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Abstract

This study presents a highly efficient and simple recyclable catalytic system for
heterophase hydrosilylation. This catalytic system consisting of a commercially available
platinum precatalyst, namely K2PtCls, and a cheap green solvent, namely ethylene
glycol (EG), is easily prepared by dissolving K2PtCls in EG without employing ligands,
additives, or an inert atmosphere, at r.t. The suggested method allows up to 45 recycles
with quantitative conversion under air at r.t. to be performed. The high reaction rate
(from 2 to 20 min per cycle) and low catalyst load (0.001 — 0.1 mol%) allow high values
of TON (up to ~ 10* — 10°) and TOF (up to ~ 10° — 10°) to be reached. This approach is
applicable to a wide range of unsaturated compounds, such as functional and
nonfunctional terminal or internal alkenes, alkynes, and alkyl-, phenyl-, and siloxy-
containing hydride silanes. Moreover, the heterophase catalytic system is suitable for
the synthesis of linear and cross-linked polyorganosiloxanes. In most cases, the
reaction provides high yields (up to 95-99%) and selectivity. It gives mostly anti-
Markovnikov products which can be isolated from the catalytic system by simple
decantation. The process is scalable to gram quantities.
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1. Introduction

Hydrosilylation, i.e., addition of hydride silanes to unsaturated hydrocarbons, mainly
alkenes, is a key method for creating a Si—-C-bond.* This reaction is used on the large
scale and presents the most successful example of homogeneous catalysis in industry.
Moreover, hydrosilylation opens a route to a wide variety of organosilicon products that
are widely used in nearly all fields of human activity, from aviation and space industries

to agriculture and medicine.?

This process was first mentioned in the middle of the 20" century, but a real
breakthrough in this field was made in 1957 in a work by Speier who was the first to
suggest the use of H2PtCls (in 'PrOH; Speier’s catalyst) as a homogenous catalyst for
the anti-Markovnikov hydrosilylation of unsaturated compounds.® The application of
Speier's catalyst made it possible to expand the capabilities of hydrosilylation
significantly and make it an industrial process. Later, a new and more efficient Pt-
catalyst type, namely Pt2(dvtms)s, a complex of Pt with the dvtms ligand (where dvtms
is divinyltetramethyldisiloxane), was developed and suggested by Karstedt in 1973.4
This catalyst is more active and well-soluble in organic solvents (and in siloxane
environments).* In 2002, Marco presented a Pt-complex where one of the weakly
coordinating dvtms ligands in Karstedt's catalyst was replaced by a strongly
coordinating N-heterocyclic carbene (NHC), i.e., Pt(dvtms)(NHC).5@ The strong binding
of the Pt°-center by the NHC ligand prevents the formation of colloidal platinum which,
in addition to being able to catalyze a number of side reactions (reduction and
isomerization of alkenes), contaminates the reaction product. Studies on the synthesis
of new Pt-complexes are still continuing. Thus, in recent years, articles on the
development of new highly active and selective homogeneous Pt-catalysts of
hydrosilylation, in particular single-atom catalysts (SAC), were published.> However,
Speier's and Karstedt's catalysts still hold their position as the main industrial
hydrosilylation catalysts.! Although these Pt-catalysts are efficient at rather low loads
(0.1 mol%), the industrial consumption of platinum is high. In 2007, the organosilicon

industry consumed about 5.6 tons of platinum.®
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Given the growth of prices for platinum, its high consumption, and irretrievable
"scattering”, the development of new approaches that can solve these problems, at
least partially, is an extremely urgent and practically important goal in the chemistry of
the 215t century.

Though attempts to switch to catalysts based on cheaper and more accessible earth-
abundant transition metals’” made a significant scientific contribution to the development
and study of hydrosilylation reactions, they failed to find industrial application so far. Yet
another promising approach is the transition to heterogeneous® or heterophase?®
(biphase) recyclable catalysts. In recent years, studies were published on the
production of such catalysts that are not only recyclable®® but are also not inferior to

the most active homogeneous catalysts.>¢®

The purpose of this study was to develop a recyclable hydrosilylation catalyst that would
be active under mild conditions, be air- and moisture-stable, require no special

preparation step, be convenient-to-handle and cost-effective.

1. Results and Discussion

One of the most promising approaches involves the development of heterophase
catalytic systems in which no ligands, substrates, various additives, or preliminary
stages of catalyst preparation are required. The most suitable media for heterophase
catalytic systems are alcohol derivatives, in particular one of the most accessible
polyols, ethylene glycol (EG).1° EG is an inexpensive, commercially available, low-toxic
and nonvolatile solvent.!! Like other alcohols, it can reduce metal ions, including those
of platinum. An important feature of EG, like other polyols, is that it can act as a ligand
and stabilizer of M%-particles. The high polarity of EG can facilitate a separation of the
Pt-catalyst along with the solvent (EG) from the highly hydrophobic organosilicon

products, thus the regenerated Pt/EG-catalytic system can be used repeatedly.
1.1. Pt/EG-Catalyzed Heterophase Recyclable Hydrosilylation

The hydrosilylation of 1-octene 1a (1 eq., 045 mmol, 50.1 mg) with
bis(trimethylsiloxy)methylsilane 2e (1 eq., 0.45 mmol, 100 mg) was chosen as the
model reaction. It was performed at room temperature (r.t.; 30 °C was used throughout
to unify the results), at atmospheric pressure and in the air, using commercially

available and easy-to-handle K2PtCls (which is stable in air and non-hygroscopic, unlike
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H2PtCls) dissolved in EG (Table 1) as the Pt-source. The Pt/EG-catalytic system was
prepared just prior to use by dissolving KzPtCls (0.1 mol% with respect to reagents la /
2e, 0.19 mg) in EG (25 wt.% with respect to reaction mass, 43.81 mg) at r.t. without
adding any ligands, additives or creating an inert atmosphere. It was found that
hydrosilylation occurred efficiently under these conditions to selectively give anti-
Markovnikov addition product 3ae with quantitative conversion (295%; entry 1, Table 1).
The reaction time is less than 10 min, which is comparable to that in the presence of
Karstedt's catalyst (neat, solvent-free) Owubka! 3aknaaka we onpeaenenac |t js jmportant to note
that no side product of OH-group in EG silylation is formed. Unlike with Speier’s catalyst
or K2PtCls (reaction under solvent-free conditions and in an organic aprotic polar or
nonpolar solvent; see Supp. Inf., Table S1), no induction period is observed in the
Pt/EG-catalytic system. It means that the catalytically active Pt°-form is generated

almost instantly upon mixing K2PtCls with EG.

The isolation of the reaction product 3ae and separation of the heterophase Pt/EG-
catalytic system were performed by ordinary decantation of the upper organosilicon
phase from the lower EG phase, or by a syringe in case of small loads. Since
separation of the organosilicon phase from the Pt/EG-catalytic system occurs without
mechanical losses and the conversion of reagents la and 2e to product 3ae is

guantitative, the yield of target product 3ae is also quantitative (295%; note a, Table 1).



115 Table 1. Pt/EG-Catalyzed Heterophase Recyclable Hydrosilylation
Reaction Mixture reagents
“ i p_SiMes 0.001-0.1 mol% K,PtCl, cl)_s/iMe3 < and product
Hex ™+ 1 S{OSiMeg, EG, air, 30 °C g Hex/\’S'\OSiMes g.‘ Pt/EG-cat
1a 2e 3ae system
116 gram-scale - S
Entry | Cycle Number Reaction Time Conversion,? TONP TOF®, ht
Per Cycle
1 1 10-20 min 295%
2-35 10-20 min 295%
3 36 10-20 min 295% 3.42x10% 2.85x10% - 5.7x10°
" o 10-20 min 24%
10-12 h 295%
5 38, 39 10-12 h 295%
6 40 10-12 h 295% 3.8x10* 6.33x102 — 8.26x10?
; i 10-12 h 29%
1-3 days 295%
42-44 1-3 days 295%
9 45 1-3 days 295% 4.27x10% 1.02x102% — 2.57x102
10 1-5¢ 10-20 min 295%
11 1d 10-20 min 295%
12 2-54 10-20 min 295%
13 6¢ 10-20 min 295% 5.7x10* 2.85x10* - 5.7x10*
14 1¢ 10-20 min 295%
15 2¢ 10-20 min 295% 1.9x10° 2.85x10° - 5.7x10°
16 1 2 min >95% 2.85x10*
17 19f 5 min 295% 1.14x10°
18 18f 7 min 295% 8.14x10°
117 Reaction conditions: A mixture of 1a (0.45 mmol, 0.0501 g, 1 eq) and 2e (0.45 mmol, 0.1 g, 1 eq) was
118 added to the Pt/EG catalytic system (44 mg, 0.2 wt.% Pt in EG, prepared by mixing KzPtCls [0.1 mol%
119  with respect to reagents 1la / 2e, 0.19 mg] and EG [25 wt.% with respect to the mass of the reaction
120  mixture, 43.81 mg]); the resulting two-phase system was stirred at 30 °C under air for 10 min in the first
121 cycle. The reaction mixture was analyzed using GLC and *H NMR. After reaching 295% conversion, the
122 upper layer (organosilicon products) was decanted, and another portion of 1a (0.45 mmol, 0.0501 g, 1 eq)
123 and 2e (0.45 mmol, 0.1 g, 1 eq) was added to the remaining catalytic system. Notes: (a) conversion
124 corresponds to the yield of 3ae; (b) the total value of TON for the corresponding number of recycles, TON
125 = (cycle number « product amount [mol]) / catalyst load [mol]; the total value of TOF for the corresponding
126 number of recycles taking into account the total process time (for the corresponding number of recycles),
127  TOF = TON / total process time (Table S4, Supp. Inf.); (c) 10-times process scaling, at 0.1 mol% KzPtCls;
128 (d) 0.01 mol% KzPtCls (0.019 mg); (e) 0.001 mol% KzPtCls (0.0019 mg); (f) TOF for the 1% cycle.
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The possibility of using the heterophase Pt/EG-catalytic system more than once was
studied. It was shown in subsequent experiments with the Pt/EG-catalytic system that
36 recycles could be performed with quantitative conversion to product 3ae and a time
of 10-20 min per recycle (entries 1-3, Table 1). This allowed high total values of TON
(Turnover Number ~ 3.42x10%, note b, Table 1), as well as TOF (Turnover Frequency ~
2.85x10% — 5.7x10° hl, note b, Table 1) to be reached (the total process time from
recycle 1 to recycle 36 is 6-12 h; Table S4, Supp. Inf.).

However, subsequent recyclizations from 37 to 40 cycles were accompanied by an
abrupt decrease in the activity of the Pt/EG-catalytic system, so more time, up to 10-12
h, was required for the quantitative conversion (entries 4-6, Table 1). Four additional
recycles could be additionally performed in this mode to give a total of 40 recycles. In
this case, the total TON value amounted to 3.8x10* (in recycles 1 through 40), the total
value of TOF decreased to 6.33x10% — 8.26x10? h'! (the total process time of recycles 1
through 40 was 46-60 h; Table S4, Supp. Inf.) due to a considerable increase in the
duration of recycles 37 to 40. In the subsequent recycles, from 41 to 45, the PY/EG-
catalytic system also manifested activity but much more time, 1-3 days, was required for

the quantitative conversion (entries 7-9, Table 1).

Furthermore, we also showed the suggested reaction to be scalable. Upscaling the
reaction 10-fold showed that the Pt/EG-catalytic system also worked efficiently: the
reaction time did not increase (10-20 min was quite enough to achieve the quantitative
conversion). Moreover, the subsequent recyclization with the Pt/EG-catalytic system
occurred without any loss of activity and selectivity, as shown by the example of 5

recyclizations (entry 10, note c, Table 1).

We studied whether the precatalyst (K2PtCls) loading can be diminished from 0.1 mol%
(0.19 mg) to 0.01 mol% (0.019 mg) or 0.001 mol% (0.0019 mg) without altering the
amount of EG. A K2PtCls load of 0.01 mol% (entries 11-13, note d, Table 1) or 0.001
mol% (entries 14-15, note e, Table 1) made it possible to perform 6 or 2 recycles,
respectively, with a quantitative conversion to product 3ae and a time of 10-20 min per
recycle. At a K2PtCls load of 0.01 mol%, the total values of TON ~ 5.7x10* and TOF ~
2.85x10% — 5.7x10* ht were achieved (Table S4, Supp. Inf.). In the case of a K2PtCls
load of 0.001 mol%, even larger total values of TON ~ 1.9x10° and TOF ~ 2.85x10° —
5.7x10° h't were reached (Table S4, Supp. Inf.).
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In fact, the reported TON and TOF values could have been even higher if the specified
10-20 min per cycle had not included the times of analysis and product isolation. In
order to determine the real reaction time required for the quantitative formation of
product 3ae, two recycles, each with three different Pt-catalyst loads, were performed
(Tables S2-S4, Supp. Inf.).

With 0.1 mol% of the Pt-catalyst (entry 16, Table 1), the reaction occurred with
guantitative conversion into product 3ae at the 15t and 2" cycles in 2 min each, which
allowed a TOF ~ 2.85x10% h! to be reached (for the 1 cycle, 2 min). If the catalyst load
was decreased to 0.01 mol% (entry 17, Table 1), the reaction at the 15t and 2" cycles
required 5 min each to complete, with TOF ~ 1.14x10° h'! (for the 1% cycle, 5 min). At
0.001 mol% of the Pt-catalyst (entry 18, Table 1), the reaction required 7 and 10 min at
the 15t and 2" cycles, respectively, and TOF became 8.14x10° h! (for the 1t cycle, 7
min). Taking the TON and TOF values obtained into account, we believe that these are

not the maximum values.
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1.2. Scope of Pt/EG-Catalyzed Heterophase Hydrosilylation

The applicability of the PYEG-catalytic system for the hydrosilylation of functional or
nonfunctional terminal and internal alkenes as well as alkynes with tertiary silanes of
various nature was studied (Figure 1; Supp. Inf., Figure S1). To estimate the efficiency
of the suggested Pt/EG-catalytic system for hydrosilylation, comparative experiments
were also performed with Karstedt's catalyst that is most widely used industrially and is
commercially available (notes a and b, Figure 1). The qualitative and quantitative
composition of the products was studied using 1D u 2D 'H, *3C and ?°Si NMR
spectroscopy after the reaction was carried out for 24 h at r.t.

The applicability of the method to various hydride silanes was studied using the
reactions of alkyl-, phenyl-, and siloxy-containing hydride silanes 2a-e with 1-octene la
as an example (Figure 1, A). The reaction of di(methyl)phenylsilane 2a in the presence
of both catalysts results in the quantitative conversion to the corresponding anti-
Markovnikov product 3aa. In the case of a more sterically hindered hydride silane,
methyldi(phenyl)silane 2b, the conversion to product 3ab occurs quantitatively if the
Pt/EG-catalytic system is used. With Karstedt's catalyst, product 3ab is formed in 78%
yield, along with 14% of internal alkenes 5a, i.e., isomerization products of 1-octene la.
Mono(siloxy)di(methyl)silanes 2c,d and bis(siloxy)methylsilane 2e are quantitatively
converted to anti-Markovnikov addition products 3ac,ad,ae in the reaction with 1-octene
1a, both in the presence of the Pt/EG-catalytic system and Karstedt's catalyst. However,
the PYEG-catalytic system is not applicable to hydride-containing alkoxy- and
chlorosilanes (see Supp. Inf., Figure S2). It can be explained by side reactions, namely,
(trans)esterification or hydrolysis of the Si—-OEt- and Si—Cl-groups followed by removal

of the corresponding hydride silanes from the reaction zone.



201 Figure 1. Scope of Pt/EG-Catalyzed Heterophase Hydrosilylation.
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Note: (a) 1a-k (0.45 mmol, 1 eq), 2a-e (0.45 mmol, 1 eq) and K2PtCls solution in EG system (44 mg, 0.2
wt.% Pt in EG) prepared by mixing K2PtCls [0.1 mol% reagents la-k / 2a-e, 0.19 mg] and EG [43.81 mg])
were stirred for 24 h at 30 °C under air. (b) la-k (0.45 mmol, 1 eq), 2a-e (0.45 mmol, 1 eq) and Karstedt's
catalyst (5 pL, 2 wt.% Pt solution in xylene; commercially available form) were stirred for 24 h at 30 °C

under Ar. (c) 5j is a product of 3je isomerization.

The applicability of the Pt/EG-catalytic system for the hydrosilylation of unsaturated
hydrocarbons with diverse structures 1b-k with hydride silane 2e was studied (Figure 1,
B). The hydrosilylation of styrene 1b results in a major anti-Markovnikov (3be) and
minor Markovnikov (4be) products in a ratio of 3be/4be — 71%/15% with the Pt/EG-
catalytic system or 65%/15% with Karstedt's catalyst. The hydrosilylation of a-
methylstyrene 1c with the Pt/EG-catalytic system results in the quantitative conversion
to the anti-Markovnikov product 3ce, but only 40% of product 3ce is formed in the
presence of Karstedt's catalyst. The hydrosilylation of allyloenzene 1d in the presence
of the Pt/EG-catalytic system or Karstedt's catalyst also leads to the selective formation
of anti-Markovnikov product 3de with quantitative conversion. The hydrosilylation of
limonene, which has both internal and terminal double bonds, occurs selectively at the
terminal position to give the anti-Markovnikov product 3ee with quantitative conversion

in the case of the Pt/EG-catalytic system or 80% conversion with Karstedt's catalyst.

It was found that internal alkenes could also undergo hydrosilylation with the PY/EG-
catalytic system (Figure 1, B). The reaction of hydride silane 2e with an acyclic internal
alkene, 2-octene 1’a, occurs as isomerization-hydrosilylation to give product 3ae with
75% or 63% conversion in the presence of the Pt/EG-catalytic system or Karstedt's
catalyst, respectively. In the case of cyclic internal alkenes (1f,g), the difference
between the catalytic activity of the Pt/EG-catalytic system and Karstedt's catalyst
becomes more evident. In fact, hydrosilylation of norbornene 1f results in product 3fe in
the presence of the Pt/EG-catalytic system with 60% conversion, while with Karstedt's
catalyst, the conversion is 23%. In the case of cyclohexene 1g, the formation of product
3ge with 65% conversion is observed in the presence of the Pt/EG-catalytic system,

whereas the product is not formed at all with Karstedt's catalyst.

The reaction of allylglycidyl ether 1h with hydride silane 2e in the presence of the
Pt/EG-catalytic system gives a major anti-Markovnikov product 3he with 85%
conversion and a minor Markovnikov product 4he with 7% conversion; in the case of

Karstedt's catalyst, product 3he is formed with 76% conversion.
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Hydrosilylation of allyldi(ethyl)amine 1i in the presence of the Pt/EG-catalytic system
also results in a major anti-Markovnikov (3ie) and a minor Markovnikov product (4ie)
with a ratio 3ie/die — 95%/5%; the reaction in the presence of Karstedt's catalyst gives

product 3ie with 97% conversion.

In addition to alkenes, the possibility of hydrosilylation of alkynes 1j,k to give vinylsilane
derivatives was studied (Figure 1, B). The reaction of 1-hexyne 1j with hydride silane
2e under PY/EG-catalytic system conditions gives a mixture of anti-Markovnikov (3je,
major) and Markovnikov (4je, minor) addition products with a 3je/4je ratio of 70%/20%.
If Karstedt's catalyst is used, in addition to a mixture of products 3je and 4je with a
3jeldje ratio of 46%/17%, migration of the double bond in vinylsilane 3je to give a
mixture of isomeric products 5] with up to 19% conversion is also observed (note c,
Figure 1). The hydrosilylation of phenylacetylene 1k with both the Pt/EG-catalytic
system and Karstedt's catalyst produced a mixture of products of anti-Markovnikov
(8ke, major) and Markovnikov (4ke, minor) addition products with 3ke/4ke ratios of
61%/28% and 59%/32%, respectively.

It can be summarized that the suggested Pt/EG-catalytic system is not only as efficient
as the industrially important Karstedt's catalyst, but is superior to the latter in some
cases (Figure 1). For example, the Pt/EG-catalytic system is less sensitive to the steric
environment of a hydride silane (2b) or alkene (1c,e,f,g) and does not catalyze the
isomerization of alkene derivatives into their internal derivatives (5j), unlike Karstedt's
catalyst. However, the Pt/EG-catalytic system operates slightly less selectively in the
case of allyl alcohol and amine derivatives than Karstedt's catalyst. The limitations of
the Pt/EG catalytic system include its inapplicability to chloro- and alkoxy-hydride

silanes.

Furthermore, we studied the prospects of the Pt/EG-catalytic system in the synthesis of

linear (8) and cross-linked (11) organosiloxane polymers (Figure 2).
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Figure 2. Application of Pt/EG-Catalytic System for Organosiloxane Polymersa®

—0— sll—// | | |
/ 0.2 mol% K,PtCl, *I | _/-Si—O~<Si—O>»Si1—
6 N o
EG, air, 30 °C Tos AU
H—Sl 0] S| SI—H 8 24 h - 959
s - 0
,— S|
0.1 mol% K,PtCl, 1,

TMSO S| S: O-+TMS > cured silicone
EG, air, 30 °C Curing time - 24 h

Note: (a) 6 (0.225 mmol, 0.042 g, 1 eq), 7 (0.225 mmol, 0.11 g, 1 eq) and K2PtCls solution in ethylene
glycol (44 mg, 0.2 wt.% Pt in EG, was prepared by mixing K2PtCls [0.2 mol% to reagents 6 / 7, 0.19 mg]
and EG [43.81 mg]) and stirring for 24 h at 30 °C under air. The reaction mixture was analyzed using 'H
NMR and GPC. After reaching =295% conversion, the mixture was separated by centrifugation and
decantation of the upper layer (organosilicon products). (b) 9 (0.0113 mmol, 0.1 g, 1 eq), 10 (0.0226
mmol, 0.006 g, 2 eq of [(Me2SiO)3Si(Me)H]-units), and KzPtCls solution in ethylene glycol (2.2 mg, 0.2
wt.% Pt in EG, was prepared by mixing K2PtCls [0.1 mol% to reagent 10, 0.0095 mg] and EG [2.19 mg])
and stirring for 24 h at 30 °C under air.

The use of readily separable and regenerable catalytic systems to produce such
polymeric organosiloxanes and the corresponding silicone materials based on these is
an extremely important practical goal. As mentioned above, this will not only reduce
platinum emission/losses, regenerate and recycle it and thus solve economic and
environmental problems, but also minimize the contamination of polysiloxanes with
colloidal platinum that adversely affects the performance characteristics of such
materials.Owubkal 3aknaaka He onpeaenena. The point is that the purification of high-molecular-
weight silicone products from platinum is much more difficult than that of low-molecular-
weight organosiloxanes that can be purified by distillation. For example, the reaction of
tetra(methyl)di(vinyl)disiloxane 6 and oligomeric siloxane with terminal Si—H-groups 7
gives linear organosiloxane 8 with 95% conversion of Si—H-/Si-Vin-groups in 24 h (GPC
data: Mn = 9 000, Mw = 15 500, PDI = 1.7). Cross-linked polymers — the basis for RTV
(Room-Temperature-Vulcanizing) silicone compositions'? — were also obtained using
the Pt/EG-catalytic system in the reaction of a polymeric siloxane with terminal Si—Vin-
groups 9 and a siloxane with internal Si—H-groups 10 as an example. The example of
product 8 shows the possibility of separating a catalytic system from the reaction

product. Due to the high viscosity of polysiloxane 8, it was difficult to separate the
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product from the catalytic system by simple decantation, but this task was easily

accomplished by centrifugation.

2. Conclusion

Thus, a regenerable and recyclable heterophase Pt/EG-catalytic system for
hydrosilylation based on K2PtCls, a commercially available Pt-precatalyst, and ethylene
glycol (EG), a cheap, commercially available and green heterophase medium, was
suggested. The developed catalytic system makes it possible to perform up to 36 cycles
with guantitative conversion, no induction period, no loss of activity, a reaction time of 2-
20 min (per cycle) and low Pt-catalyst loading (0.001 — 0.1 mol%), under air at r.t. High
total values of TON up to ~10* — 10° and TOF up to ~10% — 10° were achieved using
the Pt/EG-catalytic system. The reaction product is isolated by simple decantation from
the catalytic system in a quantitative yield (295%). This method is well scalable to gram

guantities without loss of catalytic activity.

This approach is applicable to a wide range of compounds, such as functional and
nonfunctional terminal or internal alkenes, alkynes, as well as alkyl-, phenyl-, and siloxy-
containing hydride silanes. In most cases, the reaction provides high yields (up to 95-
99%) and selectivity, giving mostly anti-Markovnikov products. The method also makes
it possible to obtain linear and cross-linked polyorganosiloxanes that form the basis of
silicone materials, with the possibility of separating the Pt-containing catalytic system
from the final material, which is one of the practically important procedures in the
silicone industry. It should be noted that the suggested Pt/EG-catalytic system is not
only as efficient as Karstedt's industrial catalyst, but is superior in some cases. One of
the limitations of the Pt/EG-catalytic system is that it is not applicable to chloro- and

alkoxy-hydride silanes.

Though the suggested Pt/EG-catalytic system is inferior to certain homogeneous,>¢-¢
heterogeneous® and heterophase® catalysts in terms of the TON and TOF values, it is

unsophisticated, reliable, and easy to accomplish.
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Experimental section

Catalyst preparation: K2PtCls (2 mg, 0.0048 mmol, 0.939 mg Pt-atoms) and ethylene

glycol (468 mg) were stirred at 30 °C for 10-15 minutes until total dissolution. A clear
transparent solution of the Pt/EG catalytic system (0.2 wt.% Pt-atoms) was thus
obtained and used at once after preparation. 44 mg of the Pt/EG catalytic system was

transferred into a Schott culture tube and used in the reaction.

General procedure: A mixture of la-k (0.45 mmol, 1 eq) and 2a-e (0.45 mmol, 1 eq)

was added to a K2PtCls solution in ethylene glycol (44 mg of solution: 0.2 wt.% Pt, 0.001
eg Pt). The resulting two-phase system was stirred in a Schott culture tube at 30 °C.

The reaction mixture was analyzed using GLC, *H, 3C and 2°Si NMR.

Supporting Information
Supp.Inf.: optimization, methods of synthesis, characterization data (PDF).
ACKNOWLEDGMENT

This work was supported by the Russian Science Foundation (grants Ne 19-73-10172-I1
and Ne 19-13-00223-1). Recycling studies (0.1% [Pt]), process scaling and synthesis of
3aa-ae, 8, 11 was supported by RSF grant No. 19-73-10172-I1; recycling studies
(0.01% and 0.001% [Pt]) and synthesis of 3be-ke was supported by RSF grant No. 19-
13-00223-11.

NMR spectra were recorded with financial support of the Ministry of Science and Higher
Education of the Russian Federation employing the equipment of the Center for

molecular composition studies of INEOS RAS.
References

1. (a) Jennifer V. Obligacion, Paul J. Chirik. Earth-abundant transition metal catalysts
for alkene hydrosilylation and hydroboration, Nature Reviews Chemistry. 2, 15-34,
10.1038/s41570-018-0001-2; (b) Abakumov, G. A.; Piskunov, A. V.; Cherkasov, V. K;;
Fedushkin, I. L.; Ananikov, V. P.; Eremin, D. B.; Gordeev, E. G.; Beletskaya, I. P.;
Averin, A. D.; Bochkarev, M. N.; Trifonov, A. A.; Dzhemilev, U. M.; Dyakonov, V. A,;
Egorov, M. P.; Vereshchagin, A. N.; Syroeshkin, M. A.; Jouikov, V. V.; Muzafarov, A.
M.; Anisimov, A. A.; Arzumanyan, A. V.; Kononevich, Yu.N.; Temnikov, M. N.;
Synyashin, O. G.; Budnikova, Yu.H.; Burilov, A. R.; Karasik, A. A.; Mironov, V. F.;



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384

Storozhenko, P. A.; Shcherbakova, G. I.; Trofimov, B. A.; Amosova, S. V.; Gusarova,
N. K.; Potapov, V. A.; Shur, V. B.; Burlakov, V. V.; Bogdanov, V. S.; Andreev, M. V.
Organoelement chemistry: promising growth areas and challenges. Russ. Chem.
Rev. 2018, 87(5), 393-507, 10.1070/RCR4795; (c) Marciniec, B.; Maciejewski, H.;
Pietraszuk, C.; Pawlu¢, P. In Hydrosilyaltion: A Comprehensive Review on Recent
Advances; Marciniec, B., Ed.; Springer: Berlin, 2009; Chapter 1, 10.1007/978-1-4020-
8172-9 4.

2. Dennis Troegel, Jurgen Stohrer. Recent advances and actual challenges in late
transition metal catalyzed hydrosilylation of olefins from an industrial point of view.
Coordination Chemistry Reviews. 2011, 255, 1440-1459, 10.1016/j.ccr.2010.12.025.

3. (&) J.L. Speier, J.A. Webster, G.H. Barnes, The Addition of Silicon Hydrides to
Olefinic Double Bonds. Part Il. The Use of Group VIII Metal Catalysts, J. Am. Chem.
Soc., 1957, 79, 974-979, 10.1021/ja01561a054; (b) J.L. Speier, D.E. Hook, Dow
Corning Corp., US2823218 A (1958).

4. B. D. Karstedt, General Electric Company, US3775452A, 1973

5. (a) Marké, I. E. etal. Selective and efficient platinum(0)—carbene complexes as
hydrosilylation catalysts. Science, 2002, 298(5591), 204-206,
10.1126/science.1073338. (b) D.N. Platonov, D.N. Kholodkov, I.K. Goncharova, M.A.
Belaya, Y.V. Tkachev, P.V. Dorovatovskii, A.D. Volodin, A.A. Korlyukov, Y.V. Tomilov,
A.V. Arzumanyan, R.A. Novikov. lonic Cyclopropenium-Derived Triplatinum Cluster
Complex [(Ph3C3)2Pt3(MeCN)4]2+(BF4-)2: Synthesis, Structure, and Perspectives for
Use as a Catalyst for Hydrosilylation Reactions. Organometallics, 2021, 40(23), 3876—
3885, 10.1021/acs.organomet.1c00291. (c) Sumeng Liu, Gregory S. Girolami.
Platinum(ll) Di-w-alkenyl Complexes as “Slow-Release” Precatalysts for Heat-Triggered
Olefin Hydrosilylation. J. Am. Chem. Soc. 2021, 143(42), 17492-17509,
10.1021/jacs.1c06846. (d) Kairui Liu, Guangjin Hou, Jingbo Mao, Zhanwei Xu, Peifang
Yan, Huixiang Li, Xinwen Guo, Shi Bai, Z. Conrad Zhang. Genesis of electron deficient
Pt1(0) in PDMS-PEG aggregates. Nat. Commun. 2019, 10, 996, 10.1038/s41467-019-
08804-y. (e) Kairui Liu, Xing Shen, Shi Bai, Z. Conrad Zhang. Stable Discrete Pt1(0) in
Crown Ether with Ultra-High Hydrosilylation Activity. ChemCatChem. 2020, 12, 267—
272. DOI: 10.1002/cctc.201901577. (f) Ganghuo Pan, Chunhua Hu, Song Hong,
Huaping Li, Dongdong Yu, Chenggian Cui, Qiaosheng Li, Nianjie Liang, Ying Jiang,
Lirong Zheng, Lei Jiang, Yuzhou Liu. Biomimetic caged platinum catalyst for
hydrosilylation reaction with high site selectivity. Nat Commun. 2021, 12, 64. DOI:
10.1038/s41467-020-20233-w


https://doi.org/10.1038/s41467-019-08804-y
https://doi.org/10.1038/s41467-019-08804-y

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

6. A.J. Holwell, Optimised technologies are emerging which reduce platinum usage in
silicone curing. Platin. Met. Rev. 2008, 52, 243-246, 10.1595/147106708X366975.

7. (a) L.D. de Almeida, H. Wang, K. Junge, X. Cui, M. Beller. Recent Advances in
Catalytic Hydrosilylations: Developments beyond Traditional Platinum Catalysts.
Angew. Chem. Int. Ed. 2021, 60 (2), 550 — 565, 10.1002/anie.202008729. (b) D. Liu, B.
Liu, Z. Pan, J. Li, C. Cui. Rare-earth metal catalysts for alkene hydrosilylation. Sci China
Chem. 2019, 62(5), 571-582, 10.1007/s11426-018-9403-7. (c) X. Du, Z. Huang.
Advances in Base-Metal-Catalyzed Alkene Hydrosilylation. ACS Catal. 2017, 7(2),
1227-1243, 10.1021/acscatal.6b02990.

8. (a) D. Shao, Y. Li. Preparation of polycarboxylic acid-functionalized silica supported
Pt catalysts and their applications in alkene hydrosilylation. RSC Adv. 2018, 8(36),
20379-20393, 10.1039/C8RA01828F. (b) L. Li, Y. Li, J. Yan, H. Cao, D. Shao, J.J. Bao.
A magnetically recyclable superparamagnetic silica supported Pt nanocatalyst through a
multi-carboxyl linker: synthesis, characterization, and applications in alkene
hydrosilylation. RSC Adv. 2019, 9(22), 12696-12709, 10.1039/C9RA00375D. (c) T.
Galeandro-Diamant, R. Sayah, M.-L. Zanota, S. Marrot, L. Veyre, C. Thieuleux, V.
Meille. Pt nanoparticles immobilized in mesostructured silica: a non-leaching catalyst for
1l-octene  hydrosilylation. Chem. Commun. 2017, 53(20), 2962-2965,
10.1039/C6CC10154B. (d) V. Pandarus, R. Ciriminna, G. Gingras, F. Béland, S.
Kaliaguine, M. Pagliaro. Waste-free and efficient hydrosilylation of olefins. Green Chem.
2019, 21(1), 129-140, 10.1039/C8GC02569J. (e) F. Rao, S. Deng, C. Chen, N. Zhang.
Graphite oxide-supported Karstedt catalyst for the hydrosilylation of olefins with
triethoxysilane. Catal. Commun. 2014, 46, 1-5, 10.1016/j.catcom.2013.10.043. (f) C.J.
Kong, S.E. Gillland, B.R. Clark, B.F. Gupton. Highly-active, graphene-supported
platinum catalyst for the solventless hydrosilylation of olefins. Chem. Commun. 2018,
54(95), 13343-13346, 10.1039/C8CC07641C. (g) S.E. Gillland, J.M.M. Tengco, Y.
Yang, J.R. Regalbuto, C.E. Castano, B.F. Gupton. Electrostatic adsorption-microwave
synthesis of palladium nanoparticles on graphene for improved cross-coupling activity.
Appl. Catal. A: Gen. 2018, 550, 168-175, 10.1016/j.apcata.2017.11.007. (h) X. Cui, K.
Junge, X. Dai, C. Kreyenschulte, M.-M. Pohl, S. Wohlrab, F. Shi, A. Brickner, M. Beller.
Synthesis of Single Atom Based Heterogeneous Platinum Catalysts: High Selectivity
and Activity for Hydrosilylation Reactions. ACS Cent. Sci. 2017, 3(6), 580-585,
10.1021/acscentsci.7b00105. (i) Y. Chen, S. Ji, W. Sun, W. Chen, J. Dong, J. Wen, J.
Zhang, Z. Li, L. Zheng, C. Chen, Q. Peng, D. Wang, Y. Li. Discovering Partially
Charged Single-Atom Pt for Enhanced Anti-Markovnikov Alkene Hydrosilylation. J. Am.



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

Chem. Soc. 2018, 140(24), 7407-7410, 10.1021/jacs.8b03121. (j) I. Buslov, F. Song, X.
Hu. An Easily Accessed Nickel Nanoparticle Catalyst for Alkene Hydrosilylation with
Tertiary Silanes. Angew. Chem. Int. Ed. 2016, 55(40), 12295-12299,
10.1002/anie.201606832. (k) D.V. Jawale, V. Geertsen, F. Miserque, P. Berthault, E.
Gravel, E. Doris. Solvent-free hydrosilylation of alkenes and alkynes using recyclable
platinum on carbon nanotube. Green Chem., 2021, 23, 815, 10.1039/D0GC03943H. (I)
Kairui Liu, Bolortuya Badamdorj, Fan Yang, Michael J. Janik, Markus Antonietti.
Accelerated Anti-Markovnikov Alkene Hydrosilylation with Humic-Acid-Supported
Electron-Deficient Platinum Single Atom. Angew. Chem. Int. Ed. 2021, 60, 24220-
24226. DOI: 10.1002/anie.202109689

9. (a) Arno Behr, Guido Henze, Reinhard Schomacker. Thermoregulated Liquid/Liquid
Catalyst Separation and Recycling. Adv. Synth. Catal. 2006, 348, 1485 — 1495. DOI:
10.1002/adsc.200606094. (b) Tilmann J. Geldbach, Dongbin Zhao, Nikola C. Castillo,
Gabor Laurenczy, Bernd Weyershausen, Paul J. Dyson. Two-phase Hydrosilylation in
lonic Liquids: A Process Set for Industrial Implementation. J. AM. CHEM. SOC. 2006,
128, 9773-9780. DOI: 10.1021/ja0612293. (c) Magdalena Jankowska-Wajda, Olga
Bartlewicz, Anna Walczak, Artur R. Stefankiewicz, Hieronim Maciejewski. Highly
efficient hydrosilylation catalysts based on chloroplatinate “ionic liquids”. Journal of
Catalysis. 2019, 374, 266-275. DOI: 10.1016/j.jcat.2019.05.005. (d) Rafal Kukawka,
Anna Pawlowska-Zygarowicz, Joanna Dzialkowska, Mariusz Pietrowski, Hieronim
Maciejewski, Katharina Bica, Marcin Smiglak. Highly Effective Supported lonic Liquid-
Phase (SILP) Catalysts: Characterization and Application to the Hydrosilylation
Reaction. ACS Sustainable Chem. Eng. 2019, 7, 4699-4706. DOI:
10.1021/acssuschemeng.8b04357. (e) Hieronim Maciejewski, Karol Szubert, Bogdan
Marciniec. New approach to synthesis of functionalised silsesquioxanes via
hydrosilylation. Catalysis Communications. 2012, 24, 1-4.
DOI:10.1016/j.catcom.2012.03.011. (f) Tobias Schulz, Thomas Strassner. Two-phase
platinum catalyzed hydrosilylation of terminal alkenes in TAAILs Journal of
Organometallic Chemistry. 2013, 744, 113-118. DOI: 10.1016/j.jorganchem.2013.05.03.
(g) Norbert Hofmann, Andreas Bauer, Thomas Frey, Marco Auer, Volker Stanjek, Peter
S. Schulz, Nicola Taccardi, Peter Wasserscheid. Liquid-Liquid Two-phase, Platinum
Catalyzed Hydrosilylation of Allyl Chloride with Trichlorosilane using an lonic Liquid
Catalyst Phase in a Continuous Loop Reactor. Adv. Synth. Catal. 2008, 350, 2599 —
2609. DOI: 10.1002/adsc.200800438. (h) Gustavo F. Silbestri, Juan Carlos Flores,

Ernesto de Jesus. Water-Soluble N Heterocyclic Carbene Platinum(0) Complexes:



455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

Recyclable Catalysts for the Hydrosilylation of Alkynes in Water at Room Temperature.
Organometallics 2012, 31, 3355-3360, 10.1021/om300148q. (i) Caifeng Xu, Bin Huang,
Tao Yan and Mingzhong Cai. A recyclable and reusable K2PtCl4/Xphos-SO3Na/PEG-
400/H20 system for highly regio- and stereoselective hydrosilylation of terminal
alkynes. Green Chem. 2018, 20, 391, 10.1039/C7GC02823G

10. (a) H. Dong, Y.-C. Chen, C. Feldmann. Polyol Synthesis of Nanoparticles: Status
and Options regarding Metals, Oxides, Chalcogenides, and Non-Metal Elements. Green
Chem. 2015, 17, 4107-4132, 10.1039/C5GC00943J. (b) F. Fiévet, S. Ammar-Merah, R.
Brayner, F. Chau, M. Giraud, F. Mammeri, J. Peron, J.-Y. Piguemal, L. Sicarda, G.
Viau. The polyol process: a unique method for easy access to metal nanoparticles with
tailored sizes, shapes and compositions. Chem. Soc. Rev. 2018, 47, 5187-5233,
10.1039/C7CS00777A. (c) |. Favier, D. Pla, M. Gomez. Palladium Nanoparticles in
Polyols: Synthesis, Catalytic Couplings, and Hydrogenations. Chem. Rev. 2020, 120(2),
1146-1183, 10.1021/acs.chemrev.9b00204.

11. A. Jordan, C.G.J. Hall, L.R. Thorp, H.F. Sneddon. Replacement of Less-Preferred
Dipolar Aprotic and Ethereal Solvents in Synthetic Organic Chemistry with More
Sustainable Alternatives. Chem. Rev. 2022, 122, 6749-6794,
10.1021/acs.chemrev.1c00672

12. (a) J. Cervantes, R. Zarraga and C. Salazar-Hernandez, Appl. Organomet. Chem.,
2012, 26, 157, 10.1002/a0c.2832; (b) H.-H. Moretto, M. Schulze and G. Wagner, in
Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, Weinheim, 2005; (c) S. B.
Lin, L. D. Durfee, R. A. Ekeland, J. McVie and G. K. Schalau, J. Adhes. Sci. Technol.,
2007, 21(7), 605, 10.1163/156856107781192274.



