Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Journal Name

ARTICLE

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Dalton Transactions

RSCPublishing

DFT studies on the mechanism of palladium-
catalyzed carbon-silicon cleavage for the
synthesis of benzosilole derivativesT

Wen-Jie Chen® and Zhenyang Lin®"

DFT calculations have been carried out to study the detailed mechanism of Pd—catalyzed intermolecular
coupling reactions of 2-silylaryl bromides with alkynes via selective cleavage of C(sp®)-Si bonds.
Through our calculations, we found that, starting from the alkenylpalladium intermediate derived from
oxidative addition of the substrate C—Br bond followed by alkyne insertion, there are two possible
pathways leading to the formation of the benzosilole product. Furthermore, these two pathways were
found to be competitive. In this paper, we will provide the detailed mechanistic study and analyze the

results we have obtained.

Introduction

Cleavage of carbon-silicon bonds is an important process in
organic synthesis, especially in metal-catalyzed cross-coupling
reactions, because it allows construction of new C—C bonds,
leading to new functional molecules.' Studies of transition-
metal-catalyzed C—Si cleavage reactions have mainly focused
on C(sp?)-Si and C(sp)-Si bonds.>* As for transition-metal-
catalyzed cleavage of C(sp’)-Si bonds, early reports were
limited to reactions involving either strained silanes (i.e.,
silacyclopropanes'® and silacyclobutanes*) or other activated
silanes (e.g., Me;SiCF3,” allyl- or benzylsilanes®). Reports on
transition-metal-catalyzed cleavage of inactivated C(sp’)-Si
bonds began to appear in recent years.””'> In 1994, Ojima et al.
reported that reaction of diethyl bis(2-butynyl)malonate with
HSi‘BuMe, catalyzed by rhodium under an atmosphere of CO
affords silole derivatives, in which an Me-Si bond from
hydrosilane is cleaved.” In 2011, Matsuda et al. developed an
intermolecular variant of Ojima’s reaction using disilane, in
place of hydrosilane.”® In 2008, Rauf et al. reported the
cleavage of a C(sp>)—Si bond in an SiMes; group to provide the
methyl source for Pd-catalyzed oxidative methylation of
olefins.® In 2009, Tobisu et al. reported novel rhodium-
catalyzed coupling reactions of 2-trimethylsilylphenylboronic
acid with internal alkynes involving cleavage of a C(sp’)—Si
bond, which lead to the formation of benzosilole derivatives.’
In 2010, Nakao et al. demonstrated that 2-(2-hydroxyprop-2-
yDphenyl-substituted alkylsilanes selectively transfer an alkyl
group to facilitate alkylation of aryl halides via cleavage of a

C(sp*)-Si bond."® Following Tobisu’s pioneering work,”® Liang
et al. recently demonstrated that palladium is also a competent
catalyst for a similar process.'"'? Since the C(sp*)—Si bonds in
trialkylsilyl groups are frequently encountered, an efficient and
selective cleavage together with further synthetic applications
would be very attractive for both mechanistic study and
synthetic chemistry.

Very recently, Liang et al. reported facile Pd-catalyzed
synthesis of siloles from intermolecular coupling reactions of 2-
silylaryl bromides with alkynes via selective cleavage of one of
the three C(sp’)-Si bonds (eq. 1).'"® A plausible mechanism
(Scheme 1) was proposed to account for the reactions. In the
proposed mechanism, oxidative addition of the C—Br bond of
the substrate 2-trimethylsilylphenyl bromide to Pd(0)L,
generates the intermediate B, followed by insertion of alkyne
leading to formation of the alkenylpalladium C. Then, in C,
oxidative addition of one Si—-Me bond to the Pd(I) center
followed by reductive elimination of the benzosilole product
gives the MePdBrL, species D. Finally, reductive elimination
of MeBr from MePdBrL, regenerates the active Pd(0)L, species
A and completes the catalytic cycle.

R
Br Pd catalyst (2.5 mol%)
| 0,
@E. + R_— R __PtBu;(10moi%) Sr
SiMe; base, toluene, 120°C Sj

R = Aryl and Alkyl Me

However, the detailed mechanism for this coupling
reaction is unclear and requires further study. It is interesting
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that two possible oxidative additions in C exist. One is the
oxidative addition of one of the three Si—Me bonds as proposed
in Scheme 1. The other one is the oxidative addition of the
C(sp®)-Si bond to give a five-membered metallacycle species.
In this paper, we explore in details the reaction mechanism for
the reactions shown in eq (1) with the aid of density functional
theory (DFT) calculations and understand the two possible
reaction pathways described above.

Scheme 1
Pd(0)L, Br
MeBr A @
oSi—
eductive elimination oxidative addition
PdBrL,
MePdBrL, ©(
D
C(sp"‘)—Si cleavage insertion R
R [o] “
i— - R
Si @i_<PdBan
/S'\_

Computational Details

Molecular geometries of the reactants, intermediates, transition
states, and products were optimized via density functional
theory calculations using the hybrid Becke3LYP (B3LYP)
method.'? The 6-31G(d) basis set was used for the C and H
atoms, while the effective core potentials (ECPs) of Hay and
Wadt with double-{ valance basis set (LanL2DZ)"* were chosen
to describe the Pd, Br, P and Si atoms. In addition, polarization
functions were added for Pd({y) = 1.472, Br({y) = 0.389, P({y) =
0.340, Si({q) = 0.262."° Frequency calculations at the same
level of theory were carried out to confirm the characteristics of
all of the optimized structures as minima (zero imaginary
frequencies) or transition states (one imaginary frequency) and
to provide free energies at 298.15 K, which include entropic
contributions by taking into account the vibrational, rotational,
and translational motions of the species under consideration.
Calculations of intrinsic reaction coordinates (IRC)'® were also
performed to confirm that transition states connect two relevant
minima.

To obtain solvation-corrected relative free energies, we
employed a continuum medium to do single-point calculations
for all species studied, using UAKS radii on the conductor
polarizable continuum model (CPCM). ' Toluene was
employed as the solvent (according to the reaction conditions)
in the CPCM calculations. The Gibbs energies in solution, Gy,
were calculated by adding the thermodynamic corrections to the
CPCM energies (eq (2)).'® All calculations were performed
with the Gaussian 03 software package."”

Ggol = Ecpem + (G - E) (2)

Results and discussion

2 |Dalton Trans, 2013, 00, 1-3

To better understand the detailed reaction mechanism for the
reactions shown in eq (1), we expanded the mechanism shown
in Scheme 1 by including the two possible oxidative additions
starting from the intermediate C. The two related possible
catalytic cycles (pathways) are shown in Scheme 2. Path 1
proceeds with oxidative addition of one of the three Si—Me
bonds in C, leading to the formation of the Pd(IV) species CD,
followed by reductive elimination of the benzosilole product.
Path 2 proceeds with oxidative addition of the Si—Ar bond in C,
which affords a five-membered metallacycle Pd(IV) species E.
Subsequent C(alkenyl)—Si bond-forming reductive elimination
from E results in the formation of the arylpalladium(Il) F
Then, oxidative addition of one Si—Me bond to the Pd(II) center
in F gives G, from which reductive elimination of the
benzosilole product gives the MePdBrL, species D. D is the
common species for both Paths 1 and 2, from which reductive
elimination of MeBr completes the catalytic cycle.

Scheme 2

Pd(O)L @(Br

Jsi

OA
SI\

PdMeBrL

MeBr

MePdBrL

@E_<PdMe BrL, N

L = Pt-Bug OA = oxidative addition

RE = reductive elimination

On the basis of the mechanisms shown in Schemes 1 and 2,
we first consider the oxidative addition (A > B) and insertion
(B = C) processes, as shown in Fig. 1. Experimentally, tri-terz-
butylphosphine (P#-Bus) was used. The bulkiness of PzBuj
prevents a high coordination number for each palladium species
present in the catalytic cycle.”® Therefore, we expect that a
monophosphine Pd(0) is the active species. We started with the
monophosphine  Pd(0) complex A in which 2-
trimethylsilylphenyl bromide coordinates with the Pd(0) center
in an n’coordination mode, which undergoes oxidative
addition via TS,_p to afford a three-coordinate species (B) with
a barrier of 4.8 kcal/mol. The T-shape complex B, with the aryl
group and P#-Bu; ligand frans to each other, isomerizes to
another T-shape isomer B1, with a very small barrier. The
transition state for this isomerization, TSg p;, has a Y-shape
structure and lies 2.3 kcal/mol higher in energy than B. Then, a
ligand substitution of an alkyne molecule for phosphine with an

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 The energy profile calculated for oxidative addition and insertion processes. The solvation-corrected relative free energies and electronic

energies (in parentheses) are given in kcal/mol.

associative mechanism occurs via an approximate square-planar
transition state TSg;_p;. Followed is insertion of alkyne into the
Pd—C(aryl) bond in B2 via the transition state TSg, ¢ to give the
intermediate C with a barrier of 23.4 kcal/mol. The ligand
substitution step is the most energy-demanding from A to C
and the overall free energy barrier was calculated to be 25.3
kcal/mol (the energy of TSg;.p, relative to that of B1 in Figure
1).

We also considered a cationic pathway involving
dissociation of bromide from B to form [Pd(P-
Bus)(silylaryl)(alkyne)]” for alkyne insertion. The bromide
dissociation barrier was calculated to be 65.5 kcal/mol, which is
inaccessibly high.

In the following sections, our main objective is to obtain
deep insight into the oxidative addition of C(sp®)-Si versus
C(sp®)-Si to a palladium(I) metal center. We investigated
associative and dissociative mechanisms considering whether
Pz-Bu; stays attached to the metal center from the complex C to
D in Paths 1 and 2. We found that a dissociative mechanism is
much more favorable. Fig. 2 shows the free energy profiles

calculated for Paths 1 and 2 involving a dissociative mechanism.

The corresponding free energy profiles involving an associative
mechanism (less favorable) are given in the Supplementary
Information.

In Path 1, oxidative addition of one of the three Si—C(sp’)
bonds in C, which is m-coordinated n’*-aryl species, via the
transition state TSc.cp occurs to give the six-membered ring
intermediate CD, with a barrier of 19.6 kcal/mol. (Fig. 2(a))
TSc.cp represents the transition state connecting a slightly
distorted T-shape Pd(II) complex (C) and a seesaw Pd(IV)
structure (CD). The complex CD, with the methyl and bromide
ligands trans to each other, isomerizes to another seesaw
isomer CD1 with a very small barrier of 1.2 kcal/mol. Then
reductive elimination in CD1 via TScp;.p leads to dissociation
of the benzosilole product molecule, and the P#Bu; ligand
association readily gives the MePdBrL D. CD1 > D is a two-
step, energy downhill process. In this path, the highest-energy
transition state TSc.cp was calculated for the oxidative addition
step, and the overall barrier for the process from C to D was
calculated to be 19.6 kcal/mol.

In Path 2 (Fig. 2(b)), from the complex C, oxidative
addition of the Si—Ar bond occurs to afford the five-membered

This journal is © The Royal Society of Chemistry 2012

metallacycle Pd(IV) species E, with a barrier of 7.0 kcal/mol.
Subsequent C(alkenyl)—Si bond-forming reductive elimination
in E produces the T-shape arylpalladium(II) complex F via the
transition state TSg.g, which is calculated to lie slightly higher
in energy than TScg. The T-shape, n-coordinated
arylpalladium(II) complex F isomerizes to a C-H agostic
intermediate (F1) with a barrier of 13.3 kcal/mol. Then,
oxidative addition of one Si—Me bond to the Pd(II) center gives
G via the transition state TSg..g, followed by reductive
elimination of the benzosilole product via the transition state
TSq.p and the P#-Bu; ligand association to give MePdBrL
species D. G > D is also a two-step, energy downhill process.
TSk 1s the highest-energy transition state for this path (Path 2)
from C to D and the barrier is calculated to be 23.1 kcal/mol
(the energy of TSgy¢ relative to that of F in Fig. 2(b)). The
calculated energy profiles (Fig. 2) show that Path 1 is slightly
more favorable than Path 2.

It is important to note that Path 1 involves oxidation
addition followed by reductive elimination (OA/RE), Pd(I) =>
Pd(IV) = Pd(II) (C - CD/CD1 - D). The OA/RE process
involves a C(sp®)-Si bond cleavage (OA) and a C(sp*)—Si bond
formation (RE). Path 2 involves two such processes, Pd(I) =
PA(IV) > Pd(IT) > Pd(IV) > Pd(II) (C > E > Fand F1 > G
> D). In the first OA/RE process C > E > F, a C(sp”)-Si
bond is cleaved (OA) and a new C(sp®)—Si bond is formed (RE)
while in the second OA/RE process F1 > G > D, a C(sp’)-Si
bond is cleaved (OA) and a C(sp®)-Si bond is formed (RE).
Among the three OA/RE processes, C > E > F is the most
facile. These results are consistent with notion that oxidative
addition of C(sp®)-Si versus C(sp®)-Si shows normally a
preference for the latter.'>'*'%?%28 The reason for the OA/RE
process C 2> E - F being the most facile is also closely related
to the fact that among the four Pd(IV) species CD, CD1, E and
G (Fig. 2), E is the most stable. We can also conveniently
attribute the high stability of E, when compared with CD, CD1
and G, to the fact that there are two strong Pd(IV)—C(sp?)
bonds in E while in the other two each have only one
Pd(IV)—C(sp?) bond. In addition, through the energy profiles in
Fig. 2 we can see that TSc.cp and TSgig, both of which
involve C(sp’)—Si bond cleavage, were calculated to be the
highest transition states for Paths 1 and 2, respectively.
Interestingly, the transition state TSc.cp and the intermediate

Dalton Trans., 2013, 00, 1-3 | 3
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Fig. 2 The energy profiles calculated for Paths 1 (a) and 2 (b). The solvation-corrected relative free energies and electronic energies (in

parentheses) are given in kcal/mol.

CD1 in Fig. 2(a) show similar stabilities to the transition state
TSri.c and the intermediate G in Fig. 2(b), respectively. The
structures of TSc.cp versus TSgi.g and CD1 versus G differ
only in the relative positions of the phenyl ring and the olefinic
moiety in the bidentate ligands, indicating that both Paths 1 and
2 are competitive and possible for the process from C to D. In a
recent theoretical study on the related Rh-catalyzed coupling of
2-trimethylsilylphenylboronic acid with internal alkynes, two
reaction pathways similar to Paths 1 and 2 have been studied
and the same conclusion regarding the preference of the
reaction pathways has also been made.?'

Fig. 3 shows the optimized structures with selected
structural parameters for the species relevant in the two paths
studied. Examination of the bond distances indicates the
following: (i) Both the transition states TSc.cp and TSg;.g show

4 |Dalton Trans, 2013, 00, 1-3

cleavage of a C(sp®)—Si bond. The C(sp’)-Si distances, which
are 1.89 A in complex C and 1.90 A in complex F1, increase
respectively to 2.21 A in TS¢.cp and to 2.20 A in TS.g. For
the C(sp®)-Si bond cleavage process C > E which involves the
transition state TSc.g, the C—Si distance increases from 1.92 A
in complex C to 2.27 A in TSc.. (ii) In the complex F1, the
distance between the palladium and the nearest hydrogen atom
is 2.21 A, which is a prime indicator for the presence of an
agostic Pdee*H interaction. The oxidative addition process via
the transition state TSg;.g needs to pass through F1, instead of
directly from F, due to that the cleaved Si—C bond is closer to
the metal center in F1 than in F.

From the intermediate D, reductive elimination occurs to
give MeBr via a three-membered transition state TSp., with a
barrier of 30.2 kcal/mol (Fig. 4). After releasing one MeBr

This journal is © The Royal Society of Chemistry 2013
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TSk16 G

Fig. 3 Optimized structures and transition states for the selected species involved in the pathways related to Fig. 1. Selected structural
parameters are given (bond length in A).

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2013, 00, 1-3 | 5
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Fig. 4 The energy profile calculated for the regeneration of active
species A. The solvation-corrected relative free energies and electronic
energies (in parentheses) are given in kcal/mol.

molecule, the active catalytic species A is regenerated to
complete the catalytic cycle. Comparing the energy profiles in
Figures 1, 2 and 4, we see that the reductive elimination in Fig.
4 is theoretically predicted to be the rate-determining step. The
rate-determining barrier of 30.2 kcal/mol is high, consistent
with experimental condition of 120°C.'"®

Conclusions

The reaction mechanism of palladium-catalyzed intermolecular
coupling reactions of 2-silylaryl bromides with alkynes via
selective cleavage of C(sp®)-Si bonds has been investigated
with the aid of DFT calculations. The computational results are
consistent with a catalytic cycle that includes: (1) oxidative
addition of C—Br bond to yield an arylpalladium intermediate,
(2) insertion of alkyne leading to formation of the
alkenylpalladium, (3) oxidative addition of one Si—Me bond to
the Pd(II) center followed by reductive elimination of the
benzosilole product gives the MePdBrL, species, (4) reductive
elimination of MeBr from MePdBrL, regenerates the active
Pd(0)L, species. The reductive elimination in step (4) is
theoretically predicted to be the rate-determining step.

Careful study of the above-mentioned step (3) leads us to
find an alternative pathway to complete this step. This
alternative pathway involves two processes of oxidative
addition followed by reductive elimination (OA/RE). In the
first OA/RE process, oxidative addition of C(sp?)—SiMe;
(instead of one Si—Me bond) gives a five-membered-ring
Pd(IV) metallocycle containing a SiMes ligand and reductive
elimination leads to the formation of a Pd(Il) species containing
a ((trimethylsilyl)alkenyl)phenyl ligand. In the second OA/RE
process, from the Pd(II) species oxidative addition of one
Si—Me bond occurs followed by reductive elimination to
complete this step.

From our calculations, we found that oxidative addition of
C(sp>)-Si to a Pd(Il) center is easier than that of C(sp*)-Si,
which is the main reason for the existence of the alternative
pathway for step (3). In both the pathways, oxidative addition
of C(sp®)-Si to Pd(II) is the most energy-demanding. As both
pathways undergo oxidative addition of C(sp®)—Si to Pd(II), the
two pathways are found to be competitive with comparable
barriers.

Our calculation results indicate that P#-Buj is not involved
in step (3) due to the fact that the phosphine ligand is extremely

6 |Dalton Trans, 2013, 00, 1-3

bulky. Therefore, it is expected that there are on and off events
associated with the phosphine ligand binding in the whole
catalytic cycle. Because of these on-and-off events, it is
expected that presence of more phosphine ligands would make
the catalytic process efficient. Indeed, 2.5 mol% of Pd catalyst
and 10 mol% of P#-Bu; ligand were included in the optimized
reaction conditions.
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DFT studies on the mechanism of palladium-
catalyzed carbon-silicon cleavage for the synthesis
of benzosilole derivativest

Wen-lie Chen® and Zhenyang Lin®"

DFT calculations have been carried out to study the detailed mechanism of Pd—catalyzed
intermolecular coupling reactions of 2-silylaryl bromides with alkynes via selective cleavage

of C(sp?)—Si bonds.

Br Pd
gt = )
SiMe; ‘

R = Aryl and Alkyl Me;



