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ABSTRACT: The palladium-catalyzed annulation reaction of alkynes enables an \Si/
attractive approach to siloles. Their access from silirenes and terminal alkynes proved " LaPd i
rather general, involving reactive intermediates that have remained elusive to date. Si > R R
Starting from 1,2-bis(3-thienyl)silirene as a source of photochromic siloles, the g R \
mechanism of the annulation reaction has been revisited, and palladasilacyclobutenes
resulting from the activation of the silirene could be isolated and thoroughly
characterized (NMR, X-ray, and DFT). Their role as reactive intermediates and their R —Si—PdL,
fate in the course of the reaction were also studied in situ. In combination with in- st Pdln R R
depth DFT calculations, a clearer picture of the mechanism and the reactive key = X-Ray
species is disclosed. R R

=R

H INTRODUCTION

The chemical behavior of three-membered ring heterocycles is
mostly dictated by the release of the ring strain' as the main
driving force, with a strong influence both of the nature of the
embedded heteroelement and of the degree of unsaturation of
the cycle.” They have proven to be molecules of choice in
organic synthesis, offering a wide range of reactivity and a
versatile chemistry, especially when combined with catalysis.’
In particular, they enable the synthesis of higher heterocyclic
structures either via intramolecular ring expansion or through
insertion reactions in the presence of an unsaturated partner.
This approach provides an attractive methodology for the
installation of the heteroelement, particularly in the course of
new r-conjugated molecules incorporating heavier p-block
elements.” In this context, the chemistry of silacycles (silicon
rings with 3,° 4° 5,° or more® members) is probably the
more mature research field driven by that of silacyclopenta-
dienes (siloles) and their peculiar electronic properties.” Over
the years, this interest has turned siloles into important
synthetic targets and has motivated significant efforts toward
methodological development.'” While preparation of siloles
relied generally on uncatalyzed transformations involving
stoichiometric amounts of organometallic reagents, most
recent achievements are based on catalytic routes, mainly
using rhodium or palladium complexes.'’ They proceed either
(i) intramolecularly from acyclic silanes through arylations of
Si—-X (X = CH,, H) bonds'* and C—C bond formation
between peripheral substituents'® or (ii) intermolecularly by
reaction of an alkyne with a suitable silicon-based reagent."*
Within this second category, the use of silacyclopropene
(silirene) as a direct precursor of siloles is a very attractive
strategy, as it takes advantage of both the inherent reactivity of
the silicon-containing precursor and the possibilities offered by
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the large pool of alkynes. This Pd-catalyzed annulation of an
alkyne in the presence of a silirene was reported in the
substance as early as 1977 by Seyferth in his seminal studies."
Despite more recent efforts to improve the methodology,'® this
promising reaction has remained globally underutilized with
respect to its potential in organic synthesis. In this setting, we
have recently described an efficient methodological approach
to photochromic siloles'” with a dithienylethene (DTE)
skeleton. The strategy relies on the Pd-catalyzed [3 + 2]-
annulation reaction of alkynes with a 1,2-bis(3-thienyl)silirene
1 (Scheme 1).

This divergent methodology proved rather general, tolerant
to a variety of functional groups, and could even be extended
to the post-polymerization functionalization of PPMA-type

Scheme 1. Palladium-Catalyzed Synthesis of Photochromic
Siloles by Annulation Reaction of Alkynes with a
Silacyclopropene
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61 (polypropar-gylmethacrylamide) polymers displaying terminal
62 alkyne functionalities.'” While this transformation can be
63 formally seen as the regiospecific insertion of the C=C triple
64 bond of a terminal alkyne into one of the two endocyclic Si—C
6s single bonds of silirene, some aspects of this chemical
66 transformation remain unclear when compared with the
67 mapping of the general reactivity of silirenes with alkynes
68 under palladium catalysis and the different scenarios related to
69 the interplay of the silirene/alkyne pair with the metal
70 (Scheme 2).

Scheme 2. Different Scenarios of the Palladium-Catalyzed
Reaction of Silirenes with Alkynes (for Route (1) See Refs
15d 21a 21b,; for Route (2) See Refs 15a 15b 15d 16a 16b,;
for Route (3) See Ref 16b; for Route (4) See Ref 21b; and
for Route (5) See Ref 18)
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Initially, the mechanism of the formation of siloles (Scheme
72 2—route (2) and (3)) was envisaged to proceed through the
73 intermediacy of a putative 1,2-palladasilacyclobutene I,
74 resulting from the oxidative addition (OA) of Pd(0) to the
75 silirene (Scheme 3).'®

76  Later, this catalytic reaction was extended successfully by the
77 group of Woerpel to 1,1-di-tert-butyl-silirenes, affording
78 selective 3-phenylsiloles.'® 2 On this basis, they proposed a
79 more complete picture of the catalytic cycle involving the

W N

w
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Scheme 3. Commonly Accepted Catalytic Cycle for the
Palladium-Catalyzed Annulation Reaction of Alkynes with a
Silirene
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insertion of the alkyne partner into the Pd—Si bond of the so
metallacycle I to form a 1,4-palladasilacyclohexadiene II, s1
followed by a classical reductive elimination step with the 82
release of the silole product (Scheme 3). This commonly s3
accepted mechanism remains, however, partly hypothetical due s4
to the lack of compelling evidence, particularly in the form of 8s
isolated organometallic intermediates and their subsequent 86
reactivity. On this basis, and in order to gain information on 87
the mechanism, we performed a series of experiments with 88
silirene 1 at the catalytic and stoichiometric levels by s9
combining catalysis and coordination chemistry. We were 90
indeed able to isolate and fully characterize the first o1
intermediate I derived from the activation of the silirene and 92
study its fate upon reaction with an alkyne by multinuclear 93
NMR spectroscopy. In addition, extensive DFT calculations 94
enabled us to explain and corroborate our results, providing a 95
better description of the elementary steps, the nature of the 9
higher-energy intermediates, and ultimately the whole process. 97

B RESULTS AND DISCUSSION 98

Palladium-Catalyzed Reaction with Silirene 1 and 9
Acetylene. The reactivity of silirenes with alkynes under 100
palladium-catalyzed conditions is intimately associated with 101
steric factors, and their behavior strongly depends on the 102
substitution pattern both at the silicon and at the carbon atoms 103
of the three-membered r1ng heterocycle but also on the alkyne 104
involved in the reaction.”” In that respect, silirene 1 does not 105
evolve in solution in the presence of [Pd(PPh,),], even upon 106
prolonged heating at 100 °C. Si,Si-Di-tert-butyl silirenes 20 197
display enhanced kinetic stability, and no disilacyclohexadiene 108
compounds of type A resulting from the silirene [3 + 3]- 109
cyclodimerization”' [Scheme 2—route (1)] could be observed 110
in our case. This trend was confirmed by the reaction of 1 with 111
acetylene (1 bar) under catalytic conditions. In that case, 112
neither disilacyclohexadiene compounds B [Scheme 2—route 113
(4)] nor bicyclic compounds of type C [Scheme 2—route (5)] 114
as in the case of 1,1-dimethyl-2,3-bis(trimethylsilyl)silirene
were detected.® The corresponding silole 2 was obtained as
the sole product (Figure 1) and isolated in 80% isolated yield 1171
after purification by flash chromatography on silica gel. Single
crystals of 2 could be obtained from a saturated pentane 119
solution at room temperature, and their structure was 120
determined by X-ray diffraction analysis. 121

Steric and Electronic Effects of the Alkyne on the 12
Annulation Reaction. The influence of both the steric and 123
the electronic nature of the terminal alkyne substrate was also 124
investigated in order to get insight into the mechanism and to 125
explain the exclusive chemo and regioselectivity observed with 126
1. First, this study suggests that steric factors play a more 127
prominent role than we initially thought in our case. This 128
could be confirmed by the reaction of tert-butylacetylene and
trimethylsilylacetylene that bear quaternary substituents
directly linked to the triple bond. While the two substrates
revealed total unreactivity under the standard catalytic 132
conditions, the tert-butyl substituted silole 3 could be finally 133
formed selectively under forcing conditions (100 °C, 72 h., cat. 134
loading 10 mol %) and isolated in 82% vyield after column 135
chromatography on silica gel (Figure 2). 3 could be fully 136 £
characterized by NMR, HRMS, as well as X-ray diffraction
analyses. 138

In a second stage, the electronic effects of the alkyne
substituents on the catalytic process were assessed by using 140
different para-substituted ethynylbenzenes R—pC;H,—C=C— 1413
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Toluene, 19 h, 50 °C H sil
/ tBu
tBu

Figure 1. Reactivity of 1 with acetylene under Pd-catalyzed
conditions, giving silole 2, and X-ray structure of 2 with a
displacement ellipsoid plot at a 50% probability level; non-vinylic
hydrogens are omitted for clarity. Selected bond lengths [A] and
angles [°]: Si1—C12 1.872(2), Si1—C9 1.9005(19), C11-C12
1.343(3), C10—C11 1.491(3), C9—Cl10 1.369(3), C9-C17
1.474(3), C10—C23 1.477(3); C1-Sil—C9 115.53(9), C1-Si1—CS$
116.62(9), C1-Sil—C12 108.51(9), C5—Sil—C9 109.74(8), C5—
Si1—C12 111.91(9), C9-Sil—C12 91.86(9).

%_:

82 %

Figure 2. Synthesis of silole 3 by Pd-catalyzed annulation of 1 and
tert-butylacetylene under forcing conditions (left). X-ray structure of 3
(right) with a displacement ellipsoid plot at a S0% probability level;
hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Sil—C9 1.8871(18), Si1—C12 1.8537(19), C9—Cl10
1.359(2), C10—C11 1.528(2), C11-C12 1.349(3), C9—-C17
1.485(2), C10—C23 1.491(2); C1-Sil—C9 113.17(8), C1-Si1—CS$
116.98(8), C1-Si1—C12 106.41(8), C5-Sil—C9 111.67(8), CS—
Si1—C12 114.81(9), C9—Sil—C12 90.84(8).

H (Figure 3, top). As previously reported, the catalytic
transformation is tolerant to various functional groups, and we
were pleased to observe the full conversion to aryl-substituted
siloles 4a—f that were isolated in quantitative yield, except 4d
(22% isolated yield) due to its degradation over silica gel
during the purification step. They were all characterized by
multinuclear NMR spectroscopy and HRMS analysis (see S6—
S9). The NMR monitoring of the reaction shows that electron-
rich substrates react faster, with the following tendency:
—OMe > —H > —C(O)CH3 > —C(O)H ~ —CF; (Figure 3,
bottom).*”

To gain further information on the mechanism of the
reaction and more particularly on the coordination of the
alkyne to the palladium in the catalytic process, the kinetic
isotope effect (KIE) associated with a possible C—H bond
cleavage of the alkyne moiety was evaluated. The study was
conducted independently with protio and deutero phenyl-
acetylene, Ph—C=C-H, and Ph—C=C-D, respectively,

= )r

g 48 R =0CHy
[Pd(PPhy)s]  (tBu)Si 4b, R = C(O)CH3
5 mol% 4c,R=CF;
1 4d, R = C(O)H
Toluene, 50 °C s 4e, R = NH,
S saf 4f, R = N(CH3),
100
*x R=0CH3
80
R=H
NMR 60 X o
yield (%) OR=C(0)CH3
v - N s +R=CF3
(o] L4 =
20 °
0a ) o R=C(OH

01 2 3 45 6 7 8 9
Reaction time (h)

Figure 3. Synthesis of siloles 4a—f by Pd-catalyzed annulation of para-
substituted phenylacetylenes with 1 (top) and the plot of the catalytic
transformations over time (down) for R = OCH;, H, C(O)CHj,, CF,,
and C(O)H monitored by '"H NMR spectroscopy (C¢Dy, internal
standard DCE).

affording the previously described silole $ and its isotopomer

160

5-D (Scheme 4). No KIE could be observed from the rate of 1614

Scheme 4. Control Experiments of 1 with Protio-, Deutero-
phenylacetylene, and 1-Phenyl-1-propyne

t u

Bu B
\ / Ph—=—H/D
X

\ [PA(PPha),], 5 mol%

== = S Toluene, 50 °C, 10 h
— 1 ~

S

Ph—==—CH,
[Pd(PPhs),], 10 mol%

No reaction

Toluene, 100 °C

formation, suggesting that acetylenic C—H bond cleavage
either does not occur at all or is not involved in the rate-
determining step of the reaction. Additionally, and as observed
by the group of Palmer and Woerpel, the reaction is clearly
limited to terminal alkynes.'®

Our attempts to react 1 with 1-phenyl-1-propyne left the
starting materials unchanged even under forcing conditions
(Scheme 4, bottom).

OA of Palladium to Silirene 1. At that stage, we turned to
coordination chemistry studies in order to address the question
of palladasilacycles of type I (Scheme 3) in the palladium-
catalyzed annulation reaction. 1,2-metallasilacyclobutenes are
organometallic complexes with an unsaturated four-membered
cyclic structure where a transition metal center is stabilized by
two sigma bonds of different nature, 6-C—M and o-Si—M,
respectively. Although often invoked,®”'®"** these complexes
are rare and limited in number. A first description was reported
by Ishikawa* in the case of nickelasilacyclobutene C generated
from a silirene and [(PEt;),Ni(0)] (Figure 4).

It revealed instability and was only characterized in situ by
NMR spectroscozpy. Since then, other examples have appeared
(D, ER, and F?),” but only four of them have been structurally
characterized so far in the case of Pt (D), Ti (E"), and Ni (F¥
and FCH2OMe) (Eigure 4). They are either obtained by the [2 +
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Figure 4. Previously described 1,2-metallasilacyclobutenes C—F and
corresponding *’Si NMR of the Si—M silicon nucleus.

186 2]-cycloaddition of the Si=M bond of a terminal silylene (M
187 = Ni, Ti) with the C=C triple bond of an alkyne or, in the
188 case of Pt, by ring closure involving a y-Si—H bond activation
189 from a 3-sila-1-propenyl(silyl)platinum precursor and silane
190 elimination. After perusal of the literature, we first assumed
191 that 1,2-palladasilacyclobutenes should be accessed by OA of
192 an adapted palladium precursor to silirene 1. We first started to
193 study the reactivity of silirene 1 with low-coordinated
194 palladium (0) complexes [(PR;),Pd] (R = tBu, oTol) that
195 are known to easily undergo OA reactions (Scheme ).

Scheme 5. Preparation of 6-P(tBu); and 6-P(0Tol); by
Reaction of 1 and [Pd(PR;),]

Bu. 6-P(tBu)s, R = Bu
tBu—Si—Pd(PR3) o(?°si) -33.7

[Pd(PR3),]

1

6-P(oTol);, R = oTol

CgDg, 50 °C 7 R
0(*°si) -31.6

S S

196 The reaction monitoring at 50 °C by *'P{'H} NMR of 1
197 with both complexes independently revealed the appearance of
198 a new species displaying a resonance signal at § 80.9 (R = tBu)
199 and & 25.3 (R = oTol) in addition to the remaining starting
200 materials. The conversion to the product was estimated to be
201 40% and 82% for R = Bu and R = 0Tol, respectively.” In the
202 ¥Si{'"H} NMR spectrum, new singlet resonance signals at &
203 —33.7 (R = tBu) and § —31.6 (R = 0Tol), low field shifted
204 regarding the starting material (6 —69.9), were observed.
205 Except for the special case of titanasilacyclobutenes EX that
206 exhibit a peculiar deshielded signal for the Ti-bound Si atom,
207 the observed values are downfield shifted compared to the
208 values from the other group 10 metallacyclobutenes C, D, and
200 F® (Figure 4).”” This feature could be attributed to the nature
210 of the exocyclic silicon SiRR’ substituents. Despite this
211 discrepancy, the spectroscopic data from the full NMR
212 characterization are consistent with a 1,2-palladacyclobutene
213 structure for 6-PtBu; and 6-P(0Tol); with a monophosphine-
214 coordinated palladium center. Unfortunately, attempts to
215 isolate any of the two compounds by crystallization gave

solid Pd(PR;), (n = 2, 3) complexes. NMR analysis of the 216
mother liquors revealed only the presence of 1 in solution with 217
minor decomposition products. This result is in agreement 218
with previous NMR spectroscopic analyses (vide supra) and 219
again suggests that the OA process leading to 6-PtBu; and 6- 220
P(0Tol); is an equilibrated process. In view of these results, we 221
reasoned that the excess phosphine ligand in solution could be 222
the cause of the difficulties encountered in isolating complex 6. 223
We hypothesized that this point could be circumvented by the 224
use of a “phosphine-free” palladium(0) precursor in the 225
presence of a stoichiometric amount of a chosen phosphine. 226

We then turned to the use of the thermally unstable 227
[(COD)PA(CH,TMS),] dialkyl complex™® as the convenient 228
precursor of the active 14 electron [(COD)Pd] transient 229
complex by simfle reductive elimination of (TMS—CH,), 230
(Figure S, top). ? A clean reaction occurs between 1 and 231fs

'\ /CstiMe:;
- Pd )
CHQSIME:;
|

-
THF, RT | - ( Ssi~Sis )
|

tBu

| ] {Bu—Si—Pd(COD)
auh

S S
6-COD, 41 %
- O 1/PR3
PR3
tBu\ /
tBu—Si—Pd
= ~——=— 1+ [Pd(PR3)]
40N |
S S
Pd(PR3), + Pd°

6-PPh3, R = Ph, 60 %
6-P(OPh)3, R = OPh, 46 %

Figure S. Decomposition of [(COD)PdR,] to [(COD)Pd] and its
reactivity with (i) 1 affording 6-COD (right) and (ii) 1 and PRy (R =
Ph, OPh) affording 6-PPh, and 6-P(OPh), (bottom). X-ray structure
of 6-COD (top right) with a displacement ellipsoid plot at a 50%
probability level; hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°]: Pd1—C24 2.309(3), Pd1—C2S
2.351(2), Pd1-C28 2.454(3), Pd1-C29 2.510(3), Pd1-Sil
2.3237(9), Pd1-C16 2.064(3), Sil-C9 1.859(3), C9—Cl16
1.352(4); Si1—-C9-C16 91.54(18), C9—C16—Pdl 116.37(18),
C16—Pd1-Sil 63.75(8).

[(COD)Pd(CH,TMS),] in THF at room temperature (Figure 232
5, right), as shown by the 'H NMR monitoring and the 233
appearance of a singlet resonance signal at 6 —34.8 in the 234
ngi{lH} NMR in agreement with the values obtained in the 235
case of 6-PtBu, and 6-P(0Tol);. After work-up, 6-COD could 236
be isolated as colorless crystals in 41% yield, and its structure 237
was determined by X-ray diffraction analysis. In the solid state, 238
the palladium is in a distorted square-planar environment with 239
an acute C16Pd18Sil angle of 63.75(8)° [Z,(LPdL) = 360°]. 240
The SilPdl distance of 2.3237(9) A is in the range of 241
previously characterized silyl palladium(II) complexes (2.25— 242
243 A). Within the four-membered metallacycle, the C9Sil 243
bond of 1.859(3) A is slightly elongated relative to the 244
endocyclic Si—C bonds in 1 (1.82 A in average), whereas the 245
Si1C16 distance of 2.327(3) A largely exceeds the sum of 246
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247 covalent radii of the two atoms (1.84 A, R = 1.26), confirming
248 the cleavage of this bond. The C=C double bond length of
249 1.352(4) A is identical to that in 1 [1.352(2) A] with the
250 exocyclic thienyl groups in an antiparallel conformation as in
251 DTE derivatives.”” The geometry around the C9 olefinic
252 carbon atom deviates strongly from the ideal sp® arrangement
253 with an acute C16C9Sil angle of 88.09(9)°. This particular
254 feature is more pronounced than in the case of the heavier
255 platinum derivative D (97.8(5)°) but comparable to the case
256 of the lighter nickel complexes F (average of 89.3°).

257 Following a similar synthetic strategy, 1 can be treated with
258 [(COD)PA(CH,TMS),] in the presence of a stoichiometric
259 amount of phosphine ligands, leading to the exchange of the
260 cyclooctadiene ligand (Figure S, bottom). With one equivalent
261 of PhyP or (PhO),P, the monophosphine complexes 6-PPh,
262 and 6-P(OPh); could be obtained in 65 and 46% yield,
263 respectively, and fully characterized by NMR spectroscopy.
264 The NMR spectra of 6-PPh, and 6-P(OPh); are contaminated
265 with a small amount of palladium(0) phosphine complexes
266 PAd(PR;), (R = Ph, OPh), as well as silirene 1 (~5%). This can
267 be explained by the existence of an equilibrium between 6-
268 PPh; and 6-P(OPh); and their reductive elimination products
260 1 and [Pd(PR,)] that lead to the slow decomposition of 6-
270 PPh; and 6-P(OPh); and the release of Pd°® (Figure 5).”' For
271 the two complexes 6-PPh; and 6-P(OPh),, the *°Si NMR
272 display a resonance signal at a similar chemical shift (6-PPh; &
273 —27.2, 6-P(OPh)3 6 —26.9) and as a doublet due to scalar
274 coupling to the *'P nucleus (¥gp = 2.1 Hz, 6-PPhy; *Jgp = 4.7
275 Hz, 6-P(OPh);), indicative of the expected P—Pd-Si
276 connectivity. Single crystals of 6-P(OPh); suitable for X-ray
277 diffraction analysis were grown at —30 °C from a saturated
278 pentane/THEF solution and their X-ray structure determined at
279 150 K (Figure 6).

»n

—_

S

®

Figure 6. X-ray structure of 6-P(OPh); with a displacement ellipsoid
plot at a 50% probability level; hydrogen atoms are omitted for clarity.
Selected bond lengths [A] and angles [°]: Pd1—C21 2.085(2), Pd1—
Sil 2.3380(7), Pd1—S1 2.6384(7), Pd1—P1 2.2548(7), Sil—C22
1.857(2), C22—C21 1.362(3); P1—Pd1—S1 104.38(2), C21—Pd1—
S1 100.47(7), C21—Pd1-Sil 64.42(7), P1-Pd1-Sil 104.38(2),
C21-C22-Sil 93.41(16).

280  In the solid state, it displays a dimeric structure revealing an
281 intermolecular thienyl-to-palladium S — Pd coordination
282 [PA1S1 2.6384(7) A; Pd2S3 2.6438(7) A] with the thienyl
283 ligand in trans-position to the silyl ligand. The 1,2-
284 palladasilacyclobutene four-membered ring of 6-P(OPh),
285 exhibits similar geometric features as those of 6-COD. To
286 further explore the catalytic cycle, we continued by assessing

the reactivity of the palladacycles with terminal alkynes in ,g;
stoichiometric experiments (Scheme 6). 288 6

Scheme 6. Reactivity of Metallasilacyclobutene 6-L (L =
PPh;, P(OPh);, and COD) with Phenyl Acetylene

{Bu L
Bu—Si—Pd =-pn
_ (5eq.)
7 | N CeDg, RT
S S

6-PPh; L = PPh, 100 0
6-P(OPh),, L = P(OPh), 100 0
6-COD, L = COD 61(50) 39(28)

Both complexes 6-PPh; and 6-P(OPh); react readily with 2s9
phenylacetylene at room temperature (f ~ S and 30 min, 290
respectively) to form selectively the model silole § as observed 201
in the implemented catalytic conditions. Interestingly, the 292
same reaction with 6-COD is much slower and gives a mixture 293
of § and an acyclic structural isomer 5’ in 50 and 28% isolated 294
yield, respectively (see S20 for details). The structure of 5’ was 295
determined thanks to HRMS and multinuclear NMR analyses. 296
In particular, the ¥y coupling constant of 6.9 Hz indicates 297
that the central olefin has retained its stereochemistry with the 298
thienyl groups in the cis position.” 299

These results strongly support the involvement of a 300
monophosphine-ligated 1,2-palladasilacyclobutene key inter- 301
mediate in the palladium-catalyzed annulation reaction. With 302
the objective of detecting intermediates derived from the 303
palladacycle, the reaction between 6-PPh; and phenyl 304
acetylene was monitored by NMR, at low temperature, in 305
CD,Cl,. At 203 K, the 'H NMR revealed the presence of 306
resonance signals attributed to the model silole 5% together 307
with the remaining 6-PPh; in a 1.33:1 ratio. Besides remaining 308
6-PPh;, the *'P NMR spectra exhibit an AB spin system with a 309
coupling constant (*Jpp = 18.4 Hz) that is indicative of the 310
presence of a Pd complex with two phosphines in the cis 311
position. Based on multinuclear NMR 2D experiments 312
(HMQC 'H-3'P, HSQC, and HMBC 'H-'3C) and after 313
comparison to experimental data available in the literature,™ 314
the Pd(0)-alkyne z-complex [(Ph;P),Pd(#72-PhC=CH)] 315
could be identified unambiguously (see S21—S25). It most 316
likely results from ligand redistribution after the release of the 317
silole ring between residual [Pd(PPh;),] and the excess of 318
phenylacetylene present in the medium. This experiment 319
clearly shows that the elementary steps occurring in the 320
catalytic cycle after the formation of the 1,2-palladasilacyclo- 321
butene intermediate by OA require only little kinetic energy in 322
the case of phenylacetylene. In that respect, the instability of 323
1,4-palladasilacyclohexadiene (type II species, Scheme 3) 324
toward reductive elimination and silole formation is reminis- 325
cent of the behavior of nickel amalogues,25d contrary to the 326
platinum ones that proved stable at room temperature.”™ 327

Theoretical Insight into the Reaction Mechanism. In 328
order to get more insights into the reaction mechanism, DFT 329
calculations at the B3PWO91 level of theory have been 330
performed, and the corresponding enthalpy profile computed 331
with silirene 1 and phenylacetylene is shown in Figure 7 (for 332
the Gibbs free energy profile, see Figure S127 in the 333
Supporting Information). 334
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Figure 7. DFT-computed enthalpy profile (kcal mol™") of the Pd-catalyzed annulation reaction of phenylacetylene with silirene 1; optimized

structure of C and bond lengths within the Si—C—C—Pd metallacycle.

333 Phosphine Dissociation. Since the [Pd(PPhs),] com-
336 pound is electronically saturated, the first step consists in the
337 release of phosphine ligands to generate a reactive species. In
338 order to evaluate the lability of the phosphine ligands bound to
339 the Pd center, we computed the PPh; dissociation energy
340 starting from Pd(PPh;),. As shown in Figure 8, the

AG=-22.1

AH =37.7
AG=-9.1 AG =

AH =3.0

-32.8

Figure 8. DFT-computed enthalpy and Gibbs free energy values for
the PPh; dissociation reaction starting from the Pd(PPh;),
compound. The AH and AG values refer to the starting Pd(PPh;),
compound.

dissociation of one, two, and three PPh; ligands displays a 341
AH of —4.1, +3.0, and +37.7 kcal mol™" (AG of —22.1, —32.8, 34
and —9.1 kcal mol™"), respectively, indicating that the starting 343
Pd(PPh,), compound spontaneously loses two PPh, ligands in 344
solution to afford the Pd(PPh;), species (Al in Figure 7), 345
which is in line with literature data.”> The replacement of the 346
third phosphine by silirene 1 to form B is an energetically 347
costly step (21.8 kcal mol™"), which prepares the following OA 348
reaction. 349

OA and 1,2-Palladasilacyclobutene Formation. In 3s0
accordance with the experimental results reported above for 3s1
the synthesis of 6-PtBu; and 6-P(0Tol);, the 1,2-palladasila- 352
cyclobutenes species C (6-PPhy;) is in equilibrium with the in 353
situ-formed Pd(PPh;), species Al, with the displacement of 354
the equilibrium toward the OA product C requiring thermal 3ss
conditions (50 °C), given the presence of a large amount of 3s6
free phosphine in solution. This OA reaction involves an early 357
transition state where the C—Si bond is only slightly elongated 3ss
with a low associated barrier of 3.6 kcal mol™ (TS-BC)
compared to B. For comparison purposes, the possibility of a 360
first step involving the reaction between Pd(0) and the
terminal alkyne was also considered (see Figure S128 in the
Supporting Information). Starting from a diphosphine
palladium (0) 7-complex [(PhsP),Pd(7>-PhC=CH)] H, the
OA of the C—H bond to form the palladium (II) hydride
[(PhyP),Pd(C=CPh) (H)] was, however, revealed to be
highly endothermic (18.0 kcal mol™') with an associated 367
kinetic barrier of 19.9 kcal mol™' (TS-HI). This unfavorable
step and the failure to localize the subsequent intermediates
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J\

HOMO-18 (E= -0.29822 au)

Figure 9. Geometry, NPA charge analysis, and representative MOs of the 1,2-metallasilacyclobutene C (isodensity value = 0.05 au).

370 made us rule out this alternative option. Due to its peculiar
371 structure, the OA product C has been analyzed in more detail.
372 1,2-Palladasilacyclobutene Scaffold. As shown in
373 Figure 7, the 1,2-palladasilacyclobutene C compound (6-
374 PPh;) displays a distorted T-shape environment around
375 palladium with an acute C2PdSi angle of 60.69°. The SiPd
376 distance (2.386 A) is slightly longer than that measured
377 experimentally for 6-COD (2.3237(9) A) and 6-P(OPh),
378 (2.3380(7) A) but still within the range of previously
379 characterized silyl palladium(II) complexes (2.25—2.43 A).
380 Within the four-membered metallacycle, the C1-Si bond
381 length of 1.873 A is slightly elongated with respect to the
382 endocyclic Si—C bonds of the computed silirene compound
383 1_calc (1.844 A), whereas the C2Si distance of 2.255 A largely
384 exceeds the sum of covalent radii of the two atoms (1.84 A, R
385 = 1.26 A). The C=C double bond length (1.357 A) is
386 identical to the one obtained for the computed silirene
387 molecule (1.359 A). The geometry around the C1 olefinic
388 carbon atom is highly constrained, displaying an acute C2C1Si
380 angle of 87.0°. To explore in depth the nature of the bonds
390 involved in the Si—C—C—Pd cycle, we performed a NPA
391 charge and MO analysis of C (Figure 9).

392 The computed natural charges indicate a positive charge of
393 1.65 for the electropositive Si center, together with a slight
394 polarization of the C1—C2 bond, with the C1 carbon carrying
395 a more negative charge (—0.54) than the C2 carbon (—0.23).
396 The computed molecular orbitals responsible for the bonding
397 within the Si—C1—C2—Pd cycle are shown in Figure 8. The
398 HOMO, HOMO-4, HOMO-7, HOMO-10, and HOMO-18
399 orbitals describe the sigma bonding system of the four-
400 membered 1,2-palladasilacyclobutene skeleton*” (Figure 8),
401 whereas the HOMO-1 and the HOMO-17 orbitals account for
402 the 7 interaction between C1 and C2 (see Figure S129 in the
403 Supporting Information). No orbital overlapping is detected
404 between the Si and C2 atoms, despite the large SiC2 distance
405 observed experimentally in the X-ray structures of 6 (vide
406 supra), ruling out any possibility of bonding between these two
407 centers.

a8 Alkyne Insertion Process. From C (6-PPh,), the alkyne
409 may then insert into the Pd—Si bond of the metallacycle to
410 form the 1,4-palladasilacyclohexadiene species. The process

occurs in three steps, involving (i) the coordination of the
alkyne to C; (ii) the insertion of the alkyne into the Pd—Si
bond with the retention of the Pd—Si bond (TS-DE), and (iii)
the breaking of the Pd—Si bond (TS-EF) to afford the 1,4-
palladasilacyclohexadiene species F. As shown in Figure 7, after
the formation of D** via the endothermic coordination of the
alkyne to C in a ;* side-on fashion (7.1 kcal mol™" with respect
to the entrance channel A), the two-step insertion of the
alkyne into the Pd—Si bond takes place through two kinetically
accessible barriers of 9.8 and 18.8 kcal mol™". The alternative
scenario involving the alkyne insertion into the Pd—C bond
has been excluded due to its unreasonably high kinetic barrier
of 39.6 kcal mol™' (see Figures S132 and S133 in the
Supporting Information). The resulting 1,4-palladasilacyclo-
hexadiene species F is exothermic by —18.2 kcal mol™ and
represents the driving force of the reaction. Two regioisomers
are possible depending on whether the terminal alkyne carbon
binds the Si atom (Figure 7) or the Pd atom (see Figures S134
and S135 in Supporting Information). As shown in Figures 7
and S134 in the Supporting Information, the formation of the
regio-isomer displaying the terminal alkyne carbon bonded to
the Si atom is more favorable, both kinetically and
thermodynamically (TS-DE = 9.8 kcal mol™'; TS-EF = 18.8
kcal mol™'; F = —18.2 kcal mol™! vs TS-D1E1 = 28.6 kcal
mol™'; TS-E1F1 = 32.3 kcal mol™}; F1 = —12.4 kcal mol™);
the steric repulsion between the tBu groups at the Si center
and the phenyl substituent of the alkyne plays an important
role.

Reductive Elimination Step. From species F in Figure 7,
an easy reductive elimination process may then occur with a
kinetic barrier of 10.4 kcal mol™}, leading to the exothermic
formation of the experimentally observed silole product (G =
—47.6 kcal mol™"). The relative orientation of the two thienyl
substituents is likely to play an important role when tetra-
coordinate Pd species are involved. This is related to the well-
known conformational preference of the DTE skeleton for two
possible antiparallel orientations of the thienyl groups,®
resulting in two possible diastereomeric structures when
tetracoordinated Pd species are involved. As shown by the
comparison between the enthalpy profiles in Figure 10 (see
Figures S136 and S137 in the Supporting Information for the

432

441

443
444
445
446
447
448
449

451

https://doi.org/10.1021/acs.inorgchem.3c00045
Inorg. Chem. XXXX, XXX, XXX—XXX

450 f10


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00045/suppl_file/ic3c00045_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c00045?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
gille
Texte surligné 
Remove "despite"

gille
Texte surligné 
change ", ruling" by "rules"

gille
Texte surligné 
Change "resulting" by "resulting formation of "


Inorganic Chemistry

pubs.acs.org/IC

Ph

H\/./ *

u),si—Hd

B
( —[ “Pph,
/\ |
S S

TS-D2F2
38.3

y Ph "

(tBu),Si----Pd—PPh,

Ph

(tBu),Si.  Pd—PPh,

a B
S S
F2

-14.7

Figure 10. DFT-computed enthalpy profiles for the formation of 1,4-
palladasilacyclohexadiene F from 7-complex D with the two possible
antiparallel orientation of the thienyl groups.

452 corresponding Gibbs free energy profiles), the different
453 orientation of the thienyl groups particularly affects the alkyne
454 insertion step.

4ss  Starting from the alkyne z-complex D2, indeed, the
456 phenylacetylene insertion becomes a one-step process with
457 an associated kinetic barrier of 38.2 kcal mol™" (TS-D2F2),
458 which cannot compete with the pathway starting from D,
459 displaying a kinetic barrier of 18.8 kcal mol™" (TS-EF).

460 Electronic and Steric Effects in the Insertion Step of
461 the Alkyne. In line with the experimental observations, we
462 computed the annulation reaction of different para-substituted
463 ethynylbenzenes R—pCsH,—C=C—H (R = CF; and OMe).
464 As shown in Figures S138—S141 in the Supporting
465 Information, compared to the phenylacetylene analogues, the
466 energies of intermediates D_CF3 and D_OMe differ by less
467 than 2 keal mol™ (5.9 and 7.5 kcal mol™!, respectively,
468 compared to 7.1 kcal mol™" for D) and the energies of alkyne
469 insertion transition states, TS-DE_CF;, TS-EF_CF; and TS-
470 DE_OMe, TS-EF_OMe by less than 4 kcal mol™ (8.8 and
471 10.1 keal mol™ compared to 9.8 kcal mol™ for TS-DE and
472 16.5 and 19.7 compared to 18.8 kcal mol™' for TS-EF).
473 According to the literature,” these values are of the same order
474 of magnitude as the accuracy of the DFT method used here,
475 indicating that the electronic effects of the alkyne substituents
476 observed experimentally are too small to be rationalized by
477 DFT methods. The same conclusion applies to the effect of
478 PPh, and P(OPh); phosphines. As shown in the comparison of
479 the enthalpy profiles of the Pd-catalyzed annulation reaction of
480 Ph—C=C-H with silirene 1 in the presence of PPh; and
481 P(OPh); (Figure S142), the effect of phosphine on the
482 reaction and, more particularly, on the stabilization of the

(=)

o

—_

—

intermediates is too small to allow a clear differentiation by 4s3
means of DFT calculations. To further confirm the presence of 484
one phosphine coordinated to the Pd center during the alkyne 4ss
insertion process, we computed the phosphine dissociation 486
from adduct D (D4) and the following PhCCH insertion 4s7
reaction without the PPh; coordination. As shown in the 4s8
enthalpy profile in Figure S143, while the phosphine 489
dissociation from D to D4 is athermic, the following 4%
PhCCH insertion becomes kinetically unfavorable, with the 491
corresponding transition state enthalpy passing from 9.8 kcal 492
mol™' (TS-DE) to 36.4 kcal mol™" (TS-D4E4). To get more 493
insight into the steric factors, we also computed the annulation 494
reaction of tert-butylacetylene (see Figures S144 and S14S in 495
the Supporting Information). This time the energy of 496
intermediate D_tBu is significantly higher than that of 497
intermediate D (11.3 vs 7.1 kcal mol™), and the formation 49s
of the 1,4-palladasilacyclohexadiene compound involves higher 499
kinetic barriers (14.2 and 23.6 kcal mol™" for TS-DE_tBu and s00
TS-EF_tBu vs 9.8 and 18.8 kcal mol™* for TS-DE and TS-EF). so1
Compared to phenylacetylene, therefore, the more forcing so2
conditions needed with tert-butylacetylene, (100 °C, 72 h., cat. 503
loading 10 mol %) may be accounted for by both its more so4
endothermic coordination and its less kinetically favorable sos
insertion barriers. 506

H CONCLUSIONS 507

In summary, this work contributes to a better understanding of sos
the Pd-catalyzed silole synthesis from alkynes and silacyclo- so9
propenes in terms of scope, limitations, and mechanism. The s10
influence of the alkyne substrate was first evaluated, revealing s11
that the reaction is nicely functional group tolerant. When s12
conducted under an acetylene atmosphere, no scrambling of 513
the reagents is observed, with the corresponding silole being s14
the sole product of the reaction. The steric and electronic sis
environment at the alkyne group has a significant impact on s16
the reaction kinetics: while electron-rich alkynes react faster, s17
sterically hindered alkynes display considerably lower reaction s18
rates. In particular, a slow reaction is observed with the bulky s19
tBu—C=C—H whereas no reaction is detected in the case of 520
Me;Si—C=C-H. From a mechanistic point of view, the s21
question of the involvement in the process of the hitherto s22
unknown 1,2-palladasilacyclobutene intermediate was duly 523
addressed. Four monophosphine-coordinated 6-PR; (R = s
oTol, tBu, Ph, and OPh) and one cyclooctadiene-ligated 6- s2s
COD 1,2-palladasilacyclobutene could be prepared and s26
characterized by multinuclear NMR spectroscopy. The OA s27
of Pd(0) precursors to silacyclopropene 1 was found to be s28
equilibrated in all cases. The nature of the 1,2-palladasilacy- 529
clobutenes could be ultimately ascertained by the X-ray s3o
diffraction analysis of 6-P(OPh); and 6-COD. Under s31
stoichiometric conditions, 6-PPh; reacts cleanly with phenyl- s32
acetylene to afford the expected silole, thus strongly supporting 533
the involvement of 1,2-palladasilacyclobutene as a key s34
intermediate of the catalytic cycle. The putative 1,4- 535
palladasilacyclohexadiene intermediate resulting from the s36
alkyne insertion could not be observed, most likely due to s37
fast reductive elimination and silole formation even at low s38
temperatures. For greater rationalization, we carried out a DFT 539
study on the involved reaction mechanism by computing s40
different possible mechanistic pathways and comparing the s41
theoretical data with the experimental ones. The computa- 542
tional results indicate that the Pd-catalyzed annulation reaction s43
of alkynes with silirene 1 occurs in three main steps, involving s44
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(i) the OA of Pd(0) to the silirene; (ii) the insertion of the
alkyne into the Pd—Si bond; and (iii) the reductive elimination
on the 1,4-palladasilacyclohexadiene compound with the
exothermic release of the silole product. The starting
Pd(PPh;), compound spontaneously evolves in solution to
the Pd(PPh,), species as the prelude of the OA of silirene via
the endothermic loss of an additional phosphine. The resulting
1,2-palladasilacyclobutene species C is in equilibrium with the
in situ-formed Pd(PPh;), compound, with the displacement of
the equilibrium toward the OA product requiring high thermal
conditions (50 °C), given the presence of a large amount of
free phosphine in solution. The subsequent alkyne insertion
reaction occurs selectively into the Pd—Si bond of C, with the
resulting 1,4-palladasilacyclohexadiene species displaying the
terminal alkyne carbon bonded to the silicon atom. In
accordance with the experimental results, therefore, the
computational data confirm that the alkyne insertion is a
chemo- and regio-selective reaction, with the formation of the
experimentally observed silole strongly favored.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, all reactions
and manipulations were carried out under an atmosphere of dry argon
using standard Schlenk techniques or in a glovebox. CD,Cl,, C¢Dy,
and THF d® were dried over calcium dihydride, distilled, and stored
over 3 A molecular sieves prior to use. Tetrahydrofuran was dried
over calcium dihydride and distilled prior to use. All other solvents
were purged with argon and dried using an MBRAUN solvent
purification system. 'H, "*C, *'P, and *Si NMR spectra were recorded
on a Bruker Avance III 400 NMR spectrometer or a Bruker Avance III
HD 500 NMR spectrometer. All *Si NMR spectra have been
recorded with proton decoupling. Chemical shifts were expressed in
positive signs, in parts per million, calibrated to residual 'H (5.32 ppm
for CD,Cl,, 7.16 ppm for C¢Dg, and 1.72 and 3.58 for THF d*) and
3C (53.84 ppm for CD,Cl,, 128.06 ppm for C¢Dg, and 25.31 and
67.21 for THF d°), 85% H;PO, and external tetramethylsilane
solvent signals, respectively. Mass spectra were recorded on a MAXIS
4G or an Ultraflex III mass spectrometer. Elemental analyses were
performed at the ScanMat-CRMPO on a Thermo Fisher Flash 1112
Series. Silirene 1'7 and [(COD)Pd(CH,TMS),]*" were prepared
according to literature procedures.

Compound 2. A Schlenk tube loaded with a solution of silirene 1
(60.0 mg, 0.154 mmol) and palladium tetrakis(triphenylphosphine)
(8.9 mg, 7.7 X 107 mmol, 5.0 mol %) in toluene (2 mL) was
pressurized with acetylene (1 bar), and the resulting mixture was
stirred for 19 h at 50 °C, giving a dark solution. The volatiles were
then removed under reduced pressure, and the residue was then
purified by column chromatography on silica gel (SiO, 15 g, gradient:
pentane 100% — pentane/DCM (95/5), R; (pentane) = 0.52), giving
the expected compound as a crystalline white solid in 80% vyield.
Single crystals suitable for X-ray diffraction studies were obtained
from a saturated pentane solution at room temperature.

'H NMR (CD,Cl,, 400 MHz): § (ppm) 1.08 (s, 18H, CH, tBu),
1.66 (s, 3H, CH,—Th), 1.95 (s, 3H, CH,—Th), 2.32 (s, 3H, CH;—
Th), 2.38 (s, 3H, CH;—Th), 6.18 (d, 1H, 3J;; = 10.5 Hz, Si—CH),
6.36 (s, 1H, H Th), 6.63 (s, 1H, H Th), 7.09 (d, 1H, [,y = 10.5 Hz,
Si—C(H)=CH); “C{'H} NMR (CD,Cl,, 100 MHz): § (ppm) 14.3
(s, CH;—Th), 14.7 (s, CH;—Th), 15.2 (s, CH;—Th), 15.4 (s, CH;—
Th), 19.7 (s, C tBu), 29.1 (s, CH, tBu), 126.6 (s, CH Ph), 126.9 (s,
CH Th), 129.7 (s, Si—CH), 130.0, 133.4, 135.4, 135.5, 135.7, 137.8,
138.0 and 148.9 (s, Cquat.), 152.0 (s, Si—C(H)=CH); *Si NMR
(CD,CL, 79 MHz): § (ppm) 21.8 (s). HRMS (ESI, CH,Cl,) calcd
for [Cy,Hs,SiS,]", 414.18657; found, 414.1866 (0 ppm).

Compound 3. To a solution of silirene 1 (50.0 mg, 0.129 mmol)
and 3,3-dimethyl-but-1-yne (79.2 uL, 0.643 mmol, 5.00 equiv) in
CeDs (0.65 mL) was added tetrakis(triphenylphosphine) palladium
(0) (14.9 mg, 1.29 X 10~ mmol, 10.0 mol %) under stirring, and the

resulting mixture was stirred for 3 days at 100 °C, giving a bright
yellow mixture. The solution was concentrated to dryness, and the
residue was purified by column chromatography on silica gel [SiO, 15
g, eluent petroleum ether (100%), R = 0.60], giving the expected
compound as a white solid in 82% yield. Single crystals suitable for X-
ray diffraction were obtained from a saturated solution of pentane at
-30 °C.

'"H NMR (CD,Cl,, 400 MHz): § (ppm) 0.99 (s, 9H, CH, SitBu),
1.05 (s, 9H, CH, tBu), 1.18 (s, 9H, CH, SitBu), 2.01 (s, 3H, CH,—
Th), 2.05 (s, 3H, CH;—Th), 2.30 (s, 3H, CH;—Th), 2.33 (s, 3H,
CH;—Th), 5.94 (s with ?°Si sat., 1H, *Jyg; = 10.5 Hz, H vinyl), 6.41 (s,
1H, H Th), 6.51 (s, 1H, H Th); *C{'H} NMR (CD,Cl,, 100 MHz):
8 (ppm) 14.7 (s, CH;—Th), 15.1 (s, CH;—Th), 15.3 (s, CH;—Th),
15.7 (s, CH;—Th), 19.6 (s, C SitBu), 19.9 (s, C SitBu), 28.9 (s, CH,
SitBu), 29.5 (s, CH, SitBu), 30.6 (s, CH, tBu), 37.2 (s, C tBu), 121.4
(s, CH vinyl), 126.6 (s, CH Th), 128.6 (s, Cquat.), 129.0 (s, CH Th),
132.5, 133.2, 134.7, 138.6 and 138.7 (s, Cquat.), 143.5 (s, C—Si),
154.6 (s, Cquat.), 171.4 (s, Cquat.). *Si NMR (C¢Dg, 79 MHz): &
(ppm) 13.3 (s). HRMS (ESI, CH;OH/CH,Cl, (90/10)) calcd for
[C,sH,,SiS,+Nal*, 493.23894; found, 493.2394 (1 ppm); caled for
[CysH,,SiS,+K]*, 509.21288; found, 509.2130 (0 ppm). Anal. Calcd
for [CyH,,SiS,J; C, 71.42; H, 8.99; S, 13.62. Found: C, 71.60; H,
9.00; S, 13.16.

Compound 4a—f: General Procedure. To a solution of silirene 1
(50.0 mg, 0.129 mmol) and alkyne (0.129 mmol, 1.00 equiv) in
toluene (1.6 mL) was added palladium tetrakis(triphenylphosphine)
(74 mg, 64 X 1073 mmol, 5.0 mol %) under stirring, and the
resulting mixture was stirred for 24 h at 50 °C, giving a bright yellow
solution. The volatiles were then removed under reduced pressure
giving an oily residue that was purified by column chromatography on
silica gel (see underneath for chromatography conditions for each
compound). These compounds were obtained in quantitative yield,
but the aldehyde 4d that partially decomposes on silica gel was
isolated in only 22% yield.

Compound 4a (R = OMe). After flash chromatography on silica gel
{Si0,, 15 g; gradient DCM/pentane (10/90) — DCM/pentane (20/
80); Ry [DCM/pentane (20/80)] = 0.60}, the product was obtained
as a white solid. Single crystals suitable for X-ray diffraction were
obtained from a saturated diethylether solution at —20 °C.

'"H NMR (CD,Cl,, 400 MHz): § (ppm) 1.09 (s, 9H, CH; tBu),
1.14 (s, 9H, CH, tBu), 1.74 (s, 3H, CH;—Th), 1.79 (s, 3H, CH;—
Th), 2.20 (s, 3H, CH;—Th), 2.39 (s, 3H, CH;—Th), 2.89 (s, 3H,
OCH,), 5.96 (s, 1H, H Th), 5.99 (s with *°Si sat., 1H, *Jys; = 11.2 Hz,
H vinyl), 6.50 (d, 2H, ¥,y = 8.9 Hz, H Ph), 6.64 (s, 1H, H Th), 6.89
(d, 2H, *Jyy = 8.9 Hz, H Ph); C{'"H} NMR (CD,Cl,, 100 MHz): §
(ppm) 14.5 (s, CH;—Th), 14.6 (s, CH,—Th), 15.2 (s, CH;—Th), 15.4
(s, CH;—Th), 19.9 (s, C tBu), 20.1 (s, C tBu), 29.1 (s, CH, tBu), 29.3
(s, CH, tBu), 40.7 (s, OCHj), 111.6 (s, CH Ph), 126.0 (s, CH vinyl),
127.2 (s, CH Th), 128.1 (s, CH Th), 128.7 (s, CH Ph), 130.0 (s, C
Th), 130.5 (s, C Ph), 133.1, 134.1, 135.1, 137.4 and 138.1 (s, C—Th),
140.2 (s, C—Si), 150.0 (s, C Ph), 151.4 (s, Si—CH = C—Ph), 163.1 (s,
Si—C=C—Th); *Si NMR (CD,Cl,, 79 MHz): § (ppm) 16.7 (s).
HRMS (ESI, CH;0H/CH,Cl, (95/5)): calcd for
[C3H,0Si0S,+H]", 521.23626; found, 521.2361 (0 ppm). Anal
Calcd for [C3H,,Si0S,]; C, 71.48; H, 7.74. Found: C, 71.36; H,
7.82.

Compound 4b (R = COMe). After flash chromatography on silica
gel [SiO,, 15 g; gradient DCM/pentane (50/50) — DCM/pentane
(70/30); Ry (DCM/pentane (50/50)) = 0.60], the product was
obtained a clear yellow oil.

'"H NMR (CD,Cl,, 400 MHz): § (ppm) 1.10 (s, 9H, CH; tBu),
1.16 (s, 9H, CH, tBu), 1.73 (s, 3H, CH;—Th), 1.79 (s, 3H, CH,—
Th), 2.16 (s, 3H, CH;—Th), 2.39 (s, 3H, CH;—Th), 2.53 (s, 3H,
C(O)CHs;), 591 (s, 1H, H Th), 6.24 (s with **Si sat., 1H, *Jy = 10.7
Hz, H vinyl), 6.65 (s, 1H, H Th), 7.11 (d, 2H, ¥, = 8.5 Hz, H Ph),
7.73 (d, 2H, 3y = 8.5 Hz, H Ph); *C{'H} NMR (CD,Cl,, 100
MHz): § (ppm) 14.5 (s, CH;—Th), 14.6 (s, CH;—Th), 15.1 (s, CH;—
Th), 15.4 (s, CH;—Th), 20.0 (s, C tBu), 20.1 (s, C tBu), 26.8 (s,
C(0O)CH,), 29.0 (s, CH; tBu), 29.3 (s, CH, tBu), 127.0 (s, CH Th),
127.6 (s, CH Th), 127.7 (s, CH Ph), 128.0 (s, CH Ph), 130.3 (s, C
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681 Th), 131.5 (s, CH vinyl), 133.5 (s, C Th), 134.9 (s, C Th), 135.5 (s, C
682 Th), 135.8 (s, C—C(O)CH,), 136.6 (s, C Th), 137.6 (s, C Th), 140.8
683 (s, C—Si), 146.9 (s, C Ph), 150.1 (s, Si—CH = C—Ph), 162.4 (s, Si—
684 C=C—Th), 197.9 (s, C=0); *Si NMR (CD,Cl,, 79 MHz): & (ppm)
68s 17.7 (s). HRMS (ESI, CH,Cl,): caled for [C;,H,SiOS,]",
686 532.22844; found, 532.2283 (0 ppm). Anal. Calcd for [C,gH,,SiS,];
687 C, 72.13; H, 7.57. Found: C, 72.41; H, 7.56.

688  Compound 4c (R = CF;). After flash chromatography on silica gel
689 [SiO,, 15 g; eluent, DCM/pentane (5/95); Ri= 0.8], the product was
690 obtained as a white solid.

601 'H NMR (CD,Cl,, 400 MHz): § (ppm) 1.10 (s, 9H, CH; tBu),
692 1.17 (s, 9H, CH, tBu), 1.74 (s, 3H, CH;—Th), 1.79 (s, 3H, CH;—
693 Th), 2.16 (s, 3H, CH;—Th), 2.39 (s, 3H, CH;—Th), 5.89 (s, 1H, H
694 Th), 6.24 (s with »Si sat., 1H, ¥y = 10.6 Hz, H vinyl), 6.66 (s, 1H,
695 H Th), 7.14 (d, 2H, [,y = 8.0 Hz, H Ph), 7.41 (d, 2H, *J,y; = 8.0 Hz,
696 H Ph); “C{'H} NMR (CD,Cl,, 100 MHz): § (ppm) 14.5 (s, CH;—
697 Th), 14.6 (s, CH;—Th), 15.1 (s, CH;—Th), 15.4 (s, CH;—Th), 20.0
698 (s, C tBu), 20.1 (s, C tBu), 29.0 (s, CH; tBu), 29.3 (s, CH; tBu),
699 124.5 (q, *Jcr = 3.8 Hz, CH Ph), 124.9 (q, YJcr = 271.7 Hz, CFy),
700 126.9 (s, CH Th), 127.6 (s, CH Th), 128.2 (s, CH Ph), 128.7 (q, Jcr
701 = 32.0 Hz, C-CF;), 130.3 (s, C Th), 131.5 (s, CH vinyl), 133.5, 135.0,
702 135.5, 136.5 and 137.6 (s, C Th), 140.8 (s, C—Si), 145.9 (s, C Ph),
703 150.0 (s, Si—CH=C—Ph), 162.0 (s, Si—C=C—Th); *Si NMR
704 (CD,CL,, 79 MHz): § (ppm) 17.7 (s); “F{'H} NMR (CD,Cl,
705 376 MHz): § (ppm) —62.7 (s). HRMS (ESI, CH,Cl,): calcd for
706 [C41Hy,F;SiS,]", 558.20526; found, 558.2053 (0 ppm). Anal. Calcd
707 for [C,4H,,SiS,]; C, 66.63; H, 6.67. Found: C, 66.97; H, 6.83.

708  Compound 4d (R = CHO). After flash chromatography on silica gel
709 [SiO,, 1S g; eluent, pentane/ethyl acetate (97/3); R = 0.47], the
710 product was obtained as a fluffy pale-yellow solid.

711 'H NMR (CD,Cl,, 400 MHz): § (ppm) 1.10 (s, 9H, CH; tBu),
712 1.17 (s, 9H, CH, tBu), 1.73 (s, 3H, CH;—Th), 1.80 (s, 3H, CH;—
713 Th), 2.15 (s, 3H, CH;—Th), 2.40 (s, 3H, CH,—Th), 5.90 (s, 1H, H
714 Th), 6.28 (s with **Si sat., 1H, *Jy;5; = 10.6 Hz, H vinyl), 6.66 (s, 1H,
715 HTh), 7.19 (d, 2H, *Jyy = 8.2 Hz, H Ph), 7.66 (d, 2H, *Jyy; = 8.2 Hz,
716 H Ph); BC{'H} NMR (CD,Cl, 100 MHz): § (ppm) 14.1 (s, CH;—
717 Th), 14.2 (s, CH;—Th), 14.7 (s, CH;—Th), 15.0 (s, CH;—Th), 19.6
718 (s, C tBu), 19.7 (s, C tBu), 28.5 (s, CH; tBu), 28.9 (s, CH; tBu),
719 126.5 (s, CH Th), 127.1 (s, CH Th), 128.1 (s, CH Ph), 128.7 (s, CH
720 Ph), 129.9 (s, C Th), 131.6 (s, CH vinyl), 133.1, 134.5, 134.7, 135.1,
721 136.1 and 137.1 (s, C Th), 140.4 (s, C—Si), 147.9 (s, C Ph), 149.5 (s,
722 Si—CH = C—Ph), 161.9 (s, Si=C=C—Th), 191.8 (s, C=0); *Si NMR
723 (CD,Cl,, 79 MHz): & (ppm) 17.8 (s). HRMS (ESI, CH,CL,): calcd
724 for [C4H,308iS,]", 518.21279; found, 518.2126 (0 ppm). Anal
725 Caled for [C,3H,,SiS,]; C, 71.76; H, 7.38. Found: C, 72.22; H, 7.26.
726 ~ Compound 4e (R = NH,). After flash chromatography on silica gel
727 [SiO,, 15 g; eluent, DCM/pentane/methanol (20/79/1); Ry = 0.1],
728 the product was obtained as an oil.

729 'H NMR (CD,Cl,, 400 MHz): & (ppm) 1.09 (s, 9H, CH; tBu),
730 1.14 (s, 9H, CH, tBu), 1.73 (s, 3H, CH;—Th), 1.79 (s, 3H, CH;—
731 Th), 2.19 (s, 3H, CH;—Th), 2.38 (s, 3H, CH;—Th), 3.64 (s br,, 2H,
732 NH,), 5.94 (s, 1H, H Th), 6.00 (s with *°Si sat., 1H, *J;s; = 11.0 Hz,
733 H vinyl), 6.45 (d, 2H, *Jy; = 8.5 Hz, H Ph), 6.63 (s, 1H, H Th), 6.80
734 (d, 2H, *Jyy = 8.5 Hz, H Ph); “C{'"H} NMR (CD,Cl,, 100 MHz): §
735 (ppm) 14.5 (s, CH;—Th), 14.6 (s, CH;—Th), 15.2 (s, CH;—Th), 15.4
736 (s, CH;—Th), 19.9 (s, C tBu), 20.1 (s, C tBu), 29.1 (s, CH, tBu), 29.3
737 (s, CH; tBu), 114.0 (s, CH Ph), 126.5 (s, CH vinyl), 127.2 (s, CH
738 Th), 128.0 (s, CH Th), 129.0 (s, CH Ph), 130.0 (s br., C Th), 132.6
739 (s, C Ph), 133.1 (s, C Th), 134.1 (s br., C Th), 135.1 (s, C Th), 137.3
740 (s, C Th), 138.1 (s, C Th), 140.2 (s, C—Si), 146.0 (s, C Ph), 151.3 (s,
741 Si—CH=C—Ph), 163.1 (s, Si—C=C—Th); *Si NMR (CD,Cl,, 79
742 MHz): § (ppm) 16.8 (s). HRMS (ESIL, CH;0H/CH,Cl, (95/5)):
743 caled for [C3HyoNSiS,+H]*, 506.2366; found, 506.2365 (0 ppm).
744 Anal. Calcd for [C;,H,,SiNS, ]; C, 71.23; H, 7.77, N, 2.77. Found: C,
745 70.91; H, 7.62, N, 2.27.

746 Compound 4f (R = N(CH3),). After flash chromatography on silica
747 gel [SiO,, 15 g; eluent, DCM/pentane (50/50); Re= 0.9], the product
748 was obtained as a yellowish oil.

749 'H NMR (CD,Cl,, 400 MHz): § (ppm) 1.09 (s, 9H, CH; tBu),
750 1.15 (s, 9H, CH, tBu), 1.73 (s, 3H, CH;—Th), 1.78 (s, 3H, CH;—
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Th), 2.18 (s, 3H, CH;—Th), 2.39 (s, 3H, CH,—Th), 3.75 (s, 6H,
N(CHj;),), 5.92 (s, 1H, H Th), 6.06 (s with *Si sat., 1H, *Jys; = 11.0
Hz, H vinyl), 6.64 (s, 1H, H Th), 6.67 (d, 2H, *J;;; = 8.8 Hz, H Ph),
6.94 (d, 2H, 3y = 8.8 Hz, H Ph); *C{'H} NMR (CD,Cl,, 100
MHz): § (ppm) 14.5 (s, CH;—Th), 14.6 (s, CH;—Th), 15.1 (s, CH;—
Th), 15.4 (s, CH;—Th), 19.9 (s, C tBu), 20.1 (s, C tBu), 29.0 (s, CH,
tBu), 29.3 (s, CH, tBu), 5.5 (s, N(CHj;),), 112.9 (s, CH Ph), 127.1
(s, CH Th), 127.8 (s, CH vinyl), 127.9 (s, CH Th), 129.1 (s, CH Ph),
130.1 (s, C Th), 133.2 (s, C Th), 134.3 (s, C Th), 134.9 (s, C Ph),
135.2 (s, C Th), 137.1 (s, C Th), 138.0 (s, C Th), 140.3 (s, C-Si),
151.0 (s, Si—CH = C—Ph), 159.0 (s, C Ph), 162.8 (s, Si—C=C—Th);
»Si NMR (CD,Cl,, 79 MHz): § (ppm) 169 (s). HRMS (ESI,
CH,;0OH/CH,Cl, (5/95)): caled for [C;,H,;SiNS,+H]*, 534.2679;
found, 534.2679 (0 ppm).

Compound 5-D. The synthesis and purification of $-D were
transposed from the described procedure for the protio-derivative §
with Ph—C=C-D as a starting material instead of Ph—C=C-H."

'H NMR (CD,Cl,, 400 MHz): 6 (ppm) 1.10 (s, 9H, CH,-tBu),
1.16 (s, 9H, CH;-tBu), 1.73 (s, 3H, CH;—Th), 1.78 (s, 3H, CH;—
Th), 2.16 (s, 3H, CH;—Th), 2.39 (s, 3H, CH;—Th), 5.90 (s, 1H, H—
Th), 6.65 (s, 1H, H=Th), 6.99—7.05 (m, 2H, H-mPh), 7.11-7.19 (m,
3H, H-oPh and H-pPh); *C{'H} NMR (CD,Cl,, 100 MHz): §
(ppm) 14.5 (s, CH;—Th), 14.6 (s, CH;—Th), 15.1 (s, CH;—Th), 15.4
(s, CH;—Th), 19.9 (s, C-tBu), 20.1 (s, C-tBu), 29.0 (s, CH,-tBu), 29.3
(s, CHy-tBu), 127.0 (s, CH-pPh), 127.1 (s, CH—Th), 127.6 (s, CH-
oPh), 127.9 (s, CH—Th), 127.9 (s, CH-mPh), 128.9 (triplet 111, ‘Jp
= 22.6 Hz, CD-vinyl), 130.1 (s, C2—Th), 133.3 (s, C2—Th), 134.4 (s,
C5-Th), 135.3 (s, C5—Th), 137.0 (s, C3—Th), 137.9 (s, C3—Th),
140.3 (s, C—Si), 142.3 (s, C-ipsoPh), 150.8 (s, Si—-C=C—Th), 163.3
(s, Si—CH=C-Ph). HRMS (ASAP, 90 °C): exact mass (mono-
isotopic) calcd for [C3H;,DSiS,]*, 491.22415; found, 491.2246 (1
ppm).

Compound 6-PtBus. A solution of silirene 1 (20.0 mg, 5.15 X 1072
mmol) and bis(tri-tert-butylphosphine )palladium(0) (26.2 mg, 5.15 X
1072 mmol, 1.00 equiv) in C¢Dg (0.65 mL) was heated for 13 h at 50
°C, giving yellow solution. 6-PtBu; was characterized in situ by
multinuclear NMR spectroscopy, showing a conversion toward the
OA product of 40%.

'"H NMR (C¢Dy, 400 MHz): § (ppm) 1.26 (d, 27H, ¥p = 11.7
Hz, CH, PtBu), 1.53 (s, 18H, CHj, SitBu), 2.14 (s, 3H, CH;—Th),
2.17 (s, 3H, CH;—Th), 2.19 (s, 3H, CH;—Th), 2.29 (s, 3H, CH;—
Th), 6.55 (s, 1H, H Th), 6.94 (s, 1H, H Th); C{*H} NMR (CD,,
100 MHz): § (ppm) 14.5 (s, CH;—Th), 15.0 (s, CH;—Th), 15.3 (s,
CH,—Th), 15.4 (s, CH;—Th), 24.5 (s, C SitBu), 31.8 (s, CH, SitBu),
32.8 (d, ¥Jcp = 8.3 Hz, CH, PtBu), 37.3 (s, C PtBu), 127.3 (s, CH
Th), 127.7 (s, CH Th), 128.4 (s, Cquat.), 128.9 (s, Cquat.), 134.3 (s,
Cquat.), 134.6 (s, Cquat.),134.8 (d, Jcp = 2.4 Hz, Cquat.), 138.7 (d,
Jcp = 8.8 Hz, Cquat.), 146.4 (d, Jop = 12.8 Hz, Si—C=C), 151.5 (d, Jcp
= 46.1 Hz, Si—C=C); ?Si{'H} NMR (C¢Dy, 79 MHz): § (ppm)
—33.7 (s); *'P{'"H} NMR (C¢Dg, 202 MHz): 5 (ppm) 80.9 (s).

Compound 6-P(otol);. A solution of silirene 1 (20.0 mg, 5.15 X
107 mmol) and bis(tri-o-tolyl-phosphine)palladium(0) (36.8 mg,
5.15 X 107> mmol, 1.00 equiv) in C¢D4 (0.65 mL) was heated for 4 h
at 50 °C, giving yellow solution. 6-P(otol); was characterized in situ
by multinuclear NMR spectroscopy, showing a conversion toward the
OA product of 82%.

"H NMR (C¢Dg, 400 MHz): § (ppm) 1.35 (s, 18H, CHj, SitBu),
1.97 (s, 3H, CH;—Th), 2.15 (s, 3H, CH;—Th), 2.18 (s, 3H, CH,—
Th), 2.25 (s, 3H, CH;—Th), 2.46 (s, 3H, CH, tolyl), 6.56 (s, 1H, H
Th), 6.96 (s, 1H, H Th); the ortho tolyl proton resonance signals
could not be unambiguously assigned due to the complexity of the
aromatic region of the spectrum; *C{'H} NMR (C¢D, 100 MHz): §
(ppm) 14.7 (s, CH;—Th), 15.1 (s, CH;—Th), 15.1 (s, CH;—Th), 15.3
(s, CH;—Th), 23.7 (d, *Jcp = 11.8 Hz, CHj tolyl), 24.7 (s, C SitBu),
31.3 (s, CH, SitBu), 126.0 (d, Jop = 8.9 Hz, CH tolyl), 127.0 (s, CH
Th), 127.5 (s, CH Th), 128.5 (s br., Cquat.), 129.3 (s, Cquat.), 130.0
(d, YJcp = 28.7 Hz, P=C), 130.4 (s br., CH tolyl), 131.9 (d, ¥Jcp = 5.8
Hz, CH tolyl), 134.8 (s, Cquat.), 134.9 (s, Cquat.), 135.5 (d, Jcp =
14.7 Hz, CH tolyl), 137.8 (d, Jcp = 1.2 Hz, Cquat.), 138.7 (d, Jcp
9.3 Hz, Cquat.), 142.9 (d, Jcp = 11.6 Hz, C otolyl), 146.0 (d, Jcp
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11.7 Hz, Si—C=C), 152.6 (d, Jop = 55.0 Hz, Si—C=C); ¥Si{'H}
NMR (C¢Dy, 79 MHz): § (ppm) —31.6 (s); *'P{"H} NMR (CD,
162 MHz): § (ppm) 25.3 (s).

Compound 6-COD. THF (2 mL) was added to a neat mixture of
silirene 1 (30.0 mg, 7.72 X 1072 mmol) and (1,5-cyclooctadiene)-
bis(trimethylsilylmethyl)palladium(IT) (30.0 mg, 7.72 X 10~ mmol,
1.00 equiv), and the resulting solution was stirred for 1 h at room
temperature, giving a dark solution. The solvent was evaporated under
vacuum, and the residue thus obtained was further dried for 10 h
under vacuum, giving a sticky brown residue. The residue was
extracted with pentane (2 mL), and the pentane solution was filtered
and placed at —30 °C, giving the expected compound as colorless
blocks in 41% yield. Single crystals suitable for X-ray diffraction
analysis were obtained in the same conditions.

'H NMR (CD,Cl,, 500 MHz, 243 K): § (ppm) 1.07 (s, 18H, CH,
SitBu), 1.96 (s, 3H, CH;—Th), 1.98 (s, 3H, CH;—Th), 2.06—2.20
(br.,, 2H, CH, COD), 2.20—2.40 (br., 4H, CH, COD), 2.29 (s, 3H,
CH,—Th), 2.30 (s, 3H, CHy—Th), 2.52—2.66 (br,, 2H, CH, COD),
4.88—5.67 (br.,, 2H, CH COD), 5.90 (br., 2H, CH COD), 6.27 (s,
1H, H Th), 6.43 (s, 1H, H Th); C{*H} NMR (CD,Cl,, 125 MHz,
243 K): § (ppm) 14.0 (s, CH;—Th), 14.7 (s, CH;—Th), 152 (s,
CH,—Th), 15.2 (s, CH;—Th), 23.3 (s br,, C SitBu), 27.4 (br, CH,
COD), 30.0 (br., CH, COD), 30.7 (s, CH, SitBu), 105.1 (s. br.,, CH
COD), 122.2 (s. br,, CH COD), 123.2 (s, Cquat.), 125.4 (s, CH Th),
126.4 (s, Cquat.), 126.5 (s, CH Th), 133.8, 133.8, 140.8, 146.4, 151.6
and 161.3 (s, Cquat.); Si{'H} NMR (CD,Cl,, 99 MHz, 243 K): §
(ppm) —34.8 (s).

Compound 6-PPh;. To a solution of silirene 1 (40.0 mg, 0.103
mmol) and triphenylphosphine (27.0 mg, 0.103 mmol, 1.00 equiv) in
THF (2.5 mL) was added (1,5-cyclooctadiene)bis-
(trimethylsilylmethyl)palladium(II) (40.1 mg, 0.103 mmol, 1.00
equiv) as a powder in one portion, and the resulting mixture was
stirred for 1 h at room temperature, giving a clear green solution.

The volatiles were then eliminated under reduced pressure, and the
residue was then dried under vacuum (2 X 107> mmbar) for 10 h,
giving a green solid. This solid was then washed two times with
pentane (2 times 1 mL), giving the expected compound as a clear
yellow powder in 65% yield (51 mg). All the attempts to grow single
crystals of 6-PPh; for X-ray diffraction analysis furnished crystals of
the known complex [Pd(PPh;),].

'"H NMR (THF-d®, 400 MHz): § (ppm) 1.04 (s, 18H, CH, tBu),
1.86 (s, 3H, CH;—Th), 2.13 (s, 3H, CH,—Th), 2.32 (s, 3H, CH,—
Th), 2.34 (s, 3H, CH;—Th), 6.56 (s, 1H, H Th), 6.58 (s, 1H, H Th),
7.31-7.43 (m, 9H, H pPh and H mPh), 7.54—7.64 (m, 6H, H oPh);
BC{'H} NMR (THF-d®, 100 MHz): § (ppm) 14.7 (s, CH;—Th),
14.9 (s, CH;—Th), 15.0 (s, CH;—Th), 15.1 (s, CH;—Th), 24.7 (s, C
tBu), 31.1 (s, CH; tBu), 127.3 (s, CH Th), 127.6 (s, CH Th), 128.7
(d, Jep = 1.7 Hz, Cquat.), 129.2 (s, Cquat.), 129.2 (d, Jcp = 9.6 Hz,
CH mPh), 130.6 (d, Jcp = 1.4 Hz, CH pPh), 134.7 (s, Cquat.), 135.0
(d, Jep = 15.9 Hz, CH 0Ph), 135.3 (d, Jcp = 31.2 Hz, C—P), 135.4 (s,
Cquat.), 137.0 (s br., Cquat.), 138.9 (d, Jcp = 9.9 Hz, Cquat.), 146.3
(d, Jep = 11.5 Hz, Si—C=C), 156.0 (d, Jcp = 63.4 Hz, Si—C=C);
»Si{'H} NMR (THF-d®, 79 MHz): & (ppm) —27.2 (d, Jsp = 2.1 Hz);
SP{'"H} NMR (THF-d® 162 MHz): § (ppm) 24.0 (s, 6-PPh,).

NMR Evidence for the Existence of an Equilibrium. In the
NOESY 'H,'"H NMR spectrum, exchange correlations are observed
between PPh; aromatic proton resonance signals of 6-PPh; and
[Pd(PPh;),]; exchange correlations are observed between thienyl
—CHj; protons resonance signals of 6-PPh; and 6-PPh;.

In the NOESY *'P,*'P NMR spectrum, exchange correlations are
observed between the PPh; resonance signal of 6-PPh; and
[Pd(PPh,), .

Compound 6-P(OPh);. To a solution of silirene 1 (100 mg, 0.257
mmol) and triphenylphosphite (67.4 L, 79.8 mg, 0.257 mmol, 1.00
equiv) in THF (7 mL) was added (1,5-cyclooctadiene)bis-
(trimethylsilylmethyl)palladium(II) (100 mg, 0.257 mmol, 1.00
equiv) as a powder in one portion, and the resulting mixture was
stirred for 2 h at room temperature, giving a clear yellow solution.

The crude mixture was then filtered, and the resulting solution was
concentrated to dryness over 30 min at room temperature. The

resulting residue was extracted with pentane (15 mL) at room
temperature and filtered, and the yellow pentane solution was placed
in the freezer at —40 °C, affording colorless crystals in a few hours.
The mother liquor was then eliminated via a syringe, and the crystals
were washed 4 times with —40 °C cold pentane (4 times S mL). The
crystals were then dried under vacuum at 0 °C for 5 h. NMR analysis

891
892
893

of the crystalline material revealed the presence of about 5% of 897

[Pd(P(OPh),),] in addition to the expected compound (46% yield).
33 p p n

898

Attempts to separate the two complexes were unsuccessful. Crystals of 899

6-P(OPh); suitable for X-ray diffraction were obtained from a
saturated THF/pentane solution at —30 °C.

The compound 6-P(OPh), was characterized by NMR at —40 °C
in THF 8d. In the case of *’Si NMR, no resonance signal could be
observed at low temperature, and the spectrum was recorded at room
temperature over a few hours, resulting in the partial decomposition
of the compound due to its thermal instability. Fast 'H and *'P NMR
spectra could also be recorded at room temperature in CD,Cl, for a
better resolution (see S101—104).

'"H NMR (THE-d®, 400 MHz, 233 K): § (ppm) 1.30 (s, 18H, CH,
tBu), 1.68 (s, 3H, CH;—Th), 1.75 (s, 3H, CH,—Th), 2.19 (s, 3H,
CH,—Th), 2.34 (s, 3H, CH,—Th), 6.08 (s, 1H, H Th), 6.55 (s, 1H, H
Th), 7.17—7.24 (m, 3H, H pPh), 7.35—7.45 (m, 12H, H oPh and H
mPh); *C{'"H} NMR (THF-d*, 100 MHz, 233 K): § (ppm) 14.4 (s,
CH,—Th), 14.7 (s, CH;—Th), 14.9 (s, CH;—Th), 15.3 (s, CH;—Th),
24.2 (s, C tBu), 31.2 (s, CH; tBu), 121.8 (br.,, CH oPh or CH mPh),
125.4 (s, CH mPh), 126.1 (br., Cquat.), 127.1 (s, CH Th), 127.8 (s,
CH Th or Qquat.), 127.9 (s, CH Th or Qquat.), 130.3 (s, CH oPh or
CH mPh), 133.4 (br,, Cquat.), 134.5 (s, Cquat.), 141.0 (d br,, Jcp =
12.3 Hz, Cquat.), 143.4 (br., Cquat.), 151.8 (d, 'Jep = 3.5 Hz, C—P),
165.3 (d, Jep = 151.7 Hz, Cquat.); *Si{'H} NMR (C¢Dy, 79 MHz,
293 K): & (ppm) —26.9 (d, Jsp = 4.7 Hz); *'P{"H} NMR (THF-d®,
162 MHz, 233 K): 6 (ppm) 126.8 (s). One quaternary carbon was
not observed.
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