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Abstract. The catalytic activities of the platinacyclic complexes bearing eugenol (EugH)
including [Pt(u-CI)(Eug)]; (1) and [PtCI(Eug)(amine)] (2-4) [amine: pyridine/2, 4-
methylpyridine/3, quinoline/4] for hydrosilylation of phenylacetylene by triethoxysilane have
been studied for the first time. The results showed that the complexes 1-4 exhibited good
catalytic abilities. With loading 0.5 mol% each of the catalysts 1-4 at 70 °C without solvents and
any other additives in the air for 2 hours, the triethoxysilane was completely converted to (E)-
triethoxy(styryl)silane) (B(E) — the major product) and (triethoxy(1-phenylvinyl)silane) (a — the
minor product) with the o/A(E) molar ratio ranging from 1 : 2.6 to 1 : 2.8. At the same reaction
conditions with loading 0.1 mol% each of the catalysts 24, the conversion of triethoxysilane
slightly reduced with an efficiency of 97-99% and the a/f(E) molar ratio of 1 : 2.6 indicating the
important role of the Pt-(C=Cgyen) in 1-4 for their catalytic activity. Furthermore, the
verification of structures of complexes 2-4 by *C NMR spectroscopy indicated that in
chloroform-d;, complex 3 formed two distinct structural forms due to strong intermolecular
interactions between the chloroform solvent and the complex, including a Cl;C-H...CIPt(ll)
hydrogen bond and a CI,HC-CI...Pt(1l) halogen bond.
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1. INTRODUCTION

Platinum and its complexes are well known for their applications in not only cancer
chemotherapy [1, 2] but also in the field of organic synthesis on industrial scales [3, 4].
Prominent among them is the use of platinum complexes containing olefins, including Speier’s,
Karstedt’s and Marko’s catalysts (Fig. 1), for the hydrosilylation reactions, which are simple and
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atom economical methods to synthesize organosilicon compounds with numerous uses in
polymer chemistry and materials science [3]. Nevertheless, these commercial catalysts have
either the restricted stability against oxygen and moisture or challenging synthetic procedures [3,
4]. Therefore, new catalysts based on platinum complexes are still being developed by many
scientists [5-11].
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Figure 1. Structures of Speier’s, Karstedt’s and Markd’s catalysts and eugenol.

Eugenol (EugH — Fig. 1) is known as the main component in the essential oils of clove
(Syzygium aromaticum) and tulsi (Ocimum sanctum L.). Recently, eugenol has been introduced
into the coordination sphere of diplatinum and monoplatinum complexes [12, 13], which possess a
Pt—olefin bond similar to the industrial relevant platinum-based catalytic systems mentioned
above. Many of them exhibit high anticancer activities against several human cancer cell lines with
ICs values of 8.7-10.8 uM [12]. However, their catalytic activities have not been investigated.

In this paper, we present the results of investigating the catalytic ability of some
cyclometalated platinum(ll) complexes containing eugenol for the hydrosilylation of
phenylacetylene by triethoxysilane.

2. MATERIALS AND METHODS
2.1. Materials

Unless otherwise noted, all operations were performed without taking any precautions to
exclude air and moisture. All chemicals were used as received without any further treatment.
Phenylacetylene, and triethoxysilane were purchased from Sigma-Aldrich. The complex [Pt(u-
CI)(Eug)], (1) was prepared as previously reported [12]. *H and *C NMR spectra were recorded
on a Bruker AVANCE 500 MHz at 298-300 K, and the chemical shifts (8) were internally
referenced using the residual protio-solvent signals relative to tetramethylsilane.

2.2. Methods

Complexes 2—4 were prepared as previously reported [12] with a minor modification (for
details see the SI).

[PtCI(Eug)(pyridine)] (2). Yield: 415 mg (88%). *C NMR (125.8 MHz, acetone-dg): 151.5,
1487, 143.0, 140.9, 139.6, 127.1, 125.0, 121.9, 109.1 (Ar—C), 89.5 (CH=CH,), 62.0 (CH=CH.).
56.4 (OCHs), 39.2 (CH,).

[PtCI(Eug)(4-methylpyridine)] (3). Yield: 447 mg (92%). *C NMR (125.8 MHz, acetone-
de): 151.7, 150.7, 146.4, 143.0, 140.1, 127.7, 125.2, 121.9, 109.0 (Ar—C), 89.2 (CH=CH,), 61.8
(CH=CH,), 56.4 (OCHs), 39.2 (CH,), 21.0 (CHs).
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3C NMR (125.8 MHz, chloroform-d,): 151.8, 151.2, 150.4, 149.7, 145.1, 144.6, 142.1,
141.7, 140.0, 139.9, 126.9, 126.4, 123.6, 120.2, 117.6, 107.9, 107.5 (Ar-C), 96.0/88.6
(CH=CH,), 67.2/61.5 (CH=CH,), 56.1/56.0 (OCHs), 39.0/38.8(CH,), 21.4/21.2 (CHs).

[PtCI(Eug)(quinoline)] (4). Yield: 470 mg (90%). *C NMR (125.8 MHz, acetone-dg):
153.5, 151.2, 146.5, 143.1, 140.0, 131.9, 129.6, 128.7, 128.5, 121.7, 109.2 (Ar—C), 93.9
(CH=CH,), 64.0 (CH=CHy), 56.5 (OCHs), 39.3 (CH,).

Catalyst 4 (0.5 mol%) was added to a Schlenk tube, followed by triethoxysilane (1.0 mmol,
1.0 equiv) and phenylacetylene (1.2 mmol, 1.2 equiv) in an atmosphere of either argon or air.
The Schlenk tube was submerged in an oil bath that had been preheated to the studied
temperatures (Table 2). After each set up reaction time, the Schleck tube was removed from the
oil bath, the reaction mixture was cooled to room temperature, and the yields as well molar
ratios of the product were analyzed by "H NMR spectroscopy. The same steps were taken when
replacing catalyst 4 by each of the catalysts 1-3 with 0.5/0.1 mol% loading, but the reaction
conditions including temperature, time and atmosphere were fixed at 70°C, 2 hours and under air
(Table 2).
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Scheme 1. Hydrosilylation of phenylacetylene by triethoxysilane.

The determination of regiochemistry and stereochemistry of the alkenylsilane isomers in
Scheme 1 were based on the olefinic coupling constants in the *"H NMR spectra (for details see
the SI) and reference [8-10, 14]. The two doublets at 6.18 and 7.12 ppm with *J(H,H) = 19.5 Hz
in all the spectra belong to two protons CH=CH of the S(E) isomer. Moreover, the two germinal
protons =CH, of the a-isomer give rise to two doublets at 5.96 and 6.14 ppm with the 2J(H,H) =
3 Hz. To perform quantification of each isomer, the olefinic peaks of the products and the H-(Si)
peak of the triethoxysilane resonating at 4.25 ppm were integrated.

3. RESULTS AND DISCUSSION

Complexes 1-4 were synthesized basing on the method described in [12, 13] with chemical
equations as shown in Scheme 2. Their structures have been studied by spectroscopic methods
such as ESI-MS, IR, *H NMR and especially single crystal X-ray diffraction for 2 and 3 [12, 13].
Herein, we recorded **C NMR spectra of complexes 2—4 to confirm their structures. They were
recorded in acetone-ds, for complex 3 was extra recorded in chloroform-d;. The B3¢ signals are
assigned based on their chemical shifts (), intensity and the HSQC spectrum for complex 3 (for
details see the Sl). The assigned results are presented in the experimental section. The olefinic
3C signals of free eugenol and complexes 2—4 are listed in Table 1. Figure 1 shows the partial
3¢ spectrum of 3 in acetone-ds (a) and chloroform-d, (b) as an example.
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Scheme 2. Preparation of complexes 1-4 (the numeration of structures used for NMR analysis).

Figure 2 shows that complex 3 gives only one set of **C signals in acetone-ds. However, it
presents two sets of signals in chloroform-d,. Specifically, Fig. 2a shows four signals for C8,
OCHjs, C9 and C10 at 39.2, 56.4, 89.2 and 61.8 ppm, respectively. However, in chloroform-d;
each of these carbons gives rise to two peaks with significantly different chemical shifts,
especially for C9 and C10. The presence of two signal sets was also observed in the 'H NMR
spectrum of complex 3 measured in chloroform-d; in our previous study [12, 13]. This can be
explained by the formation of hydrogen and halogen bonds between the chloroform and complex
3 resulting in the existence of two structures 3a and 3b as shown in Fig. 2b. This also accords
with earlier observations of other authors [12, 13]. Since the solvent acetone does not have these
interactions, complex 3 in this solvent exists in a unique structure as indicated in Fig. 2a.

Table 1. Selected **C signals of free eugenol and complexes 2—4, & (ppm).

Compound C9 C10
EugH? ™! 137 110
[PtCI(Eug)(pyridine)] (2)° 89.5 62.0
[PtCI(Eug)(4-methylpyridine)] (3)" 89.2 61.8
[PtCI(Eug)(4-methylpyridine)] (3) 96.0/88.6 67.5/61.2
[PtCI(Eug)(quinoline)] (4)° 93.9 64.0

a: chloroform-d;; b: acetone-ds.
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Figure 2. Partial *C NMR spectrum of complex 3 in acetone-ds (a) and chloroform-d; (b).

Table 1 shows that the & values of C9 and C10 in the complexes are both strongly decreased
in comparison with those in the free ligand. This elucidates that the eugenol has coordinated
with Pt(11) through the C9 and C10 atoms in a #° manner [12]. Moreover, the chemical shifts of
C9 and C10 in 2 and 3 which were measured in the same solvent, acetone-ds, are very close to
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each other and much smaller than those in 4. This indicates that the pyridine and 4-
methylpyridine weaken the Pt—olefin bond in 2 and 3 much more than the quinoline ligand in 4.

In further work, we investigated the catalytic ability of monoplatinum complexes 2-4 as
well as diplatinum complex 1 for the hydrosilylation of phenylacetylene by triethoxysilane. To
find out the most effective catalytic conditions, the first step in this work was focused on the
optimization of conditions including atmosphere, temperature and time using complex 4 as the
catalyst. The results of this optimization are presented in Table 2 (entries 1-5).

In entry 1, the reaction was implemented at 80 °C in argon atmosphere without solvent and
any other additives with 0.5 mol% loading of catalyst 4 during 3 h. The absence of the signal at
4.25 ppm for the Si-H of triethoxysilane in the *H NMR of the product (Fig. 3) demonstrates that
the triethoxysilane has been completely transformed. The hydrosilylation products are only anti-
Markovnikov pS(E) ((E)-triethoxy(styryl)silane) as a major product and Markovnikov a
(triethoxy(1-phenylvinyl)silane) as a minor product with the o/#(E) molar ratio of 1:2.6 (Table 2
and Fig. 3). The formation of syn-Markovnikov A(Z) ((Z)-triethoxy(styryl)silane) with two
olefinic protons resonating at 5.0-7.5 ppm with the *J(H,H) value of 14-16 Hz [14] was not
observed. To study the effect of atmosphere, in test 2, we fixed all the conditions as in entry 1,
only replacing the Ar by the air. Surprisingly, the catalytic efficiency was unchanged. Therefore,
in the next tests (entry 3-5), we conducted all the reactions under air with adjusting temperature,
time and mol% of the catalyst. The results showed that the highest catalytic activity in the air
with the B(E) as a major product was found at 70 °C during 2 h with 0.5 mol% loading of
complex 4 (entry 3, table 2).

Table 2. Performances of complexes 14 in the catalytic reactions (1)

loading of time | T |conversion® | o/B(E) . 1
entry complex (%) complex [atmosphere ™ | o) %) ratio TON TOF (h™)
1 0.5 4 Ar 3 80 100 1:26 [2.0x10%] 0.7 x 10°
2 0.5 4 air 3 80 100 1:26 [2.0x10%] 0.7 x 10°
3 0.5 4 air 2 70 100 1:2.6 [2.0x10%| 1.0x 10°
4 0.1 4 air 2 70 99 1:2.6 (9.9 x 10% [4.95 x 10°
5 0.1 4 air 1 50 95 1:25 [9.5x10% | 9.5 x 10°
6 0.5 1 air 2 70 100 1:2.7 [2.0x10%] 1.0x 10°
7 0.5 2 air 2 70 100 1:2.7 [2.0x10%] 1.0x 10°
8 0.5 3 air 2 70 100 1:2.8 [2.0x10%| 1.0x 10°
9 0.1 2 air 2 70 97 1:2.6 9.7 x 107 [ 4.85 x 10?
10 0.1 3 air 2 70 97 1:2.6 9.7 x 107 [ 4.85 x 10?

®Reaction conditions: 1 mmol of triethoxysilane, 1.2 mmol of phenylacetylene. "Yields were determined
by *H NMR spectroscopy. “Under selected conditions.
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Figure 3. Partial ‘H NMR spectrum of the product of entry 1 (Table 2) in chloroform-d;.

Following the optimization, a variety of different catalysts were tested for 2 hours under air
in a Schlenk tube at 70 °C (entry 6-10). Complexes 1-3, like complex 4, demonstrated good
catalytic activities for the hydrosilylation reaction of phenylacetylene with triethoxysilane under
mild conditions with only a and B(E) products, the yields up to 100% in entries 6-8. In all tests,
the molar ratio o/B(E) did not significantly differ within the range of 1/2.7-1/2.8. This indicates
that the difference in the amine ligands in complexes [PtCI(Eug)(amine)] has no discernible
impact on the catalytic efficiency of the complexes in the tested conditions. Interestingly, the
catalytic activity of the diplatinum complex 1 was similar to the monoplatinum complexes 2—4
(table 2). This finding can be deduced that the Pt—olefin bond in 1-4 has a significant effect on
catalytic ability of the complexes.

The smaller amounts of catalysts 2-4 were examined to compare their catalytic activities
(entries 4, 9, 10). The results showed that the yields all declined compared to the case of loading
0.5 mol % corresponding catalysts but the change is insignificant (table 2, Fig. 4). In particular,
complex 4 is the most active (entry 4, yield of 99%), closely followed by complexes 2 and 3
(entries 9 and 10, yields of 97%). This result shows that the heterocyclic amines in complexes 2-4
have no significant effect on their catalytic activities. This corroborates the finding of the important
role of eugenol for catalytic activity of the cyclometalated platinum(Il) complexes 1-4.
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Figure 4. The conversion (%) of triethoxysilane in presence of 0.5 and 0.1 mol% of 2-4.
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The research results showed excellent catalytic activities of the cyclometalated platinum(I1)
complexes bearing eugenol, 1-4, for hydrosilylation reaction with the triethoxy-group under
mild conditions. Remarkably, complexes 1-4 exhibited better catalytic activities than many
other Pt(Il) complexes reported for hydrosilylation reactions of phenylacetylene by
triethoxysilane [8-10]. For example, Afanasenko et al., using 0.1 mol% of Pt(Il) complex
bearing acyclic diaminocarbenes as a catalyst in toluene, only 93% of triethoxysilane was
converted to hydrosilylation products after 3 hours at 100 °C [10].

4. CONCLUSIONS

The structure of three complexes [PtCI(Eug)(amine)] (2-4) synthesized by the reactions
between dinuclear complex Pt(u-Cl)(Eug)], (1) with pyridine, 4-methylpyridine and quinoline
respectively, was  determined by *C NMR spectroscopy. The results showed that Eug
coordinates with Pt via the C=C bond in the 77 type. Moreover, complex 3 in solvent CDCl,
exists in two structures due to the formation of hydrogen and halogen bonds with the solvent.
Complexes 1-4 exhibit good catalytic activities at 70 °C without solvent and any other additives
under air for 2 hours. In the presence of 0.5 mol% of catalysts, the triethoxysilane is completely
converted to two hydrosilylation products, namely, (E)-triethoxy(styryl)silane) (5(E) — the major
product) and (triethoxy(1-phenylvinyl)silane) (a — the minor product) with o/A(E) molar ratio
ranging from 1:2.6 to 1:2.8. With only 0.1 mol% loading of complexes 2-4, the conversion of
triethoxysilane was slightly reduced with an efficiency of 97-99% under the same conditions.
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