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ABSTRACT

In this manuscript we assess the catalytic properties of pincer platinum complexes in alkyne
hydrosilylation either under photo or thermal conditions. The visible light-induced
hydrosilylation proved to be more efficient. It can be performed at room temperature and required
lower catalyst loadings than that operating under thermal conditions. The platinum complexes
play a dual role in photohydrosilylation as serve as a photosensitizer and a catalyst enabling
species in bond breaking/forming transformations. In addition, alkyne hydrosilylation is achieved
with moderate regio- and stereoselectivity but is enhanced under photocatalytic conditions and in
the case of terminal alkynes we have observed the formation of 3(Z) products not observable
under thermal conditions. Such differences in selectivity constitute an example of stereodivergent
catalysis dictated under photochemical or thermal conditions. The selectivity differences are
ascribed to a distinctive reaction mechanism for the light- vs thermally-induced process that
involve radical or organometallic intermediates, respectively.
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1. INTRODUCTION

Hydrosilylation of alkynes constitutes a direct and atom-economical approach for the preparation
of vinylsilanes, a family of important synthons in industry as well as organic chemistry.[1-4] The
dominant method of choice relies on the activation of a Si-H bond using transition metal catalysts.
In particular, platinum catalysts represent the most active systems for hydrosilylation of
alkynes.[5-9] Their high activity and the highly sensitive nature of the reaction intermediates is
precisely behind the comparatively scarce number of mechanistic investigations of platinum-
based systems with respect to their less-active transition metals.[10-12] One of the most widely
accepted mechanisms for this transformation was first reported by Chalk and Harrod in 1965.[13]
It involves organometallic intermediates and typically initiates via an oxidative addition of the Si-
H bond to a Pt(0) alkyne complex, followed by migratory insertion of the alkyne into the metal-
hydrogen bond. Subsequent reductive elimination of alkenyl and silyl ligands gives rise to the
hydrosilylation products.

Silyl radicals (R3Si-) are also convenient and versatile intermediates able to promote the formation
of C-Si bonds by addition into a target molecule bearing alkyne (or alkene) functional groups.[14—
18] Visible light-induced photocatalysis has become a powerful tool to produce silyl radicals and
it has been exploited extensively in hydrosilylation processes.[19-22] Silyl radicals can be
obtained from hydrosilanes and their formation usually requires a photocatalyst, which in its
excited state is capable of activating the silane via hydrogen atom transfer (HAT) processes. These
RsSi- intermediates subsequently add to the alkyne (alkene) to produce the more stable silyl
radical. A second HAT process involving these silyl radical forms the desired vinylsilanes. In this
context, visible light-induced transition metal catalysis constitutes an emerging class of
photocatalysis that is receiving considerable attention.[23-28] These photocatalytic systems rely
on the use of transition metal complexes able to act simultaneously as both i) photosensitizer and
as ii) catalyst in conventional bond breaking/forming processes.

Regarding hydrosilylation reactions, the use of visible light-induced transition metal
photocatalysis is relatively scarce. Examples are restricted to the use of polyoxometallates[29]
and Mn,[30,31] complexes which in their excited states are able to homolytically activate the Si-
H bond in trisubstituted silanes to produce silyl radicals engaged in the efficient hidrosilylation
of alkenes and alkynes. Such single-component catalytic systems constitute a novel and
underexplored reaction manifold in hydrosilylation chemistry whose exploration aimed at
developing improved methods, in particular for platinum, still needs to be undertaken.
Photohydrosilylation procedures mediated by Pt are known in industry since three decades ago
but detailed mechanistic investigations are negligible.[32] Other photo-triggerable
hydrosilylation reactions mediated by platinum have been reported using complexes with O-
donor ligands (B-diketonate or oxalate),[33-41] or aminocarbene and carbene ligands.[42,43] It
was reported that irradiation promotes peripheral ligand releasing to afford a highly active
homogenous species that triggers hydrosilylation via classical Chalk-Harrod mechanisms rather
than silyl radicals. Photoinduced hydrosilylation is also promoted by the platinum catalyst (n°-
CsH4CHs)Pt"V(CHzs)s,[44,45] which anticipated the potential of Pt complexes as photoinitiators in
various free-radical-mediated transformations. Pincer-type NCN Pt complexes might be useful
for this purpose because they combine photoactive character along with their inherent catalytic
versatility.[46] Herein, a room temperature platinum/blue light hydrosilylation of internal and
terminal alkynes is reported using single-component catalytic systems based on pincer (NCN)Pt
complexes (Figure 1).
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Figure 1 UV-Vis absorption spectra of complexes I and 11 in CH2Cl; (5.0 x 10°° M) overlaid
with emission spectra of blue and green Kessil PR160L LED lamps.

2. EXPERIMENTAL SECTION

All manipulations were conducted with a standard Schlenk line under nitrogen atmosphere.
Alkynes and silanes were purchased from commercial suppliers and used without further
purification. Anhydrous solvents were dried using a Solvent Purification System (SPS M
BRAUN) or purchased from commercial suppliers degassed and stored over molecular sieves.
Solvents used in catalytic experiments were deoxygenated using the freeze-pump-thaw
methodology and kept under an atmosphere of nitrogen.

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers operating at
400 MHz (*H NMR) and referenced to SiMes (8 in ppm and J in Hertz). NMR spectra were
recorded at room temperature with the appropriate deuterated solvent. ESI-MS studies were
conducted on a SYNAPT HDMS QTOF instrument with an orthogonal Z-spray-electrospray
interface (Waters, Manchester, UK) operating in the resolution mode. The drying and cone gas
was nitrogen set to flow rates of 600 and 100 L/h, respectively. A capillary voltage of 2.5 kV was
used in the positive ESI(+) scan mode. The cone voltage was kept to a low value (typically Uc =
5-30 V) to control the extent of fragmentation in the source region. Chemical identification of
the Pt-containing species was facilitated by the characteristic isotopic pattern at natural abundance
of Pt and it was carried out by comparison of the isotope experimental and theoretical patterns
using the MassLynx 4.2. Typically, methanol solutions of I and Il were stirred under catalytic
conditions and aliquots were extracted at spaced time intervals, diluted with methanol to a final
concentration of 1 x 10 M (based on the initial Pt concentration) and directly introduced to the
mass spectrometer. UV—Vis spectra were recorded in CH2Cl, with a Cary 100 scan 388 Varian
UV spectrometer. Emission and excitation spectra were recorded in a Horiba Jobin-Yvon SPEX
Nanolog-TM spectrofluorometer at 298 K using 5 x 107> M solutions.



2.1. Catalytic hydrosilylation under thermal conditions
General procedure: Alkyne (0.3 mmol, 1.0 eq.), silane (0.35 mmol, 1.2 eq.), complex 1 or 1 (0.7

mol%), 1,3,5-trimethoxybenzene (0.1 mmol, 0.33 eq., used as an internal standard), deoxygenated
toluene (2.0 mL), and a PTFE-coated magnetic bar were placed in a 12 mL Schlenk flask closed
with a septum. The solution was stirred at 80 °C in an oil bath for 7 hours. At selected times, 100
mL aliquots were extracted and analysed by GC-FID to monitor the reaction evolution. When the
reaction was completed, the solution was evaporated to dryness, redissolved in CDCI; and
analysed by *H NMR spectroscopy. Selectivity was determined by integration of selected peaks
(vinylic protons) vs 1,3,5-trimethoxybenzene.

2.2. Photohydrosilylation
General procedure: Alkyne (0.3 mmol, 1.0 eq.), silane (0.35 mmol, 1.2 eq.), selected catalyst (0.25

mol%), 1,3,5-trimethoxybenzene (0.1 mmol, 0.33 eq., used as an internal standard), deoxygenated
toluene (2.0 mL), and a PTFE-coated magnetic bar were placed in a 12 mL Schlenk flask closed
with a septum. The photocatalytic reactions were carried out using 45W Kessil PR160L blue
LEDs (A= 440 nm) lamps placed at the distance of 5 cm of the centre of the Schlenk (intensity of
172 mW/cm?) at room temperature for the appropriate time. At selected times, 100 mL aliquots
were extracted and analysed by GC-FID to monitor the reaction evolution. When the reaction was
completed, the solution was evaporated to dryness, redissolved in CDCl; and analysed by 'H
NMR spectroscopy. Selectivity was determined by integration of selected peaks (vinylic protons)
vs 1,3,5-trimethoxybenzene.

3. RESULTS AND DISCUSSION

The d® platinum (1) complexes containing polypyridyl ligands are relevant in photochemistry
since modulation of the photophysical properties is easily achieved by subtle changes in ligand
design.[47-50] In this work, we have selected as representative examples two platinum
complexes containing a NCN tridentate ligands combined with a Cl or an alkynyl monodentate
ligand previously described by us(Figure 1).[46] NCN coordination is achieved by C-H activation
under acidic media using K2PtCls under microwave irradiation. The absorption photophysical
properties are characterized by the presence of an intense band in the higher energy region (270 -
350 nm) attributed to - n* transition of the NCN ligand and less intensity bands in the lower
energy region (350 — 450 nm) which correspond to mixed charge-transfer ligand-centred character
transitions.[51-53] These latter bands overlaid with the emission spectra of blue lamp (440 nm)
used in the photocatalytic studies as required according to the first law of photochemistry
(Grotthuss-Draper law) which states that light must be absorbed by a chemical substance to
perform a photochemical transformation.[54,55] The emission properties show the presence of
two bands assigned to the *m-n* transition from the NCN ligand mixed with *MLCTAILCT
(Figure S5).[56-58]

Interested in developing applications of platinum complexes we assess the catalytic properties of
platinum complexes harvested with visible light. In a first set of experiments, we evaluated the
catalytic activity of the platinum complexes under thermal and photocatalytic conditions (Table
1). We selected 1-phenyl-1-butyne and dimethylphenylsilane as model substrates due to their
stability, availability and well-documented transformations. Initially we carried out the
hydrosilylation of alkynes under mild thermal conditions (40 °C) but the reaction did not proceed
independent of the platinum complex used (Table 1, entries 2&3). When increasing the
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temperature to 80 °C, complexes | and 11 become efficient catalysts in hydrosilylation of alkynes.
For instance, when using a catalyst loading of 0.7 mol%, a quantitative yield is obtained in only
7 h (Table 1, entries 6&7). Product selectivity shows slight differences for complexes I and 11
affording an o/ product distribution of 71/29 and 63/37 respectively after 7h. We have observed
that the o/ ratio is independent of reaction time.

Then, we assessed the photocatalytic properties of platinum complexes using visible light.
Without adding a catalyst, no reaction was observed in the 20-80 °C range with blue light
irradiation (Table 1, entries 8&9) indicating that irradiation itself is not sufficient to initiate this
process. To our delight, we observed a quantitative yield in the hydrosilylation of 1-phenyl-1-
butyne with dimethylphenylsilane using blue light (440 nm) either with complex I or 11 at room
temperature in only 2h (Table 1, entries 10&11). When changing the irradiation lamp to green
light (525 nm) we observed that the reaction proceeds but with lower yield (4h, 42%). These
results agree with the photochemical studies of complexes | and 11. There is a significant overlap
between the lower energy bands (region 350 — 450 nm) of complexes | and Il with the blue lamp
but almost insignificant in the case of green lamp (Figure 1). Interestingly, the photocatalytic
hydrosilylation provides an increased selectivity. With both platinum complexes, the o/ product
distribution is ca. 80/20 favouring the formation of the oo product whereas ca. 65/35 distributions
were observed for the thermal reaction (Table 1, entries 4-7 vs 10-14). Despite the moderate
regioselectivity, this constitutes a rare example of regiodivergent catalysis achieved
photochemically.[31,59] We assessed the catalyst loading effect in photohydrosilylation using
complex 11 (Figure 2a). Variation of catalyst loading from 0.7 — 0.01 mol% vs. alkyne evidence
a clear decrease in activity, yet the photohydrosilylation reaction still proceeds when using parts-
per-million (ppm) level catalyst loading. For instance, at 100 ppm a 75% yield is obtained in 24h
at room temperature (TOF = 312 ht). We established the order in catalyst using variable time
normalization analysis (VTNA).[60] The results suggest an order in catalyst of 1 for the
photohydrosilylation reaction using complex 11, indicating that the reaction rate is linearly
proportional to the amount of complex (Figure S8). Light intensity is an important factor that
directly influences the reaction rate. However, it is barely evaluated in photocatalysis most
probably because is completely dependent of experimental set-up, lamps, and reactor design. In
here, we have evaluated the light intensity effect in photohydrosilylation using complex Il (Figure
2b). The results show a dependence of light intensity vs. activity. We have not observed
saturation, but we are very close as the monitoring profiles almost overlapped at high intensities
(172 and 127 mW/cm?) using a catalyst loading of 0.25 mol%. We are in a regime where the
effect of light intensity is proportionally linear as evidenced by the representation of reaction rate
constant vs. light intensity. These experiments confirm that we do not have losses by light
intensification. We have disclosed that a catalyst loading of 0.25 mol% and a light intensity of
172 mW/cm? (at 5 cm) are the appropriate parameters to achieve the maximum efficiency in
photohydrosilylation of alkynes.



Table 1. Thermal and Photocatalytic hydrosilylation results under various conditions

Ph Cat. >_<;
+ —_— — + —
\\ Toluene PH PH

temp or hv
a-addition B-addition
hv . Selectivity
Entry (nfo"’l‘f,'/o) T(fgp A (nm) T('E)‘e Yield (%) (%)
(o/B)
1 - 80 - 7 0 -
2 1(0.7) 40 - 7 0 -
3 11 (0.7) 40 - 7 0 -
4 1(0.7) 80 - 3 34 70/30
5 11 (0.7) 80 - 3 85 62/38
6 1(0.7) 80 - 7 97 71/29
7 11 (0.7) 80 - 7 98 63/37
8 - r.t. 440 (blue) 4 0 -
9 - 80 440 4 0 -
10 1(0.7) r.t. 440 2 99 81/19
11 11 (0.7) r.t. 440 2 98 81/19
12 11(0.7) r.t. 525 (green) 4 42 80/20
13 1 (0.25) r.t. 440 4 98 81/19
14 11(0.25) r.t. 440 4 99 81/19

Reaction conditions: 1-phenyl-1-butyne (0.3 mmol), dimethylphenylsilane (0.35 mmol), toluene
(2.0 mL), 45W Kessil PR160L LEDs used for experiments under blue light irradiation (440 nm,
172 mW/cm? located at 5 cm). Yields and regioselectivity (o/p) were determined by *H NMR
spectroscopy using 1,3,5-trimethoxybenzene (TMB) as an internal standard.
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Figure 2 a) Catalyst loading effect. Reaction conditions: 1-phenyl-1-butyne (0.3 mmol),
triethylsilane (0.35 mmol), toluene (2.0 mL), complex 11 (0.7 — 0.01 mol%), 25 °C and blue light
(440 nm, 172 mW/cm? located at 5 cm). b) Lamp intensity effect. Reaction conditions: 1-phenyl-
1-butyne (0.3 mmol), triethylsilane (0.35 mmol), toluene (2.0 mL), complex Il (0.25 mol%),
25 °C and blue light (440 nm, at different intensities measured at 5 cm). Inset: reaction rate
constant vs. light intensity. Conversions determined by GC-FID using TMB as an internal
standard.



3.1 Hydrosilylation of internal alkynes

Once stablished the optimization of reaction conditions we explore the scope of hydrosilylation.
We use different internal alkynes and different silanes under thermal and photocatalytic
conditions using complexes | and Il (Table 2). Both complexes are efficient catalysts in
hydrosilylation either under thermal or photocatalytic conditions affording quantitative yields.
The photocatalytic hydrosilylation is more efficient as it requires i) lower catalyst loadings (0.25
vs. 0.7 mol%), ii) shorter reaction times (4 vs 7h) and iii) lower reaction temperatures (25 vs 80
°C) to achieve complete conversion. A similar observation was highlighted by Marchi and co-
workers in terms of energy and time saving for the photo-activated hydrosilylation employing
Pt'!(acac); as catalyst.[40] We have observed a complete selectivity towards the formation of the
E isomers with preferential o over B addition products as evidenced by *H NMR spectra of final
reaction crudes. In addition, higher selectivity is found for photocatalytic hydrosilylation in all
cases.

Table 2. Thermal and photocatalytic hydrosilylation of Internal alkynes

e = N N

Ph 80 °C or hv Ph R Ph R
a-~addition B-addition
Entr Cat. R Silane Temp hv Time  Yield Se'?((f/:)\llty

y 0 Amm) () (%) o

1 | Et EtsSiH r.t 440 4 95 84/16
2 ] « « r.t. 440 4 98 84/16
3 | « “ 80 - 7 92 78122
4 ]| « “ 80 - 7 92 79/21
5 | nPr « rt. 440 4 95 83/17
6 ] « « r.t. 440 4 96 83/17
7 | « “ 80 - 4 96 78122
8 ] « “ 80 - 4 98 79/21
9 | Me “ r.t. 440 4 72 86/14
10 ] « “ r.t. 440 4 91 86/14
11 | “ « 80 - 7 96 81/19
12 ] « “ 80 - 7 98 80/20
13 T PMeSE 440 4 07 72128
14 1 « “ r.t. 440 4 99 65/35
15 | “ « 80 - 7 96 58/42
16 ] « “ 80 - 7 99 63/37
17 I nPr « rt. 440 4 95 82/18
18 1] « “ r.t. 440 4 99 80/20
19 | “ “ 80 - 7 97 76/24
20 ]| “ “ 80 - 7 99 77/23

Reaction conditions: alkyne (0.3 mmol), silane (0.35 mmol), toluene (2.0 mL), 0.7 mol% of
catalyst (thermal reactions) or 0.25 mol% (photocatalytic reactions), blue light irradiation (440
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nm, 172 mW/cm? located at 5 cm). Yields were determined by 'H NMR spectroscopy and
regioselectivity (o/p vs. the Ph group) by GC-FID using TMB as an internal standard.

3.2 Hydrosilylation of terminal alkynes

We also turned our attention to the possibility of using terminal alkynes, a more inert substrate in
this transformation. We selected phenylacetylene as a representative terminal alkyne. Under
thermal conditions, complexes I and 11 result active catalysts for this transformation with slightly
lower activity as in the case of internal alkynes (Table 3, entries 1 - 4). Complex Il provides
quantitative yields in 8h and under the same conditions, complex | affords 79% yield. Selectivity
assessment reveal the predominant formation of the B addition product where the SiMe.Ph
fragment is located further afield from the phenyl ring (o/p ratio 35/65 respectively). Regarding
stereoselectivity we observe only the formation of the E isomer even at short reaction times. These
results suggest that the Z isomer is not formed or that isomerization is a fast process. Under
photocatalytic conditions, complexes I and 11 produce the hydrosilylation of phenylacetylene but
require longer reactions times indicating a lower activity when compared to internal alkynes or
even under thermal conditions (Table 3, entries 5 — 8). For instance, quantitative yields are
obtained using complex 11 (0.25 mol%) after 18h when the average time was only 4h in the case
of internal alkynes. In the case of complex I, the situation is even worse, and only 38% vyield is
obtained under the same conditions. We have observed significative differences in the
hydrosilylation of terminal alkynes under photocatalytic conditions for complex | or complex Il
that contrast our previous observations using internal alkynes. Interesting is the assessment of
selectivity. Regioselectivity is similar under thermal or photocatalytic conditions (B addition
product is favoured) but stereoselectivity is significantly different. Under thermal conditions we
did not observe the formation of the 3-Z product, but under photocatalytic conditions this product
is formed in ca. 30% product distribution without optimization. This stereodivergent selectivity
highlights the potential of photohydrosilylation as stereodivergent methodology in catalysis and
suggests a distinctive reaction mechanism for the light- vs thermally-induced reaction.

Table 3. Hydrosilylation of phenylacetylene

s == =

Toluene
80 °C or hv a B-(E) B-(2)

Temp hv  Time Yield Selectivity (%)

Entry Cat eq)  om) () %) (alER2)
1 | 80 - 4 54 34/66/0
2 1 80 - 4 75 26/74/0
3 | 80 - 8 79 33/67/0
4 1 80 - 8 99 33/67/0
5 | r.t. 440 6 24 27/41/32
6 1 r.t. 440 6 62 26/42/32
7 | r.t. 440 18 38 24/45/31



8 I r.t. 440 18 99 25/42/33
Reaction conditions: phenylacetylene (0.3 mmol), dimethylphenylsilane (0.35 mmol), toluene
(2.0 mL), 0.7 mol% of catalyst (thermal reactions) or 0.25 mol% (photocatalytic reactions), blue
light irradiation (440 nm, 172 mW/cm? located at 5 cm). Yields, regioselectivity and
stereoselectivity were determined by GC-FID and 'H NMR spectroscopy using TMB as an
internal standard.

3.3 Mechanistic studies

We attempted to shed some light on the mechanism of both the photocatalytic and thermal
hydrosilylation mediated by complexes | and I1. Either the effect of light and the identification
of key intermediates is crucial to understand the main and side directions of the studied
transformation. The role of light was first assessed by on/off experiments (Figure 3). The
hydrosilylation of 1-phenyl-1-butyne with dimethylphenylsilane was monitored with and without
light irradiation until completion. The reaction yield increased progressively during the light
irradiation periods. In the periods where the light was switched off, the reaction yield remained
unchanged. These results confirm that light plays a crucial role throughout the entire course of
hydrosilylation and not only in a catalyst activation step.

On/Off experiment

100 -
B

80 - r
70 1 .

60
50 1 e e o
40 |
30 4

20 A
10 A ] L] [ ]

Yield (%)

Figure 3 Light influence on photohydrosilylation. Reaction conditions: 1-phenyl-1-butyne (0.3
mmol), dimethylphenylsilane (0.35 mmol), toluene (2.0 mL), complex 11 (0.25 mol%) and blue
light irradiation (440 nm, 172 mW/cm? located at 5 cm).

Next, the speciation of the catalysts in the presence of light as well as under catalytic conditions
was investigated by NMR spectroscopy and Electrospray lonization Mass Spectrometry (ESI-
MS). We typically use a higher catalyst loading than that used in the catalytic runs to facilitate
identification of reaction intermediates. Reaction monitoring by *H NMR analysis allowed us to
confirm the advance of the reaction by identifying the initial and final products and provides
evidence of catalyst resting state but gives insufficient information about the reaction
intermediates formed along the reaction process. However, this limitation is mitigated in
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combination with ESI-MS, which is one of the most sensitive and powerful techniques to identify
reaction intermediates in catalysis,[61-64] including also photochemical transformations.[65]

Reaction monitoring by *H NMR spectroscopy in the photohydrosilylation of internal alkynes
clearly shows the characteristic signals corresponding to Si-H disappearance and C-H formation
of o and B addition products (Figure S31). Interestingly, the *H NMR signals of the NCN ligand
of I are preserved after more than 75% conversion indicating the potential role as resting state of
this species. Consistent with *H NMR experiments, the ESI-MS monitoring of the catalytic
reaction revealed that peaks attributed to I and 11 were invariably the dominant species in their
respective ESI mass spectra. In both cases, a prominent peak at m/z 444 attributed to the Cl or
alkynyl-free complex, namely [(NCN)Pt]* was observed. The ESI mass spectrum of the catalytic
reaction using Il is exemplified in figure 4b along with that of methanol solutions of 11 for
comparative purposes (Figure 4a). A number of Pt-containing species formulated as [(NCN)Pt]*
(m/z 444) and the series of [(NCN)Pt(alkynyl)+H]* (m/z 645), [(NCN)Pt(alkynyl)+Na]* (m/z
668) and [(NCN)Pt(alkyny)+K]* (m/z 684) cations were common to both spectra; however, a
prominent peak at m/z 888 was identified in the catalytic reaction attributed to the
[(NCN)PtPt(NCN)]" dimer. Under catalytic conditions, there was no evidence of oxidative
addition of silane to yield neither mono-, dinuclear species or Pt(0) intermediates.[66,67] The
origin of the reduced [(NCN)PtPt(NCN)]* dimer was further investigated upon light irradiation
of solutions of 11 in the absence of substrates. We have observed the appearance of low intensity
signals in the aromatic region of the *H NMR spectrum after 4h that do not evolve for prolonged
reaction times (Figure S25). These signals suggest the formation of new species induced by light
interaction with the platinum complex. Complementary ESI mass spectra displayed a depletion
of the signals of Il (namely [I1 + cat]* cat = H, Na and K) and the appearance of a new species
formulated as [(NCN)PtPt(NCN)]* (m/z 888) (Figure 4c). Such [(NCN)PtPt(NCN)]* species is
not detected in the absence of light irradiation. On the basis of the well-documented
photochemical Pt-C bond homolysis reactions in Pt compounds to afford Pt radicals,[68] its
formation is attributed to homolytic cleavage of the alkynyl ligand to yield the radical (NCN)Pt-
that is readily dimerized to [(NCN)PtPt(NCN)]. Both neutral (NCN)Pt- and [(NCN)PtPt(NCN)]
species could be inferred from the ESI mass spectrum as their corresponding oxidized [(NCN)Pt]*
(m/z 444) and [(NCN)PtPt(NCN)]* (m/z 888) homologues. These experiments suggest the
involvement of Pt radical species in photohydrosilylation in a similar way to that proposed for the
hydrosilylation reactions using (n°>-CsH4CHs)Pt"V(CHs)s as a photosensitizer.[44] Further
evidence of radicals during the photohydrosilylation reaction was obtained by the addition of
stochiometric quantities of galvinoxyl under photocatalytic conditions (Table 4). This test
inhibited the reaction and only 20% yield vinylsilanes were produced in contrast to the 99% in
the absence of the radical scavenger. These results provide further evidence of radical formation
during photohydrosilylation.
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a) (NCN)Pt]+ [(NCN)Pt(alkynyl)+cat]*
100 2
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Figure 4 ESI mass spectra of a) methanol solutions of 11 (1 x 10 M); b) methanol solutions of
the catalytic reaction after 2h of light irradiation (diluted to reach 1 x 10® M concentration based
on the initial amount of 11) and ¢) methanol solutions of 11 after light irradiation in the absence of
substrates.

Table 4. Trapping experiments

Et
S man ——— =
Ph Ph Et
. Conv (%
Entry Trapping agent Thermal ( Plloto
1 - 99 99
2 Galvinoxyl 98 20
3 [CPhs][BF4] 4 11

Standard conditions as described previously with the addition of galvinoxyl (0.6 mmol, 2 eq.) or
tritylium tetrafluoroborate (0.03 mmol, 0.1 eq.). Galvinoxyl is a radical scavenger and tritylium
tetrafluoroborate ([CPhs][BF.]) is a hydride scavenger.

Based on the above observations, a plausible mechanism for the visible-light-promoted
hydrosilylation of alkynes is proposed (Figure 5). First, complex | (or Il) absorbs blue light
forming the triplet state excited species [(NCN)PtL]* (L = Cl or alkynyl) highlighting the role of
platinum complexes as photosensitizers. Following the homolytic splitting of the Pt-L bond, the
[NCN)Pt]- radical subsequently abstracts a hydrogen atom from the Si-H bond to generate a silyl
radical along with the formation of the hydride complex [(NCN)PtH] through a hydrogen atom
transfer (HAT) process. This step is analogous to that proposed for the photohydrosilylation
catalysed by (CO)sMn- radical.[30,31] We hypothesize that a [(NCN)PtH] species might be
generated during the reaction and be part of the catalytic cycle; however, we did not succeed at
detecting Pt-hydride species experimentally most likely due to its fleeting nature and rapid
conversion at the high catalyst load used to detect reaction intermediates.[3] Support to this
hypothesis was obtained from experiments of the catalytic reaction in the presence of catalytic
amounts of trityl tetrafluoroborate, which is a hydride abstractor.[69] Addition of [CPh3][BF.] to
the catalytic reaction completely inhibited the reaction providing an indirect evidence of platinum
hydrides as intermediates (Table 4). Finally, the addition of the silyl radical to the alkyne delivers
radical vinyl species, which undergo another HAT process to yield the desired hydrosilylation
products. Herein we have demonstrated that pincer platinum complexes play a dual role in the
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photohydrosilylation of alkynes, on one hand harvest visible light and on the other hand
participate in the bond-breaking/bond forming catalytic transformations thorough HAT type
processes.

[(NCN)PtL]
” &
[(NCN)PtPt(NCN)] D S
[(NCN)PtL]* N—Ft=N.~

L

|l

NN =

HAT HAT

ZANTIIVAN
\/’/:<

[(NCN)PtH]
Ph Et

Ph\/'

Et

Figure 5 Plausible mechanism for photohydrosilylation mediated by (NCN)Pt complexes.

Deuterium labelling experiments in photohydrosilylation of 1-phenyl-1-butyne and Et;SiD using
complex 11 shows the incorporation of deuterium only at the vinylic positions of the a and b
additions as confirmed by *H NMR spectroscopy (Figure S33). We have observed an inversed
kinetic isotope effect (IKIE) of 0.9. This small value for a primary isotope effect indicates that
Si-H cleavage is not involved in the slowest step and supports a preequilibrium before the rate-
determining step which further supports the mechanism proposal. In addition, deuterium labelling
experiments under thermal conditions were completely different. We observed a normal kinetic
isotope effect (KIE) of 1.2 (Figure S34). These differences evidence a different reaction
mechanism under photo or thermal conditions. The reaction monitoring of the species formed
during the thermal reaction (hydrosilylation of 1-phenyl-1-butyne with dimethylphenylsilane
mediated by Il) was also investigated by ESI-MS. Low intensity high-nuclearity aggregates
bearing silane and alkyne bound substrates were evidenced based on ESI-MS. Peak assignment
was done on the basis of their characteristic isotopic pattern (Figure S39). Such species are
indicative that oxidative addition of R3SiH on such larger aggregates has occurred most likely
preceded by the reduction of metal core by a sacrificial amount of silane substrate. Species
formulated as the dimers [[(NCN)Pt].H]* (m/z 889.1), the alkyne-coordinated species, namely
[((NCN)Pt)2(H)(C1oH10)]" (m/z  1020.1) [((NCN)Pt)2(CD)(CioHi0)]* (m/z  1055.1),
[((NCN)Pt)2((CHa3)2PhSi)(C1oH10)]* (m/z 1151.3) and the trimer [((NCN)Pt)sH2]* (m /z 1334.2)
were observed in the ESI mass spectrum recorded along the catalytic thermal reaction (Figure 6).
We are aware that the coexistence of mononuclear and larger aggregates bearing silyl or alkyne
makes challenging to propose the exact nature of the Pt active species and its mechanism of action.
In this sense, Pt dimers[70] or Pt-Si—H clusters of 3-5 atoms were recently proposed as key
catalyst in the Pt-catalysed hydrosilylation of alkynes.[71] Nonetheless, the operation of a
mechanism that involves organometallic intermediates is clearly evidenced. Consistent with this
hypothesis, the addition of stochiometric quantities of galvinoxyl does not inhibit the reaction.
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Similar yield to the control experiment and identical regio- and stereoselectivity was observed in
the absence/presence of galvinoxyl (Table 4). However, the addition of [CPhs][BF4] to the
catalytic reaction completely inhibited the reaction consistent with the presence of platinum
hydride species. These results support a reaction mechanism under thermal conditions that
involve organometallic platinum hydride species analogous to the classical Chalk-Harrod
mechanisms.

[((NCN)Pt),(X)(C,oH0)]* (X = H, Cl, Si(CH;),Ph)

AA
[((NCN)Pt);H,]*
100 1334.2
[((NCN)Pt),H]*
100 889.1 < 982.0
[(NCN)Pt]*
444.0 1078.3 1151.3
° 0 \M“\ ‘.\m‘ \“m}‘ .‘m\‘ ol “““\ e ol flbraier 'l‘"\“\ ; m/z
1000 1100 1200 1300
(CTTTTTTTTTTTY 1
Ot e MYZ

400 600 800 11000 1200

Figure 6 ESI mass spectrum of an aliquot taken from the catalytic reaction using I and 1-phenyl-
1-butyne with dimethylphenylsilane after 2h under thermal conditions, diluted with methanol (1
x 10 M with respect to the initial amount of catalyst 1). The inset shows the expanded region in
the m/z 950-1350 range where the organometallic/silane Pt species are observed.

4. CONCLUSIONS

We have shown that (NCN)Pt(Il) complexes | and Il constitute efficient visible light-induced
transition metal catalysis (in which the metal complex itself serves as both photosensitizer and
catalyst enabling species) capable to perform the hydrosilylation of a series of internal and
terminal alkynes at ambient temperature. Reasonable product yields can be also obtained in the
absence of light but operate at high temperatures (typically 80 °C). Mechanistically, the observed
light-induced vs thermal-induced hydrosilylation proceeds through either a radical-mediated
pathway or that involving organometallic silane complexes, respectively. The catalytic use of
mononuclear | and Il under thermal conditions afford exclusively the E-products with moderate
o/P regioselectivity for a series of internal alkynes. Selectivity can be enhanced by using the
same systems under visible light irradiation under milder conditions, thus making these conditions
compatible with thermally unstable substrates. In the case of terminal alkynes, both procedures
displayed identical trends except that light-induced catalysis enabled the formation of Z-products
in a reversed stereoselectivity. A prominent propensity towards Z selectivity is also observed
using the closely related (CO)sMn- radical as visible light-induced transition metal catalysis. Such
a moderate control on regio- and stereodivergency highlights a unique feature of the investigated
pincer-type Pt complexes in the context of regiodivergent catalysis which is most often triggered
through the judicious choice of the metal or the ligands in the catalytic system. The present Pt
catalytic system provides different products from common starting materials by switching light
vs- thermal-mediated hydrosilylation and adds to the still rare members of regiodivergent
catalysis achieved photochemically. Moreover, these NCN ligands may combine a wide spectrum
of donor properties with steric flexibility, easily modulable in the fine-tuning of the photocatalytic
properties, and can easily be prepared via several well-established methods. Further
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improvements through the rational catalyst design are expected to address the regioselective
issues raised.

Supporting Information

Photoreactor set-up, spectroscopic characterization of products and selectivity assignments,
further details of mechanistic studies (experimental procedures, NMR characterization, ESI-MS
and trapping experiments).
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