (1) (0.0066 mmol, 0.0132 M), 3 mg of Pd on SiO2 (5% wt. Pd
loading, 1.1 x 10® mol Pdsurf), and hexamethyldisilane (0.002 M, as internal standard). An
initial *H NMR spectrum was acquired. Then, the tube was charged with Hz (~ 20 psig).
The reaction mixture was monitored by H NMR spectroscopy every hour until
approximately 90% conversion to free HOPh, (‘bpy)PtCl2 and tbpy was observed. The
rate of the reaction was determined by monitoring the disappearance of ‘bpyPt(OPh)CI

(1) using the chemical shift at 6.31 ppm for reference. Note: the Kobs is extracted from the
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slope of the first order kinetic plot of In[PtOPh] versus different amount of Pd loading,
(Figure S6). 0.14 Pd means that the molar ratio of surface Pd atoms in Pd/SiOz2 relative
to complex 1 is 0.14. TOF calculation for Pd/SiO2 is based on ~38% conversion of
complex 1 while the TOFs calculation for Rh/SiO2 and Pt/SiOzis estimated slightly below
20% conversion of the substrate.

Raman Spectroscopy. Sample was analyzed using a Renishaw InVia™ Confocal
Raman Spectrometer. Raman spectra ranging from 100 to 2500 cm~ were recorded with
a 785 nm laser operating at 7.6 mW and using a 10 s integration time. Three spectra were
obtained at a single spot to establish a baseline.

X-ray Diffraction. A single crystal of 1 was coated with Paratone oil and mounted on
a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker Kappa
APEXII Duo system equipped with a graphite monochromator and a Mo Kqa fine-focus
sealed tube (A = 0.71073 A). The frames were integrated with the Bruker SAINT software
packagel® using a narrow-frame algorithm. Data were corrected for absorption effects
using the Multi-Scan method (SADABS).[?% The structure was solved and refined using
the Bruker SHELXTL Software Packagel”” within APEX3[2% and OLEX2.?2 Non-
hydrogen atoms were refined anisotropically. All other hydrogen atoms were placed in
geometrically calculated positions with Uiso = 1.2Uequiv Of the parent atom (Uiso = 1.5 Uequiv

for methyl).
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