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The direct olefination of aryl/alkyl halides with trimethylsilyldiazo-
methane (TMSD) as a C1- or C2-unit was achieved successfully via a
metal carbene migratory insertion process, which offered a new access
to afford (E)-vinyl silanes and (E)-silyl-substituted o,p-unsaturated
amides in good yields and high chemoselectivity.

Transition-metal-catalyzed cross-coupling reactions via carbene
migratory insertion (CMI) have received much attention and
have been extensively established as reliable and versatile
methods for carbon-carbon bond-forming reactions in the past
decades." Accordingly, the key step of carbene coupling reac-
tions is the migratory insertions of an aryl or alkyl group into
the metal-carbene intermediate, which makes metal carbene
migratory insertion as a powerful strategy for carbon-carbon
bond-forming transformations.” In particular, since Van Vranken
and co-workers® reported the first example of palladium carbene
migratory insertion in 2001, palladium-catalyzed carbene
migratory insertion of aryl halides has been well demonstrated
for the synthesis of versatile molecules through a cross-
coupling process, and the corresponding intermediate or
mechanistic process has been revealed by several groups
(Scheme 1, eqn (1) and (2)).* Thus, in principle these diazo
compounds or other carbene precursors can be used in the
construction of alkenes by carbon-carbon bond-forming carbene
migratory insertion and subsequent B-hydrogen elimination.
Among various alkenes, vinyl silanes occupy an important posi-
tion in organic synthesis,* which have wide applications due to
the characteristic properties of silicon and privileged functions
as versatile precursors and potent nucleophiles. Vinyl silanes
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Scheme 1 Palladium-catalyzed cross-coupling reaction through metal
carbene migratory insertion (CMI): from the classic method (previous work)
to controllable carbene migratory insertion (this work).

would be used to construct many characteristic molecules by
organic transformation involving the Hiyama cross-coupling
reactions’ and crotylation reactions,® even the Hosomi-
Sakurai-type allylation” and so on. For these reasons, numerous
efforts have been directed to the preparation of vinyl silanes,
which utilize carbonyl compounds,® alkynes,” vinyl halides,"
terminal olefins,"* and aryl iodies'* as starting materials. How-
ever, limitations still exist with many of the current methods,
which often make the preparation of vinyl silanes challenging,
especially in the control of chemoselectivity. Therefore, the
development of novel and efficient olefination reactions with
new catalytic systems is highly desirable in synthetic chemistry.
As reported, little attention has been paid to a simple olefination
process to provide alkenes containing a silyl group by carbene
migratory insertion.”> Meanwhile, chemical transformations
involving two molecules of diazo compounds in the carbene
migratory insertion have not been well realized in the past.*
Inspired by previous works on the metal carbene migratory

This journal is © The Royal Society of Chemistry 2018
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Table 1 Optimization of the reaction conditions?

"Standard conditions"

1 [Pd(Cinnamyl)Cl,]; (5 mol %), ™S
Ny Di(1-Ad)-n-butyphosphine (20 mol %),
©/ + M #BuOLi (1.0 equiv), KOAC (1.0 equiv)
H™ > TMS >
dioxane, 100 °C,
2a 24 h
3a (£/2)
Yield” (%)
Entry Deviation from the standard conditions 2a/(E)-3a/(Z)-3a
1 None 0/99/<1
2 10 mol% PdCl, 64/30/6
3 10 mol% Pd(MeCN),Cl, 45/50/5
4 10 mol% Pd(PhCN),Cl, 38/57/5
5 10 mol% Pd(PPh;), 65/23/12
6 K,CO; as the base 70/30/0
7¢ DIEA as the base 70/30/0
8 Ag,CO; as the base 0/38/62
9 Li,CO; as the base 81/19/0
10 THF instead of dioxane 24/50/26
11 Toluene instead of dioxane 64/36/0
12 DCE instead of dioxane 75/25/0
13 DMSO instead of dioxane 0/73/27
14 PPh; as the ligand 53/14/33
15 DavePhos as the ligand 62/15/23
16 PCy; as the ligand 60/20/20
17 Xphos as the ligand 67/15/18
18 XantPhos as the ligand 80/14/6
19 Using 10 mol% [Pd(n-cinnamyl)Cl,], 0/97/3
20 Without KOAc 40/20/40

“2a (0.1 mmol), TMSD (3.0 equiv.), [Pd(n-cinnamyl)CL,], (5 mol%),
di(1-ad)-n-butylphosphine (20 mol%), ¢-BuOLi (1.0 equiv.), KOAc (1.0 equiv.),
dry dioxane (1 mL), 100 °C, 24 hours. ” The yield was determined by
GC-MS. ° DIEA = N,N-diisopropylethylamine.

insertion process,'™ attempts to obtain vinyl silanes with TMSD
as a C1- or C2-unit have been made in this work (Scheme 1).

Our effort began by selecting aryl iodide 2a as a model
substrate to examine the carbene insertion reaction of TMSD.
By optimizing various reaction parameters, we found that the
combination of [Pd(n-cinnamyl)CL,],, di(1-ad)-n-butylphosphine,
t-BuOLi, KOAc in dry 1,4-dioxane at 100 °C gave the best result
after 24 hours (Table 1). As described in Table 1, replacing
[Pd(rn-cinnamyl)Cl,], with PdCl,, Pd(MeCN),Cl, or others
diminished the reaction yield and stereoselectivity (entries 2-5).
Several bases were investigated (entries 6-9), and #BuOLi was
found to be the best choice (entry 1). Additionally, the effect of the
solvent on the selectivity and catalytic efficiency was evaluated,
and 1,4-dioxane proved to be effective (entry 1 and entries 10-13).
When various phosphine ligands (PPh;, DavePhos, PCys, Xphos,
and XantPhos) were tested, 3a could also be detected but in
relatively lower yields and stereoselectivities (entries 14-18).
Increasing the catalyst loading did not influence the conversation
significantly (entry 19). When KOAc was removed, only 20% yield
of (E)-3a was detected (entry 20).

With the optimized reaction conditions in hand, we
explored the substrate scope of aryl iodides to yield the corres-
ponding (E)-vinyl silanes. As shown in Table 2, good yields and
stereoselectivity were obtained for the ortho-substituted aryl
iodide with electron-rich substituents (2a, 2¢, and 2d), whereas
lower E/Z selectivity was obtained for the ortho-substituted aryl
iodides with electron-deficient substituents (2b and 2e-2h),
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Table 2 The substrate scope for the palladium-catalyzed olefination of
aryl iodides with trimethylsilyldiazomethane via carbene migratory insertion?

[Pd(Cinnamyl)Cl,], (5 mol %),

I N, Di(1-Ad)-r+butyphosphine (20 mol %), T
@ /u £BuOLi (1.0 equiv), KOAc (1.0 equiv) 7\
Z

X
—R tH” "TMS

dioxane, 100 °C, 24 h —_ ™S
2 3
Entry  Arl Product  Yield® (%) Ratio® (E/Z)
1 2-MeCgH, (2a) 3a 65 99:1
2 2-FCeH, (2b) 3b 30 82:18
3 2-CICgH, (2¢) 3¢ 69 99:1
4 2-MeOCeH, (2d) 3d 45 99:1
5 2-(CF3)CeH, (2€) 3e 38 88:12
6 2-NO,CgH, (2f) 3f 32 88:12
7 2-(CF;0)CeH, (2g)  3g 36 74:26
8 2-CNCgH, (2h) 3h 56 88:12
9 3-MeCgH, (2i) 3i 53 91:9
10 3-CICeH, (2j) 3 42 83:17
11 3-MeOCgH, (2K) 3k 49 99:1
12 3-(CF3)CeH, (21) 3l 44 87:13
13 3-NO,CgH, (2m) 3m 36 88:12
14 3-CNCgH, (2n) 3n 60 99:1
15 4-MeCgH, (20) 30 59 95:5
16 4-FCeH, (2p) 3p 31 81:19
17 4-CICeH, (2q) 3q 54 85:15
18 4-MeOCgH, (21) 3r 51 99:1
19 4-(CF3)CeH, (25) 3s 49 92:8
20 4-(CF;0)CeH, (2t) 3t a1 85:15
21 4-NO,CeH, (2u) 3u 31 86:14
22 4-CNCgH, (2v) 3v 57 99:1
23 4-tBuCeH, (2w) 3w 36 99:1
24 CoHj (2x) 3x 50 85:15
25 3,5-(Me),GeH; (2y) 3y a1 99:1
26 2-CO,MeCgH, (2z) 3z 45 99:1

%2 (0.75 mmol), TMSD (3.0 equiv.), [Pd(n-cinnamyl)CL], (5 mol%),
di(1-ad)-n-butylphosphine (20 mol%), t-BuOLi (1.0 equiv.), KOAc (1.0 equiv.),
dry dioxane (1 mL), 100 °C, 24 hours. ” Isolated yields. ¢ Determined
by NMR.

suggesting that the electronic effect would be crucial for E/Z
stereocontrol. Substrates (2i-2v) having m- or p-substituents
were also suitable for the olefination reaction, giving moderate
to good yields. In particular, the reactions of 2k, 2n, 2r, and 2v
proceeded smoothly to afford the corresponding (E)-vinyl
silanes with excellent E/Z selectivity (99:1). The alkene 3w
containing a sterically hindered ¢Bu group was isolated in
36% yield. Notably, the carboxylic ester moiety was also tolerated
in this reaction (2z), even though a strong base was required.
Surprisingly, some aryl bromides could also be used for
the olefination reaction (Scheme 2). Both 3a and 3x afforded
moderate yields and excellent E/Z selectivity.

Encouraged by these initial findings, we then further
explored the efficiency and practicality of this method. Con-
sidering the importance of the f-silyl-a,B-unsaturated amide
scaffolds in the organic syntheses which can be employed into
diverse types of chemical transformation such as Michael
addition,” total syntheses of (+)-lactacystin,'® tandem Stille
reaction'” and so on,'® we thus examined the carbene insertion
reaction of chloride-substituted acetamide 4 with TMSD. Unfor-
tunately, B-silyl-o,B-unsaturated amide was not detected under
the aforementioned optimized reaction conditions using 4a as
a model substrate. To our delight, when KOAc was removed,
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[Pd(Cinnamyl)Cl,], (5 mol %),
Br N Di(1-Ad)-n-butyphosphine (20 mol %),
)\\\ /uz\ t-BuOLi (1.0 equiv), KOAc (1.0 equiv)
| *nws dioxane, 100 °C, 24 h ™S

1.0mmol (3.0 equiv)

[Pd(Cinnamyl)Clz]2 (5 mol %),

Br Di(1-Ad)-n-butyphosphine (20 mol %),
35% (E/Z>99:1)

E‘E t-BuOLi (1.0 equiv), KOAc (1.0 equiv)
*HTOTMS
2% 3x

dioxane, 100 °C, 24 h
1.0 mmol (3.0 equiv)

Scheme 2 The palladium-catalyzed olefination of aryl bromides with
trimethylsilyldiazomethane.

a small amount of 5a was detected. After screening several
parameters such as different Pd sources, bases and solvents
(for details, see the ESIT), we found that a protocol based on
Pd(PPh;), and Cs,CO; in dry dioxane at 100 °C for 24 hours
provided the desired product in 50% yield and excellent E/Z
selectivity (99:1).

We next evaluated the scope and limitations on the
a-chloroacetamide partners using the optimized conditions.
As described in Table 3, compounds 4a and 4b smoothly
participated in the reaction to afford 5a and 5b in 50% and
40% yields with excellent E/Z selectivity (99:1), whereas the
reaction of 4c, 4d, 4e, and 4f resulted in a lower stereoselectivity
(5¢, 5d, 5e, and 5f), suggesting that the steric-hindrance effect
would be crucial for the E/Z stereocontrol. The results show that
variation of the amide by replacing the benzyl moiety with
a phenyl group had significant influence on the course of
the reaction (5g and 5h). Interesting, bulkier dicyclohexyl-
substituted acetamide 4i was also a suitable substrate, giving
the corresponding product 5i in satisfactory yield and excellent
E/Z selectivity. To show the synthetic potential of our developed
catalytic system, a palladium-catalyzed carbene coupling reaction

Table 3 The substrate scope for the palladium-catalyzed olefination of
a-chloroacetamides with trimethylsilyldiazomethane via carbene migratory
insertion

o
R, O N Pd(PPhs)y (5 mol %)
2 5 )
N . Cs:CO; (13 equiv) R )J\/\TMS
R} cl H” "TMS  dioxane, 100 °C, 24 h Rq
4 (3.0 equiv)

@ @%)

5a
50% E/Z>99:1

J
o

5d
43% E/Z>56:44

5c

o X
40% E/Z>99 1 43% E/Z>67:33

(o} (0]
SRRSOt ANy

5e 5f
30% E/Z>50:50 32% E/Z>60:40

o o o
©—N)J\/\TMS ©—NJ\/\TMS O\NJ\/\TMS
| N
T ONT g
40% E/Z>99:1

38% E/Z>99:1
5i
35% E/Z>99:1
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o}
Pd(PPh3)4 (5 mol %)
©/\N)J\o/c' N2 Cs,C03 (1.3 equiv) NMTMS
! —_— T = h
Bn * Hj‘ TMS dioxane, 100 °C, 24 h Bn
2.57 g, 10 mmol (3.0 equiv) 1.23 g, 38% (E/2>99:1)
4a 5a

Scheme 3 Gram-scale synthesis of 5a.

between 4a (o-chloroacetamides) and TMSD was carried out on a
gram scale, furnishing the corresponding product 5a (1.23 g, 38%)
(Scheme 3).

On the basis of our experimental observations and previous
works on related reactions and the DFT calculations on the
conformer energetics of F,"*'* the mechanism was proposed as
shown in Scheme 4. Initially, oxidative addition of 2a/4a gen-
erates the arylpalladium/alkylpalladium species B, which reacts
with one molecule of TMSD to form the palladium carbene
complex C. Then intermediate D was formed by the migratory
insertion of C. 5a would be obtained via B-H elimination of
intermediate D. From intermediate D, the carbene complex E
was afforded through insertion of a second molecule of TMSD,
followed by migratory insertion to give intermediate F. Due to
the steric reasons, the anti-relationship between two TMS
groups will be more favorable in this insertion process. Finally,
the product 3a was obtained through f-silyl-elimination of F
with high stereoselectivity.

In conclusion, we have developed novel and stereospecific
protocols for obtaining (E)-vinyl silanes and (E)-silyl-substituted
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Scheme 4 Plausible mechanistic pathway via carbene migratory insertion
for palladium-catalyzed olefination of aryl/alkyl halides with trimethylsilyl-
diazomethane.
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a,B-unsaturated amides in good yields with a good level of E/Z
stereoselectivities, which would be a worthwhile valuable comple-
ment to the existing methods. These methods turned out to be
convenient, with easily available and inexpensive aryl/alkyl halides
as starting materials. Notably, it is the first example which
shows that two molecules of diazo compounds could be used as
a C2-unit in the palladium-catalyzed olefination of aryl halides,
in which the trimethylsilyldiazomethane (TMSD)-initiated
double carbene migratory insertion was for the first time realized
in this work. In addition, it is possible that the corresponding
vinyl silanes were produced with a possible pathway involving
palladium carbene formation, migratory insertion and finally
B-syn-elimination or reductive elimination. Further investiga-
tion into the application of this protocol is currently underway
in our lab.
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