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ABSTACT
SYNTHETIC AND MECHANISTIC STUDIES ON THE
CROSS-COUPLING REACTIONS CATALYZED BY
RUTHENIUM COMPLEXES

Ruili Gao, B.A.
Marquette University, 2011

Transition metal catalyzed C-H bond activation reaction is a powerful synthetic
method for forming functionalized products directly from unreactive hydrocarbaads, a
has enormous synthetic potentials for developing chemical processes raoging f
petroleum products to pharmaceutical agents. In an attempt to mimic the hégh ste
selectivity and region selectivity of catalytic reactions by itemmsmetal catalysts, recent
research has focused on design and synthesis of transition metal complex and the
application on the coupling reactions involving C-H bond activation.

Herein, we wish to report the highly effective coupling reactions involving C-H
bond activation by using well-defined ruthenium catalysts. Ruthenium hydride@eom
was to found to have high activity and selectivity for hydrosilylation, silyl emelrst
formation and enol esters formation reactions. Throughout the course of the mechanistic
investigation of the reactions, we found compelling evidence for mechanism tidmeac

by spectroscopic, structural techniques and computational (DFT) analysis
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Chapter 1. Introduction

Over the past decades, the quest for the most economic ways to form C-C bonds
has become a matter of increasing importance among both industrial and academic
research units. Catalytically efficient activation of unreactive hids leading to
synthetically useful C-C bond formation is of considerable interest for theicdkieand
pharmaceutical industries and remains a long term challenge for chetwistsld
provide a simple, clean and economic method for making functionalized molecules.
Although there are many studies on the reaction of arenes C-H bonds with thetransiti
metal compounds, transition metal mediated catalytic C-H bond activatidionsdtave
emerged as an attractive method for forming carbon-carbon bonds. In particular
transition metal-catalyzed C-H bond activation and functionalization reacions
nitrogen heterocyclic compounds have attracted considerable attention, in pgart due
their prominent role in the synthesis of natural products and pharmaceutical agents.
Highly regioselective catalytic C-H bond insertion reactions of nitrogem:aming
aromatic compounds, such as pyridines, pyrroles, and indoles, have been reported in
recent years. In this chapter, the literature survey of transition ocatdyzed C-H bond

activation, the formation of enol ester and the silylation reactions will bessied.



1.1 Arene C-H Bond Activation Reactions

1.1.1Photo-initiated C-H Bond Activation Reactions

In 1983, Eisenberg reported the preparation of the completd®)(dppe) (dppe
= 1,2-bis(diphenylphosphino)etharfelnd its photochemical behavior. Irradiation of a
benzene solution of I{CO)(dppe) under CO produced a small amount of
benezaldehyde. Despite the fact that the reaction was not catalytiathbeséhad
stumbled on a system that not only activated arene C-H bonds but also inserted CO to
give a functionalized product. These results were followed by studies amorigomhyc
complexes of Rh(l) and Ir(l) containing the ligand PB4 promote catalytic arene

carbonylation photochemistry (Eq 1).
0

H M)/hv
O =t O
RT (1)

M: RhCI(CO)(PPh3)3, RhH(CO)(PPh3); and
IrCI(CO)(PPh3),

However, the use of a loosely related rhodium complex bearing a stronger
electron donating ligand, such as the BMave better yieldS.In addition to the
expected benezaldehyde, small amounts of biphenyl, benzyl alcohol and benzophenone

also formed. These compounds are presumably secondary products formed from



benezaldehyde. Only biphenyl seems to be a primary product because it is formed

catalytically even under nitrogen (Eq 2).

O™ co B @* OO o @

According to Tanaka et al., the restricted yield of benezaldehyde is notdalg si
to thermodynamic limitation®,but to two other factors. The first arises from secondary
photoreactions of benezaldehyde and the second arises from the decomposition of the
catalyst.

Other transition-metal complexes, including some ruthenium complexessare le
efficient than Rh complexdsThe application of RhCI(CO)(RJR /hv system to
substituted benzene such as toluene, anisole or chlorobenzene gave meta- and
para-subsituted products in a 2/1 statistical ratio.

The mechanism for the full catalytic cycle of the Rh-catalyzed photachem
carbonylation of benzene is shown in Scheme 1.

The most unusual aspect of this cycle is that the primary photo process does not
involve ligand loss. Therefore, the C-H addition step proceeds predominantly via an
associative process. Another striking aspect of the proposed mechanisnais that
secondary photo process, favored by short wavelengths. In addition to the primary

photoprocess which lead to a reactive state of the starting complex.



PhCHO PMe,

CI/"Rh‘ # Cl/'R*h‘\PMe3
0 YCO _~— ) YCO
Me,P Me,P
Ph-H ©
PhCHO
I PMe
~C,, 3
Ph™™""Rh.ico PMe, ey
ot Clr. b wCO oc'.Rhe
3 v “H 7\
" Bme PV PMeg
> PMe;
|
ci—Rn " hv
co MesP ~C-Ph

o}
Scheme 1Mechanism for Arene Carbonylation

1.1.2Non-Chelation-Assisted Arene C-H Bond Activation

Examples of the non-chelation-assisted C-H bond activation are relatixely ra

Fujiwara reported the efficient metalation of aromatic C-H bonds at roopetatare

using a highly electrophilic in situ generated Pd(Il) and Pt(ll) cationic spéti

trifluoroacetic to C-C multiple bonds (Eq 3).

Pd(OAc), (1-5 mol%) H
SRS oY@
TFA, r. t. R

In most cases, the addition of alkynes excursively afforded the

thermodynamically less stahtes-aryl alkene. The intramolecular hydroarylation of C-C

triplet bonds is facile and regiospecific because of the electrophiladatiet of



aromatic C-H bonds by the Pd(Il) cationic species which is assisted ihyhe e
coordination. In fact, this intramolecular reaction combines both chelatioredssint

electrophilic metalation. A possible mechanism has been outline in Scheme 2.

Ar-H
Pd(OAC), TFA  pdo,cCFs1° Ar—PdO,CCF
-H*
Ry H Rim= Re
Ar Rz CF3CO,H
Ri——R;
R, PdO,CCF; 5
— Ar—PdO,CCF,
Ar R2
5 2

Scheme 2Mechanism for the Addition of Alkynes to Alkenes

The proposed mechanism indicates the electrophilic attack of the aromatic C-H
bond by the cationic Pd (Il) species to form comdldallowed by coordination of
alkyne to give comple. A transinsertion of the C-C triple bond to thearyl Pd bond
results in comple®, and the 1 to 1 coupling product would be released from Pd (II) upon

protonation of compleg.

1.1.3Chelation-Assisted Arene C-H Bond Activation



Murai discovered the first example of a chelation-assisted, regioselecti
catalytic C-H bond activation of arene and olefin coupling reacfidhst example,
acetophenone is added to vinyl silane to yield a regioselective alkylated tpabthe

ortho position (Eq 4).

(0] O
:\ RUHZ(CO)(PPh3)3
+ .
©/u\ Si(OED; toluene, 135 °C ) (4)
Si(OEt),

93%

The ruthenium RuK{CO)(PPh); was found to be an effective catalyst for this
reaction. This coupling reaction is easy to carry out, and in many casesdth@rgives
a nearly quantitative yield.

The reaction was extended to various arenes and olefins coupling reactions.
Mechanism studies indicate that the C-H bond cleavage step is not rate-deggrmini
Instead a rapid equilibrium exists prior to the reductive elimination step #ust fe the
C-C bond formation. Murai established that reductive elimination of alkylated praslucts
the turnover-limiting step (Eq 5).

o 0 OSiMe;
C5ME5Rh(CzH35iME3)2
©)k ' SiMes benzene, 120 °C N (5)
! SiMe;

60% 30%

The rhodium bis-olefin complexes {esRh (GH3SiMes),] have been shown to
be effective catalysts for the selective addition of olefin teth& position of aromatic

ketone® The reactions of ketones and vinylsilane take place in benzene & 120



generate the addition of the olefin and the silyl enol ether, and the ratio of thesdgproduc
is around 2 to 1. For these catalytic reactions, a key difference in the mechanmsthef
ruthenium-catalyzed processes is that the carbonyl coordination is presumeleto be t
first step which directs the C-H bond activation todh#&o position of the aromatic
substrate.

From the isotope effects studies, the H/D exchange experiments establibk that t

paraandmetaC-H bonds are not activated in the ruthenium system (Eq 6).

D O DIH O DIH O
D D D H/D D/H
RuH,(CO)(PPh >_<
+ /\ 2( )( 3)3 + " -
(EtO)sSi S D/H /
D D CgDg, 80 °C D ‘i DiH D D/H  HID Si(OEt)3
D o D
D H/D" =" Si(OEt)3 (6)
D/H
57% recovered recovered

These rhodium complexes, on the other hand, are not discriminating in the C-H
bond activation step and activation of all siteti{o, metg para) of the substrate is

observed (Eq 7).

D O D o
D .
CsMegRh(C3HsSiMes), H/D H/D_ DM
+ 2 SiMes S 80°C + —=(
D D 6-'6: H/D D H/D SiMes (7)
D D/H

Murai has established that the C-H bond activation is fast and reversible in the
ruthenium system and the reductive elimination of the alkylated products is the
turnover-limiting step. It is believed that the same feature applies thadaim system

as well, but no conclusive evidence is available concerning this point. In botim syste



chelation of the carbonyl group to the metal center lower in the energy barrier for

reductive elimination leads to form the products.

1.2 C-H Bond Activation of Nitrogen-Containing Compounds

Transition metal-catalyzed C-H bond activation and functionalization reactions
nitrogen heterocyclic compounds have attracted considerable attention, in pgart due
their prominent role in the synthesis of natural products and pharmaceutical agents.
Highly regioselective catalytic C-H bond insertion reactions of nitrogem:aming
aromatic compounds, such as pyridines, pyrroles, and indoles, have been reported in

recent years.

1.2.1C-H Bond Activation of Pyrroles

Pyrrole moieties are important structural elements of many natrglounds of
biological interest and they are important building blocks for forming biologiealiye
family of porphyrins and related nitrogen macrocycles as well agfeing as
precursors for electroactive polymeric materials. Therefore, tamment of an

efficient pathway for the functionalization of these compounds will be impddant



pharmaceutical science, and the development of direct C-H bond functionalization
strategies for the facile generation of compounds with useful molecutateatare
remains high interest to academic and industrial chemists. People arelgdytic
interested in the development of new methods for direct metal catalyzed wexi@éltl
transformation of organic molecular under mild and operationally simple conditions.
Filippini reported an interesting palladium-catalyzed direct arylation-wfdtbalated
pyrrole with bromobenzene in which the nature of the cation had varying effects on

product distribution (Eq 8Y’

Ph
0,
Br ﬂ PdCl,(PPhs) (10 mol %) @\ U
+ N N~ CPh + N + Ph-Ph
. PPh,, 140 °C, NMP | |
M H H
(8)
M=Na, 0% 0% 100%
M=ZnBr 40% 10% 50%
M=2ZnCl 75% 5% 15%

While the use of sodium pyrrole gave the aryl bromide-homocoupled product in
guantitative yield, trans-metalation to a harder pyrrole-1-yl zinc bromide the desired
2-substituted pyrrole in 40% vyield along with some of the 3-substituted @ymnol
dimerized bromobenzene proddttFurther improvement in reaction selectivity was
possible using ZnG| which afforded the desired 2-substituted pyrrole product in 75%

yield with very little of the 3-substituted pyrrole and Ullman coupling byprotfuct.
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Sames reported several alternative procedures for the intermolecukayfatibn
of pyrrole. The first approach uses ArRh(OHR}p-CFPh)], as the catalyst system for

the C-2 arylation oNH-containing pyrrole (Eq 9%’

' p-Tol-Rh-(OPiv),[P(-CF5Ph)s],
@ . (2.5 mol %) o\
N 9)
H

dioxane, 120 °C '}‘
H
81%

C-vinylated pyrroles are important building blocks for forming porphyrins and
related nitrogen macrocycles as well as for serving as precuosquisdtoactive
polymeric materials. Recently Pd catalysts have been found to be pdsticaltaatile in
mediation C-H oxidative coupling reactions of substituted pyrroles, pyridimes
indoles™ where the regioselectivity has often found to be dictated by both the sigric a
electronic nature of the arene substituents. Elizabeth reported an etimiehic
palladium oxidation system for C-H bond functionalization of sensitive molecular under

ambient conditions (Eq 1065.

R

AR ok cat Pd(OAC)
I\ 2 2
Q\/\R [/N\§ AR or O, K

C) mild condition C mild condition (Nj (10)

C2 selective group Z# >R C3 selective group=~ R

This method can be used to directly generate a range of functionalized and

annulated pyrrole architectures and it is possible to control the position of C-H bond
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functionalization via simple steric and electronically tuned N-pyrrole gtiotggroups to
form products with either C2 or C3 elaboration.

For the reaction conditions, they identified that 10 mol % Pd (£iA@ dioxane
—AcOH- DMSO solvent system and tBuOOBz as oxidant provided an effective system
for pyrrole functionalization. They found that N-Bn pyrrole reacted smoottilylvenzyl
acrylate at only 35C to form the alkenylated products. Although it was expected that the
natural reactivity of pyrrole would direct reaction to the C2 position, they wixser
mixture of C2 and C3 isomers with the ratio of 2 to 1. They tried different N-group, and
found that an electron withdrawing N-protecting group would reduce the reactivity of the
pyrrole and yield a more selective process (Eq 11).

CO,Bn

10 mol% Pd(OAC), _
t-BuOOBz
copn + UV { s comn + 4/—§J
N

AcOH, Dioxane, DMSO
35°C ' .
c2 &3

(11)

0-Z

In this reaction, N-Ac, N-Ts(tosyl) and N-Boc pyrrole afforded only the C2
products in good yield under mild conditions. In contrast N-TIPS pyrrole gave only C3
product. The switch in selectivity is attributed to the sterically demandingenat the
TIPS group shields the C2 position from reaction with the palladium catalyshgdne
reactive pyrrole to palladate at C3. So this is a new method for controllingticatal

activation and functionalization of pyrroles under mild conditions.
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They surveyed the catalyst loading and found that the catalyst loading can
reduced to 1 mol %, but the complete conversion takes longer to achieve. The turnover
number (TON) at 60% (96 h) conversion is 55 %, suggesting that the process displays a

high efficiency for palladium (Il) processes.

H H
I R 2 oroduct C3 product
PJOAC p N R
N |\
R, M /_\ N
f \ R3
(/ \> Pd(0) /N\
/\R N ég /R

|

R2

promote natural reactivity
of pyrrole at C2

! \prdoac Pd(ll) /)

[O] block C2 position and
promote reaction at C3 PdOAC

N PdOAC N
' \/ Y ,_/Z U"H Il?
R, \ﬁ 'PdOAC +2 \—/ 3
| [/ \5 N
Rz N R3
I
R

Scheme 3 Stereoelectronic Control Concept: Proposed Mechanism

The catalytic cycle started at the oxidation of Pd (0) complex to geneaate/ee
species Pd (1). In this catalytic cycle, the key step was the pyinsértion to the metal
center and this step is the selectivity-determined step. For the ballpR tie C2
position was blocked and there was strong steric hindrance between theamgiaixc
and pyrrole. So the pyrrole coordinates to the metal center at C3 position. On the other

hand, with less steric hindrance R group, the C2 position was more reactive than C3
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position. Then with the hydrogen elimination and the insertion of alkene, the product was
generated.

Fujiwara reported the pyrroles undergo the addition reaction to C-C triple bond in
the presence of a catalytic amount of Pd(QAw)der very mild conditions, affording

cis-heteroarylakenes in most cases (Eq 12).

Pd(OAC), R H
Ar—H + EtO,C——R >—‘i
HOAc or CH,CI; r.t. Ar CO,Et

Ar—H = Methylfuran, Pyrroles and Indoles
Ar—H |HOAc, r.t. (12)

Me
Ar
Ar COzEt

For pyrrole, 1-meththylpyrrole and 2-methylfuran, the substitution of aromati
C-H bonds occurred at the 2- or 5-position of the arenes, characteristictafpdeic

substitution (Eq 13).

L1 - Et0O,C———R |
N N“ > H
| HOAc rt.,2h \ (13)

H H R

To investigate the possible mechanism of this reaction, they carried out severa
isotope experiments using either DOAc as a solveds-pyrrole as an arene. When the
reaction of pyrrole with ethyl phenylpropiolate was run in the DoAc, D atoms

incorporated into the produdt at a rate of 55% at the 2-vinyl position (Eq 14).
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Pd(OAc), — CO,Et
INI + FEt0O,C—R DOAC rt.2h N~ 7 HID (55%)
0 H Ph (14)
4a
Vinyl-D 55%

On the other hand, D atoms incorporated into the pratuat the rate of 75% at
the 2-viny position when the reactiondafpyrrole with ethyl phenylpropiolate was run
in dichloromethane. This suggested that the Vinyl-D atoms of the product may resul
from the protonation of C by DOAc and DOAc itself may be formed from medalafi

pyrrole C-H by Pd (Il) species (Eq 15).

D D P g
PA(OAC), ] COE
| || + E0,c—R /H
DN DOAC .r.t.2h D™ °N (15)
| D Ph
D 4b
Vinyl-D75%

They also noticed that in these two separate reactions the initial rate of the
reaction of pyrrole with ethyl phenylpropiolate in dichloromethane was thmes fiaster
than that otds-pyrrole with ethyl phenylpropiolate in dichloromethakgkp = 3, which
indicated that the cleavage of the pyrrole C-H bonds is the possible rate-detegrstep

in the present reaction.
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Ar.D

PdoAd *
[PdOAC] DOAG Ar-PdOAC
5
-OAc”
Pd(OAC), EtO,C—=—R
R H(D)
_ DOAC
Ar COzEt
R ' Pd(OAc), EtO,C—=—R
AcOPd—Ar
A’ CO,Et CHO,Et 5

7

Scheme 4 Possible Mechanism for the Addition of Heteroarenes to Alkynoates

Based on this information, they showed a possible mechanism in Scheme 4. The
electrophilic substitution of the aromatic C-H bond by cationic Pd (Il) speceld
result in the formation of asarylpalladium comple% which is followed by
coordination of alkyne to give complé&x Trans-Insertion of C-C trip bonds to e
aryl-Pd bond would afford vinyl-Pd complexgsand upon protonation of compl&x
The 1:1 coupling product would be released from the Pd (1) species.
Recently Zhang reported that the highly regioselective Palladiumyzedal
oxidative coupling reaction of indolizines and vinylarenes via C-H bond cleddge.
this report, they used the 10 mol % Pd(OAwd}ih one equiv. AgCO; as oxidant and 20
mol % ligand to catalyze the coupling reactions of styrene with indolizineg.féted

that the ligands added showed the relationship with the selectivity of the produgiothe
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only the germinal isomer as the product by using 2, 2 -bipyridine, by using®#Hdine
or phenanthroline as ligands, they got the germinal and the (Z)-isomers m{iagr&s)
and the ratio of these two isomers is around 1 tol.

R
F 5 PA(OAC),, 10 molv R
)J\ N / 20 mol% 2,2-bipyrridine N /
A H * g /) Ar \ / (16)
r / 1 equiv Ag,COs, 2 egiuv KOAC,

/
R2 DMF, 100 °C, 24h R,

The Friedel-Crafts reaction has gained substantial synthetic and industrial
significance as an immensely powerful tool to effect C-C bond formationniece
Jorgensen has reported highly enantioselective Friedel-Craftoreacfiaromatic and
heteroaromatic compounds to trifluoropyruvate. He showed that the reactionsotéyrr
with ethyl trifluoropyruvate in the presence of {88u-BOX-Cu(OTf), as the catalyst
show the highly enantioselectivity on the introduction of a chiral
hydroxyl-trifluoromethyl ethyl ester group. Substitution occurred into the Ripo®sn
the pyrrole ring, and the reaction proceed good yield and high enantioseld&iuyity
17)18

o o)
e
Nl\CxlN\,) 10 mol%

0 N~
! Y OH
AN R /Q\LCF:; (17)

2 N Rz :
0°Ctor.t. Et,0 I|?1 CO,Et

Ry
Ry=H, Me ; Ry=H, COMe, yield: 42-80%(83-93%ee)
Four years later, Linden reported these highly enantioselective FGealtt-

alkylations of pyrroles and indoles with the enones by using the same tcatalys
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(s)+-Bu-BOX-Cu(OTf) (Eq 18)'*° Compared with Jorgensen’s results, Linden’s report

shows higher yield and ee value.

0

AN 10 mol% X
o) C B mol7
t-Bu (ng)Z t-Bu / \ (0}
0N + 7= Y N (18)
R L R Y

N X 0°C tor.t. Et,0 R

R

R=H, Me; R'=H, COMe; X, Y = H, CO,R yield: 80-95%(68-97%ee)

Muller also reported the asymmetric Friedel-Crafts alkylationyafotes with

nitroalkenes by using a binuclear zinc catalyst (Ecf19).

Ph pp
Ph N,
Ph O Et "
\/ Z
oy nN'/)
N
I\ «__NO (19)
ALY L g L o,
I
H 4A MS, THF, r.t. Il| R,

R=H, CO,Et, Yield: 52%-92%

R1= Ph, Me, iPr, n-Pr, 2-thiophenyl, cyclohexyl, 4-Me-Ph

For this reaction, various nitroalkenes were reacted with the pyrrole. When
aromatic substitutes were used, in all these cases, excellent enaritiosetewere
obtained, which ranged from 87% for the o-methoxysubstrate to 97% for the tolyl
substituent compound. The position of the methoxy-substituent of compounds did not
affect either the reactivity or the selectivity of the reaction. An anpment of the yield

was observed by using a furanyl substituent.



18

1 eq. ethane

R
{3 )
N NO, Ph = 5N o. Ph
H Ph N / Ph Ri—XNO,
Zn  Zn 1
OWARVAND
N
» o
N
H
R'\/\+
R - N§O
)
N !\ o
\ +N=0 Ph N Ph
Ph N / O, i 0

- Ph Ph | | Ph
PO @ /o Ph \Zn 2
Zn /Zn Is o NS N
) \ \ ¢ o]
‘N 5 N N N
Alkylation

Scheme 5Proposed the Mechanism for the Reaction of Nitroalkenes and Pyrroles

He proposed a mechanism for this type reaction that involves the deprotonating of
pyrrole by Zinc complex accompanied by the formation of one equiv of ethane (Scheme
5). The nitroalkene coordinates to zinc catalyst and undergoes the alkylatibarre
The catalytic cycle closed by a proton exchange with an incoming pyorodéease the
product and reform the active catalyst.

Muller demonstrated the use of the binuclear zinc bis-ProPhenol complex in an

atom economic Friedel-Crafts reaction of unprotected pyrroles with ayafiet
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substituted nitroalkenes to give both mono- and disubstituted pyrroles. The regatiens
excellent stereoselectivities in most cases.

Pedro has reported that the complexes of BINOL-based ligands withBaj{O
catalyze the Friedel-Crafts alkylation reaction of indoles and pymwatesnonchelationg
B-substitutedy, B-enones at room temperature affording the expected products with good

yield and above 95% ee in most case (Eq*20).

OH
(X @)
Br

Ph

o)
Mmoo, S B
N Zr(OtBu), N

CH20|2, r.t. 0

Due to the usefulness on the synthesis, transition- metal catalyzetiadlyla
chemistry continues to draw attention. The allylation reactions can bedcautiby
using allyl carbonate or acetates together with palladium, molybdenum omiridi
Cationic Ru-ally and vinylidene complexes have been successfully utibzeatalysts
for allylation and alkenylation of indoles and pyridine derivatives, respecfively.
Recently Pregosin reported that several Ru(lV) rather than Ru(ll)eallglysts readily
tolerate alcohols as substrates in acetonitrile sol@ti@hey found that the reactions are
fast and highly regioselective allylation of pyrrole compounds by allghalls using

Ru-Sulfonate as the catalyst (Eq 21).
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Cp*l ® PFee 3 4
R
R?  Rpd HiCCN/g, R R* v \R
’ /Z/__\S HsCCN™  NCCHg =2 J \ | + R? N S
2 . . 1
Rli/ + R N -H,0 in MeCN m Ri N R (21)
H
branched (b) linear (1)

In this reaction, Rcan be Ph, 1-naphthyl, mesitgtMeO-CsH4- 0-Me-CgHy-,
0-Cl-CgH4, R?can be Et and Me, Fand R can be H, Me and Et. All the reaction can be
done in almost 5-7 min with high conversions. In most case, the others only got the
branched product, when®Ph, R= Me, R= H, R'= Me, the ratio of I/b= 1/12, R Ph,
R’= Me, R= Et, R'= Me, the ratio is 1 to 22.

Grigg reported the first example of the direct arylation of pyrroles usiethared
aryl iodide under palladium-catalyzed conditions (Eq%22).

Pd(OAc), (10 mol%) ?

o
PPh;, Et;NCI, K,CO4 C\N
i o0 @
= CH3CN, reflux N
I

80%

The utility of this type of cyclization has been applied to the synthesis obtae c
structure of lamellarin as well as a library of potent cyclin-depensé&in@ibitors (Eq

23) .25

NO
R pdPPhy,310mow) [ \ 2

OZN\©/§O KOAc,DMA N (23)
o)

R=H 80%
R=Ac 62%
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An additional example of the power of this methodology was demonstrated by
Trauner during the total synthesis of rhazinif&ntyclization of aryl iodide onto the
pyrrole was carried out using catalytic palladium and Buchwald’s Davéigiaos! to
give the desire rhazinilam precursor. They reported that the introduction of a MOM
protecting group proved necessary to avoid deiodination of the starting material,
presumably via pronation of a stable palladacycle intermediate.

Recently, our group developed a new catalytic coupling reaction between
2,5-disubstituted pyrroles and terminal alkynes which involves multiple C-H bond

activation and cyclization steps (Eq 24).

R R R
R N N N
N o Ru3(CO)12/NH4PFs (10 mol %) Y\ / . \ /] W/
\U/-'- H—"Ar Benzene, 95 OC Ar Ar Ar * Ar (24)
8 9 10

The formation of both 1:1 and 1:2 products suggested that product 1 is resulted

from the cyclization of 1:2 coupling product 2. Through the kinetic studies, we got the
kobs= 2.1x10°h™* The coupling reaction of 1,2,5-trimethylpyrrole with deuterated
4-ethynylanisoled; (2.0 equiv.) in the presence of g0O)/NH4PF; in CsDg shows that
nearly 15% of the deuterium from 4-ethynylanisdiérad exchanged with 35% of the
B-vinyl hydrogen of the unreacted 1,2,5-trimethylpyrrole, prior to the foomaf the
coupling products. The product from this reaction contained deuterium at both the

a-methyl (33%) and vinyl (37%) positions. Also in supported of the rapid H/D exchange
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between the two substrates, a relatively small deuterium isotope effecbgesed from
a separate reaction of 1, 2, 5-trimethylpyrrole with phenylacetylere/atoetylened;
when forming 1:1 coupling products. The pseudo first- order plots for the reaction gave

Kops= 1.65¢<10%htand 1.38102h* which translated int&/kp = 1.2.

\ /A

@
[RIU] Ar
H
)
[Rul
|

R

R

N

N LN E _ \
m/—> \(_Z/ H—Ar \BR/UIG)

N

R R
N N
\ IRLF) \ H——Ar \_/
A e T " " 7
Ru
13 12

|

i ) )
\ / ’RU] \N/
Ar Ar 4’ Arﬁ;
®
Ru| Ar
14

Scheme 6Proposed Mechanism for the Coupling Reaction of Pyrroles and Alkynes

We proposed the mechanism which involving sequential alkyne insertion and

cyclisation steps (Scheme 6).
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The sequential C-H activation and regioselective insertion of alkynes would be
mediated by an electrophilic ruthenium catalyst to form 1:2 coupling pré@ucthe
subsequent ruthenium-mediated vinyl C-H bond activation and cyclization steps should
be facilitated by coordination of the adjacent olefin to ruthenium via the formation of
alkene-hydride specids3. Cyclization and reductive elimination would give the product

14.

1.2.2C-H Bond Activation of pyridine and other Nitrogen Containing Compounds

Direct oxidative functionalization of tertiary amines is important both
enzymatically and synthetically. Propargylic amines are of greatalcautical interest
and are synthetic intermediates for the synthesis of various nitrogen compounbaas wel
carbohydrates. Li has reported an effective CuBr-catalyzed oxide crqdsganff
amines and alkynes via a direct C-H bond alkynylation.

The reaction of N,N-dimethylaniline with phenylacetylene in the presence of a
CuBr Catalyst and tert-butyl hydroperoxide to give the product in 77% isolatie(kig!

25).

@N/ N @ H CuBr (5 mol%) @ /
=1 N
\ \_/ tBUOOH, 100 °C = ) (25)

77% yield
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Sames has developed a new system for catalytic arylation and allemgiati

alkane segments (Eq 26).

= Pd(OAc), (2.5 mol %)
| Nj@ + PhSi(OH)Me, _ CU(OAC)
" MeS DMF, 100 °C

N?@ (26)

e
Theortho-tert-butylaniline substrates and 2-pivaloylpyridine may be arylated and
alkenylated at theert-butyl group, while no functionalization occurred at more reactive
C-H and other bondS. Arylation and alkenylation of these substrates are achieved in the
presence of RPBi(OH)Me and PHCHCHSI(OH)Mewith a catalytic amount of
Pd(OAc) and stoichiometric oxidant Cu(OAg¢h DMF. He hypothesize that the high
selectivity of this system stems from the confluence of directingteffahe Schiff base
and unique reactivity properties of phenyl-palladium acetate species.
The addition of 1, 2-diarylazenes to aliphatic or aromatic internal alkynes in the
presence of catalytic amount of Wilkinson’s catalyst afforded N-(armgi@nmdole

derivatives (Eq 27).

RZ
R, { .
R < > N, + || RhCIPPhy), (2.5 mol %) N Ry OR 2
N Rg \ 3 A\
i-PrOH/ACOH N+ (27)
R Ro N
4
R3

R1, R2 : electron donating, 55-88% R
R1, R2 : electron withdrawing, 6-30% 4
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Isolated yield were in the range of 55-85% for symmetrically substitaénises
with electron-donating substituent. Asymmetrically substituentna&ynd all alkynes

with electron-withdrawing substituent gave yield in the range of 6-30%.

Ei RhCI(PPhs)s
PPh,

|

N
h N

19

[
P
Clov, oy oPPHa PhN,Ph
N MesP” N\
—— =
15 PPhy
Ph
PhP. 'E' N
37, R 7y \N',
‘Rh ‘Ph “ "'Rh_ "“Ph
| e Me,P””
e 3 3 /
H 16

18 N
PhaPs, | N,
_Rh Ph
H” |
cl /

PPH
3 17

Scheme 7Proposed Mechanism for the Formation of N-(arylamino) Indole

The mechanism is believed to be essentially the same as that for the olefin
hydroarylation. Thus, the key steps arthoinetalation of the diazene followed by
insertion of the alkyne into Rh-H bond and reductive elimination to afford the
intermediated 9. This mechanism is substantiated by H NMR experiments. In this

particular case, the kinetic measurements tended to show the rate-detestap is the
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formation of the cyclometalated compl&Xinstead of the usual reductive elimination
step.

Rus (CO)2 has been reported to selectively activateottiieo positions in
pyridine. In a typical reaction, pyridine is employed as a solvent and thereiact
conducted at 158C under 150 psi of C{OConversion of 1-hexene to pyrodyl ketone
mixture results in the high regioselectivity of the reaction (Eq 28). In addition, no othe

pyridine-containing products are observed.

o (e}
Ruz(CO)1» N B
N - N N n-Bu
‘ X 4 /\n-Bu CO (160 psi) dj\/\n_Bu . ‘ b (28)
Z 150 °C =

Murakami has reported the alkenylation reaction of pyridfneleating a cationic

ruthenium vinylidene complex [CpRu(=C=CHR)(RPhPFs in pyridine at 100-1258C
for 24 h affords (E)-2-alkenyl pyridine. Initially, pyridine coordinates to nith@ by
displacement of one of the phosphine ligands. Then, [2+2] heterocycloaddition occurs to
form a four-membered ruthenacyclic complex. Deprotonating gi-throgen affords a
neutralr-azallyl complex. Protonolysis furnishes the product. As a result, a vinylidene
group is inserted into the C-H bond of pyridine. The alkenylation reaction is made
catalytic in ruthenium by using (alkyn-1-yl) silane as the the vinylicenece.

Treatment of (alkyn-1-yl) trimethylsilane with pyridine in the preseof a
cationic ruthenium complex [CpRu(=C=CHR)(RRBhPFs affords the corresponding

(E)-2-alkenylpyrine not only in a good yield but also in a region and steragelect
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manner (Eq 29).

Ph C

N [Ru] 20 mol% AN R
| 7] + Ph—="SiMe, @N Ru= PhP'Ryg “c.
~ 150 °C = PP Tsem (29)

Ph

82%

Ames reported the first intramolecular direct arylation reaction involwniglipe
in the eerily 1980s. In this example, treatment of 2-(2-bromphnoxy) pyridine with
Pd(OAc) and NaCO;afforded the tricyclic compounds in a low 10% vyield (Eq%0).

Pd(OAc), (10 mol%)
©: /O Na,COs, DMA,170 °C o (30)

10% vyield

Due to the pyridine moiety is a key component of pharmacophores, nature
products and synthetic building block. Many groups work on pyridine reactions. Sasson
has reported that the access to 2-arylpyridines via an intermoleculaingdugd been

achieved using palladium on charcoal in the presence of zinc metal in water (£q 31).

| X
0,
O © Pd/C(1-2 mol%) > + Ph—Ph
Zn, H,0, 85-125 °C (31)
X=Cl, Br, |
Yield: 15%-45%

Later, Sames reported that direct and selective catalytic arylatierCeH bond

in pyridine with iodobenzene was achieved in up to 70% vyield (E§°32).
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@ ©/ [Ru] (2 mol%), Cs,CO5 (1.2 eq) | A
~z 7 t-BUOH, 150 °C =
Ph_ ph (32)
HP
PhsP.,, /\\\CO

Ru = Rud  co

':/R\u\CO

CO pph,

Recently, Fagnou reported that the direct arylation reactions of pyridmedss
occur in excellent yield with complete selectivity for the 2-position wittewange of
aryl bromides (Eq 33¥ In these reactions, palladium acetate in combination with

tri-tert-butylphosphine emerged as the optimal metal-ligand combination.

Pd(OAc),, P'Bu-HBF, R
K,COs, PhMe. 110 °C

X
R
X

X
(Y e [ (33)
SN ¥ 2) Pd/C, HCOONH, N X R

|
©0

MeOH, ... P
In contrast to reactions performed with many types of organometallisg, the
reactions are completely insensitive to the presence of water since 5.0 equaterof
added at the reaction outset has no deleterious impact on the reaction outcome. From
these example, they found that these reaction involving pyridine need harsh comditions
over 150°C, and limited to the scope of substrates , and also require the presence of a
direction group or employs N-oxide. Recently, Hiyama reported the C-2 alkienydd
pyridine by mild nickel catalysi¥ Since the enhance reactivity of pyridine-N-oxides
compared with that of parent pyridine, is apparently attributed to an eleghorent
nitrogen that increase the acidity of the C-2 bond, they also reported algiautarated

pyridine species be generated catalytically in situ by the coordinatibe oitrogen to a
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Lewis acid(LA) catalyst (Scheme 9). They have reported a combinationkef aind LA
catalyst allows the direct C-2 alkenylation of pyridine under mild conditionseder,
the single or double insertion of alkynes into the C-2-H bond of pyridine is successfully

controlled by simply changing the LA catalyst.

R1\ X
N — |
[O] E/:L Ry—=""Rs R
eN~ H Ni(0) N'e R3
|
Oe

stoichiometric
Ry
X
E P stoichiometric
N H reductant

R1\/ﬁ\

LA cat —— A

||\ — R2 R3 R1 : H +|_A t

Ne H Ni(0 SNNF “
LA © Rs

Rz
Scheme 8Mechanism for Alkenylation of Pyridine by Mild Nickel Catalysis

In this report, he found that the zinc and aluminum catalysts with mild Lewis

acidity were highly effective for the alkenylation of pyridine (Eq 34).

Ni(cod) , (3 mol %) Pr

P(i-Pr)3 (12 mol %) ~__Pr
X _ LA (6 mol %) B N
| ] *P—=—Pr A 1 P (34)
N toluene, 24h N Pr N Pr
Pr Pr

He also gave the plausible Mechanism for this reaction. The pyridine adtiwat
coordination to a LA would be responsible for the oxidative addition of the C(2)-H bond
to nickel(0) specief0, a plausible initiation step of the present catalysis.
Hydronickelation across the alkyne coordination to the nickel center in tloéi@hire

avoiding a steric repulsion between the bulkier R3 and the pyridyl group in B takes place
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to give22, which upon reductive elimination affords the product in the presence of zinc
LA catalyst path A). The use of AIMg a strong Lewis acid than dioranozincs, or lower
reaction temperature retards the reductive elimination and /or promotesdhd se
insertion of an additional alkyne into either of the C-Ni bond&2ito give23 or 24,

resulting in the formation of the product in theth B.

X S
|N/ |ﬁ/ H * LaNi(0)
Pr | Ry==—Rs
Pr o LA
20
Pr
| X N Pr
N =
N Pr
/ Pr
| X
@
| S | X l}l NiUn
= Pr P OLA
ON N ONiLA g, R R,
o LA 2
LeNi”™ “Pr or PrN / path A 21
R
H%& Pr ’ L=P(i-Pr)
Rs 23 g s
Ro<R3
24 N
path | @_
N” “NiLn H
olA )=
Pr—=—FPr R: Rs

22
Scheme 9Mechanism for Alkenylation of Pyridine by Mild Catalysis

1.3 The Formation of Silyl Enol Ether Involving C-H Bond Activation

Due to silyl enol ethers are widely employed in the organic synthesis as the
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reactive precursors for carbonyl compounds, they are useful in various synthetic
transformations in a varity of regio-, chemo- and stereo- selectivéomest’ Over the

past decades, many methods to generate the enol silyl ethers wetedrepue of the

early and still one of the mostly frequently used route to (E) or (Z)-sibll @hers is the
trapping of ketone or aldehyde enolates generated under the kinetics or
equilibrium—control condition®® And anther mostly used methods are using chlorosilans
with amine as triethyl-amine and amide (as LDA) agent. Although thett®dsework

well, there still remains a need to look the alternative method with improveieedfyc

and can work for an elaborate and practical scale synthesis by genkrss waste.
Recently, Tanable and co-workers reported a new method to generate ¢etheik/

from ketone and aldehydes (Eq 3%).

)O]V j.J\ NaH 5 mol% QTMS
(o]
Ri Ra o NMe(TMS) . ISR
15-60 °C !
0 (35)
R& cHo + NaH 5 mol% OTMS
NMe(TMS) R
3
15-60 °C H

Tanable and the co-workers used NaH to catalyze the reactions under mild
conditions, comparing with the silyl halide method which requires a sliglligus
work-up procedure to remove HX, their neutedction conditions have a practical
advantage of easy isolation of enol silyl ethers.

Due to the convenience and straightforward of the transition-metal catalyze

isomerization of the ally ether, which can generate the silyl enol, étftmeany metal
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complexes have been reported to syntheses the silyl enol €ttiResently, Murai
reported the conversion of alkenes to the enol silyl ether by using the iridibongar
complex?? which involves the reactions of the alkenes with a hydrosilane and carbon
monoxide to yield the enol silyl ether of acylsilans. These reactioresaje thek) and

(2)-products, in the most case, the (E) isomers are the major (Eq 36).

(€O OSIR,

f4 12 _ (36)
RX + HSR co R SiR
3 7 benzene, 140 °C, 48 h 3

Due to the high temperature and the high pressure of carbon monoxide (50 atm at
25°C), the reactions require the high pressure tube and some content, it is unsafe for the
people working with the experiments. Later on Milyaura reported the stézetige

synthesis of the silyl ethers catalyzed by iridium COD complex under tdeconbitions

(Eq 37)%
& [Ir(cod)(PPh,Me),]PF N Ry OSiR; (37)
NS . r(co H>Me), 5 P
RH\/\OS'RS THF, .t 30 min RH\(\OSRs + Rz)\ﬁ

Rs R3 R,

For the less bulky substitutes, the reactions all were carried out the room
temperature and showed the high conversion and the selectivity, but when using more
bulky groups as phenyl ether, the reaction was very slow. These resultsientythe
steric hindrance to the coordination to the iridium center. In the report, theyaaksohg
proposed mechanism for the isomerization reaction. This mechanism involves the

oxidative addition of an allylic C-H bond to the iridium complex to give the ally iridium
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intermediates, and next go through the reductive elimination to afford enol atties. |
mechanism, they also mentioned that the isomerization involves two processest the fi
and selective formation of tHeisomer is the kinetically control process, and then
following is the equilibration to give a mixture of tHe) @nd g) isomers. This process
can be retarded in a solvent that strongly coordinates to the metal center, bte fasy a
in the solvent which have the medium donor strength such gSIC&hd acetone can
favor the formation of the mixture. So they motioned that the formation of the product
was highly dependent on the catalyst, the solvent, reaction time and also thatesbstit
As the important synthetic intermediates, the enol silyl ether can be uded in t
carbon extension reactions. Three carbon chain extensions of the alkynes toigalynetr
define enol silyl ethers requires stoichiometric conversion to a vinyl Halideved by a
heck reaction or to a vinyl organometallic followed by conjugate addition. Rgcentl
Trost reported a simplified protocol to affect a direct catalytic thaglen chain
extension of alkynes tB-enol silane (Eq 3®)y using ally silly ethef?

@_0o
CpRU(CNCH3); PFq

-
TBDMSO™ X A + /\H/\/\OTBDMS

only E EZ= 21

RN + o~ OTBDMS

(38)

Marciniec reported the silylcarbonylation of vinylsilanes catalyzenlitiym

siloxide complexes (Eq 395.
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/\SiRg +HSIR, Ir(cod)(PCy3)(OSiMe3)

co
OSiR'3 (39)
— s ai SR’
R3H28i/\/\SiR'3 + RgSi/_\—OSiR'e, + R3Si
25 26 27

In this reported, the yields of the silylcarbonylation products depends strongly on
the reaction conditions such as the ratio of substrates and pressure of the carbon

monoxide, as well as the loading of the catalyst.

1.4 Alkyne C-H Bond Activation

1.4.1The Formation of Enol Esters from the Coupling Reactions of Alkynes and
Carboxylic Acids

Enol esters are a versatile class of precursors for a variety of syallyeti
important organic transformations such as cycloaddfficmsymmetric hydrogenatidi,
C-C bond coupling® and Aldol- and Mannich-type of condensation reactf6nSince
enol esters can also serve as a synthon for aldehydes and ketones, muchefsgarch
has been devoted to develop efficient catalytic methods to control both regio- and
stereoselectivity in forming substituted enol esters. From an industrial pereps

increasing synthetic efficiency and tolerating functional groups asawétir reducing
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waste byproducts, catalytic methods for producing enol esters are highlyldesire
compared to the classical methods that utilize stoichiometric amounts of sasmgr
toxic Hg salts® Recently Zhang reported the synthesis of enol esters by using gold

complexes as catalyst (Eq 48).

0 Ry o)
)J\ )\/ AuCI(PPh;)/AgCIO, I
Ry™ 07 X O (40)
N T™S i
Dry CH,Cl,, 'PrOH, r.t. 2 h R M

Later on the same author reported the homogeneous oxidative C-O bond

formation by using the different gold catalyst (Eq Z1).

Ph;AuNTf, 5 mol%, selectfluor 1.5 eq Oo. _R
RJ\O [ nPr e (41
A CH3CN/H,0=500/1, 80 °C

nPr o
Qian recently reported that the cycloetherification of hydroxyl propiarggters

by using the Au(l) and Pt (Il) complexes (Eq 4%).

%Ri OH Ry
0™>o [CoH4PtClol, 2.5 mol % O)\/OK/CO (42)
N
R2 ; r.t R2

There are also some other examples on the catalytic synthesis of erso$esie
as Zr-catalyzed methyl alumination of alkyriésAu-catalyzed intramolecular
rearrangements of propargylic esters and alcoh@si-catalyzed oxidative esterification
of aldehydes witi-dicarbonyl compound®, and asymmetric couplings of ketenes with

aldehydes by chiral Fe catalysfs.
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Transition metal-catalyzed alkyne-to-carboxylic acid coupling reactffers an
attractive route to enol esters, there has also been a large amount of worldxfittbas
of carboxylic acids to alkynes to form enolesters. the first reportideggthis reaction
dates back to 1983 by Youval Shvfdn this report, Rg(CO).wasused to catalyze the
coupling reaction of aliphatic and aromatic carboxylic acid to di- and mono-sidxdti
acetylene and they got the anti-markovnikBva(idZ) and Markovnikov product by 10

examples with 40% - 95% conversion (Eq 43).

)O]\ Ru3(CO)12
R —
RO YoH M Toluene, 145°C, 20 h
0
0] )]\ 0o 43)
o rooy L A
2
E z

anti-Markovnikov Markovnikov

£>° and

Later on the process has been developed by Mist§uBixneu
Verpoort® although other groups have been and still involved in this field. But its
synthetic potential has not been fully realized in part because the cataytiod
typically produces a mixture gem and E)/(Z)-enol ester products. Considerable
research has been devoted to control both regio- and stereoselectivity in ferenempk
ester products by modulating steric and electronic nature of the metgbtsatal

Generally, late transition metal catalysts have been found to be effiectie coupling

reaction to produce a mixture @&)(- and Z)-enol esters fromanti-Markovnikov
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addition of carboxylic acids to terminal alkynes ogemenol ester producfs. The
regioselectivity of the Markovnikov addition has been significantly increasedny ais
variety of ruthenium precursors such asHg,Ru, (arene)RuG(PRs).%*> Mistsudo use

bis (GHs) ruthenium (PBg) as the catalyst, and they found that for the linear alkynes
such as 1-hexyne and 1-pentyne the reactions showed high selectivityrkovMiaov

addition to give thgemenol esters. For other substitute alkynes such as phenylacetylene
addition of acetic acid gave of Markovnikov and anti-Markovnikov products and yields

were around 55 % (Eq 4%.

0]

0] 0

(COD),Ru/PBuU, o o .

)J\ + R—— R (0] R' + /\JR 44

R™ "OH Toluene, 80 °C, 5-24 hrs R . © ( )
Major Minor

Mitsudo used the bisC{Hs) ruthenium-P (n-Bgjto generate the geminal product
as the major. Other groups are still working on this type reaction to gegioselective
formation ofgemenol esters by using a variety of metals complexes such as mergury (Il
silver (1), rhodium I) and palladium (II). And the regioselective formatiogenfrenol
esters has recently been achieved by using cationic Rh cafalB&sichini and Dixneuf
got the regioselective formation of 2-(benzoyloxy) propene from the addition afibenz
acid to propyne in the presence of the trigonal- bipyramidal Rh(l) monohydrides
(PPh)sRhH and (NB)sRhH and they were the first group showed the mechanism study

on this reaction (Eq 45).
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)OJ\ s ho— _(PPhgsRH 1 mmol%
OH ® 7 Toluene, 100°C4 h

Ph

H OCOPh Me  OCOPh H  OCOPh (45)
+ — + —
H Me H H Meé H
G : z ©E
94% 3% 3%

The proposed catalysis cycle for the coupling reaction of carboxylic agtid an
alkynes was given by Dixneuf (Scheme 10). Firstly, the rhodium (l11)dditlg complex
was detected by NMR by the reaction of rhodium phosphine complex with the catboxyli
acid at the room temperatures. Dixneuf assumed this was the starting point of the
catalysis cycle, and the 16- electron systems [(L)®hp the real catalyst. And then by
using rhodium (111) dihydride compound to react with alkyne they detected.thg the
GC and get the Rh(l) alkenyl complex that may form upon nucleophilic attact by
carboxylate at alkeyne. This Rh(l) alkenyl complex is ready to be protbagatee metal
by a second molecule of carboxylic acid. Then with the elimination this cycleagese
the geminal product and the 16-electron fragment [(L)Rig regenerated and the
catalysis cycle can continue.

Among these methods all showed high regioselectivity for the Markovnikditian to
form thegemenol esters, but no general preparation of alk-1-en-1-yl esterspanading to an

anti-Markovnikov addition of the carboxylic acid to the triple bond was digealve



39

X p i | ) RCO
] RCO,H POH o dp .
HpP—RH 2 RIS, =———= PRy ’
H P H-H
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.
gl
P.1_H R P
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RCOH H I

Scheme 10Proposed Mechanism for the Reaction of Carboxylic Acid and Alkynes

Doherty tried to control the selectivity for the formation of the anti-Markamni
addition product by changing the ligands of the ruthenium complexes, although they
could get the (Z)-isomers as the major, they still got mixtures of three pso@ucheuf
and co-workers work on the formation of enol ester reaction since*1888; got three
mixtures at their first report on this type reaction, and later on they foouast study
on the regioselectivity of the this type reaction in presence of rutheniupleoas by
changing the ligands. Recently they showed the relationship between isteonment

of the ruthenium-phosphine catalysts and the stereoselective formation HF#me|
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ester$” They reported that modification of the active ruthenium (l1) center by
coordination of a chelating diphosphine and labile allylic ligands in complexes
(PhP(CH,).PPh)Ru(methallyl} provides suitable catalyst precursors for the
anti-Markovnikov addition of carboxylic acid to terminal alkynes to stereoselctivi
afford (2)-alk-1-en-yl esters.

This ruthenium compoun2B8was usedo demonstrate the mechanism of this
reaction (Scheme 11). In presence of carboxylic acid at the reaction atuneea ligand
exchange took place from the ruthenium com@@&xsand gave the new ruthenium
complex29. The addition of benzoic acid to hexyne, carried out 806%r 3 hours in
the presence of 1 mol % of compowzftlas catalyst precursor, led to a complete
conversion of the starting materials and formation of (Z)-hex-1-en-1-ybésnm 97%
selectivity. Moreover this comple29 was recovered at the end of the reaction and thus
appeared to be the actual catalyst precursor or the catalyst itssfl Bn these
observations, they proposed that the first step is the ligand substitution of ttee allyli
group by the carboxylates with elimination of isobutene to produce comf@8xas
rearrangement of the carboxylate to get comp@would make possible the

coordination of the alkyne to give intermedidte
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R

CP\Ruiﬁ/ 2RCO,H CP\ R(Eig I P\Rufo_ﬂo
p R —~ "o o
*(R A
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=R
(0]
O/IJ\R H
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Scheme 11Proposed Mechanism for the Coupling Reaction of Carboxylic Acid
and Alkynes by Ruthenium Complex

From this intermediate, several resonance fotib &nd31¢ and the vinylidene
tautomer3lacan be postulated, depending on the ancillary bidentate ligands. The
external addition of the carboxylate to the electrophilically actived C (theadlkyne
might then take place to form the intermed@2eOn subsequent protonolysis of the

Ru-C bond, or protonation of the ruthenium center followed by reductive elimination, the
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alkyl ester is liberated. The regioselectivity of the reaction mpgrmtkon the electron
deficiency of the coordinated triple bond. Its polarization accordidd bavith a positive
charge at the unsubstituted carbon atom of the alkyne due to electrong efffibet
diphosphine ligand, or the formation of the tautomeric ruthenium —vinylidene complex
32, easily formed from a terminal alkyne and ruthenium complex, would favor the
addition of the carboxylate at the electrophilic of C (1) of the terminal alkyumne t®the
steric interactions between the diphosphine ligands and the substituted the formation of
(2)-isomers suggested a ruthenium intermediated of3gp@hich on protonation would
lead to a formal trans- addition of carboxylic acid to the terminal alkymsvisvith

catalyst28 (Eq 46)%°

O R
Cp*Ru(COD)CI 9
2 R—==—H + RCOH —PRUCODICI 5 moi% R-)J\O)\/\VR (46)

dioxane, r.t.

This reaction is proposed to proceed via metallacyclopentadiene intern@diate
Protonation of ruthenium compl@8 followed by addition of the carboxylate produces
ruthenacyclopentert.

A &-hydrogen elimination of Ha followed by a reductive elimination reledmes t
1,3-diene product and regenerates the active ruthenium ca8dydtgr example, aryl
alkyneand acetic acid combine to form 1,3-dienyl este€85% yield. Another potential
mechanism for this reaction involves thansaddition of a carboxylic acid catalyzed by

ruthenium to generate a vinyl ruthenium which genermEtssarbometalation of another



alkyne.

R [Ru”

33

+

HsCCO,., IRu] o
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/K 2+R
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Scheme 12Proposed Mechanism for the Formation of Dienyl Esters

Both intra- and intermolecular versions of the catalytic alkyne-to-carizoxyl

coupling methods have been successfully applied to the synthesis of complex organic

molecules’ Burton and the co-workers reported that the reaction of

difluoro-3-iodoacrylic acid with a variety of the terminal acetylenes ucdeatalysis of

PdCL(PPh) and Cul gave difluoroinated 2- pyrones as the sole product in good yields

(Eq 47) °®

PdCl,(PPh3), 2 mol%, Cul 5 mol%

Et;N (4 eq), CHyCN, r.t. 12-24 h

F
XN F
I @7)

R® 'O" O

6 examples, 43-71%
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Despite considerable synthetic and mechanistic progress, however, neither the
nature of reactive intermediate species nor controlling factors for thetiomadigen

vs (E)/(2)-enol esters has been clearly established.

1.4.2The Hydrosilylation of Alkynes

Vinylsilanes are very useful intermediates in organic syntfigdisey have
emerged as versatile building blocks. Because of their low toxicity, low cgkt, hi
stability, and innocuous byproduct vinylsilanes play a growing role in thbesis and
particularly in metal-catalyzed cross-coupling reacti@nginylsilanes are very useful as
acceptors in conjugate addition reacti6has masked ketones through Tamao-Fleming
oxidation/? and as terminators for cation cyclizatidisThey can be readily carried
through many synthetic operations. Over the past decades, many groups arg amorkin
the routes to syntheses vinylsilanes, and among the most straightforward and
atom-economical method to assemble vinylsilanes is transition metblzeat
hydrosilylation of alkynes. This method started at the addition to the alkynes by both
carbon monoxide and trialkylsilanes in the manner depicted in Eq 48.

Catalyst R
R—=—H + CO + R3SH — > =\ (48)
OHC  SiR%
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The original discovery of “silylcarbonylation” by Mufaiusing Ce(CO) found
olefin conversion to silyl enol ethers of the homologous aldehydes as the sole
carbonylation products. The same outcome has been reported for enaminesdataly
[RhCI(CO)], and for the terminal alkenes catalyzed by(R®).,and (PBP);RhCI.”
Andlater on Matsuda and Ojirffaindependently reported the silycarbonylation of
alkynes catalyzed by R{CO),, or Rh-Co mixed metal carbonyl clusters. In contrast
silylcarbonylation reactions catalyzed by,R20),, or Rh-Co mixed metal carbonyl
clusters yield the carbon-centered silane exclusively, and with teratikyales these
transformations generally occur under mild conditions with a high degree otoagiol.
There are many reports on the intramolecular version and intermolecular
silylcarbonylation reactions. Recently Trost reported the intramolequdiar-aig
hydrosilylation catalyzed by rutheniufh.For the intramolecular hydrosilylation, there
are two major pathways (Eq 49), one is catalyzed by the platinum compounds &iegener
the (E)-vinylsilanes, the other one is catalyzed by the ruthenium comptegesdrate

the (Z)-vinylsilanes.

Si—/
path a: Pt catalyst o
\o_H
SIC / (E)
o N _ Ny (49)
K/ ———___ path b Ru catalyst /\S'j)
o

)

Trost and the co-workers show some details on the pathway in this report, they
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extend the scope of the reactions by using function substitutes such as the alahol, est
and ether. Moreover, all these reactions show the high selectivity on theidorofaf)
isomer and good yields. For the intermolecular silylcarbonylation reactiens, t
hydrosilylation of alkynes is still the simplest and most straightfarwagthod for their
preparation. The main difficulty with this transformation is control of the stewsd
regiochemistry of the alkenesilane. Generally, these type reachimgsagenerate the

mixture (Eq 50).

. catalyst R H H H R3S H
R—=—H + RaSH % (' . =, = (50)
H SR; R  SiR; R H

Although radical and Lewis acif induced procedures have been reported, the
transition-metal-catalyzed reaction continues to play a dominant roleisproeeeds in
a stereoselective manner. Recently Alami reported platinum oxidgzssdal
hydrosilylation of unsymmetrical internal aryl alkynes unalgno-substituent
regiocontrol (Eq 51§°

0 R
< > — R, + Et,SH Pt complex (5 mol %) P 1 . R, R, (51)
CH,Cl,, 60°C, 1h H i _
) SiEty H
SiEt, H

H

Alami and co-workers compared the reactivity of the catalys Rith Speier’s
catalyst (HPtCk) in hydrosilanes of terminal alkynes, and they found that these two
platinum complexes show the good reactivity for hydrosilylation of telnalkgnes, and

in most case Pt{shows better reactivity and higher selectivity onsthgomer and
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B-isomer than Speier’s catalystAMCk). They tried to control the selectivity on one
isomer by modifying the reactions conditions, but they still get the mixtureshendlid
not give the explanation on the factor of the formation of the mixtures. Later on$arko
and Folch®improved the selectivity op-hydrosilylation isomers by using platinum
complexes as catalyst. Marko used platinum complex with bulky ligand to get khe hig
selectivity on the3-(Z) isomers (Eq 52).

H  SiRs RsSi H

) 5 mol% Pt complex o _
Ri—==—R, * HSRs “rprs00c 30min = - )= 62
Ri Ry Ri Rg

Floch focused on improving the selectivity on fagE) isomers by using

platinum (0) phosphine complex as the catalyst (Eq 53).

5 mol% Pt complex/PPh; EtsSi
+
THF,60 °C, 5min R> Et;Si

R

— + Et;SiH (53)

The reactions of terminal alkynes and triethylsilane generate theilamgs in
mild conditions in about 5 min. These reactions gen@&E) isomers and-isomer.
Floch found the ratio of these two isomers shows the dependence on the alkynes. When
using less bulky substitutes as linear alkynes the reactions show the biglvisglon
thep-(E) isomers, and the ratio ff(E) isomer toa-isomer is about 99/1. The ratio of
these compounds decreased by using the bulky substituents, for example the reaction t

phenyl acetylene with triethylsilane generates the mixtupe(&) isomer andi-isomer,
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the ratio of them is around 80/20, but they did not mention the details on the mechanism
of these reactions.

Ruthenium complexes are also good catalysts for the hydrosilylation oealkyn
and alkenes. In 1986 Muri reported the single-operation synthesis of vinylsilames fr

alkenes and hydrosilanes with the aid of ruthenium carbonyl complex (Eg 54).

“ Ru,(CO),, (5 mol %) ©/\/S|Et3+ (54)
©/\ * Et3SH  phanzene, 60-100 °C, 24 h

The reaction of excess amount of styrene with triethylsilane gives the

transvinylsilane and one equiv. ethylbenzene as by product. At high temperatsire, thi
reaction also generates some amount of alkylsilanes. These reactions shigl the
limitation on the alkenes, Muri found that, only the terminal alkenes can show the
reactivity and generate the products but some substituents need high tempeatgure.
on, many groups had been working on the synthesis of vinylsilane by hydrasilydéti
alkynes and alkenes, but most of them focused on the selectivity for themsaxtti
alkynes and hydrosilanes. Recently, Chang reported the highly stectwsedad

efficient hydrosilylation of terminal alkynes catalyzed by [R(Gcymene)] (Eq 55)%°

Ry Rz R, OSIR, (55)

[Ir(cod)(PPh,Me),]PF.
R1)\(\OSiR3 22T 6 R1)\K\OSR3 + R )\%
THF, r.t., 30 min 2

Rs Rs Rs

Under mild conditions, the reactions of terminal alkynes with hydrosilane favor t

generate theZ)-vinylsilanes and give high yields. However, when Chang uses some
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function substitutes such as the hydroxyl groups, the reactions lose the $g|e¢lgyi
geta-isomer ang-(Z) isomer as the mixture and the ratio of them changes with the
different substitutes, in this report, they did not mention the factor of these rasdltso
mechanistic details were given by them.

Later on Ball reported the Markovnikov alkyne hydrosilylation catalyzetth&y
ruthenium cationic complexe¥’ they reported that the reactions of alkynes with
hydrosilanes were smoothly converted in 30 min at ambient temperature to thetheanc
(1,1-distubstituted) vinylsilane in good yields without detectable formation of
(1,2-disubstituted) products with only 1 mol % of CpRu(Me&£ Ry A variety of
terminal alkynes proved amenable to the reaction, including those with sulbstznita
bulky groups. The reaction is tolerant to a wide range of functional groups, incaling
halides, alkenes, esters, free alcohol, protected amines and even free agoakyl
Overall good yield and good regioselectivity are maintained through a wige ofn
substrates in this report. The details on the mechanism for this reaction havenot bee

discussed (Eq 56).
Ry Ra R, OSIR, (56)

~ [Ir(cod)(PPh,Me),]PFg¢ )\(\ )\)
R )\/\ OSIR R{™ Y7 OSRs + 7
1 ™3 T THF, r1, 30 min ! PR

R3 R3 R3

Yamamoto also reported hydrosilylation of the terminal alkynes by using the
Cp RuHs(PPh), they observed the similar results as Ball's: the reactions of terminal

alkynes with hydrosilane generate the germinal vinylsilane asn#j@ product with
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some amount ofZ4+E) isomers. The ratio of these products can be 99/1-89/11 (£ 57).

Cp*RuHg(PPhy) _ClMeSi __R (57)

R—= + MeCl,SiH + ~ /=
toluene,80 °C, 24 h R Cl,MeSi * R SiMeCl,

On the basis of these the NMR observation of the stoichmetric mixture of
complex38 and HSiMeC]for liberation of hydrogen, a plausible catalytic loop of the
present hydrosilylation of terminal alkyne is depicted as Scheme 13, wibdreyt
intermediate89 would originate from the precursythe hydrosilane, and the substrate
alkyne. Thus they assume that a key step may involve the silylruthenation, probably i
manner syn to the coordinated alkyne to form eiphgityated alkenylrutheniumO or
41. And the intermediaté0 would be sterically less demanding and constitutes the major
loop, while B’ may be more congested due to an additional steric repulsion between the

ruthenium center and the substituent R, becoming the minor one.
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Cp*RuH,(PPhs)
38
HSiX;
2H,
SiX
R— R__J3
R
X3S| k/ HSiX,
L- Ru SIX3 R—
HS|X3
Cp*
L-Ru-L
R SiXs
L— Ru |_ SiXs Cp* =
L-Ru-L SiXs < 42
40R
R a1

Scheme 13Proposed Mechanism of the Hydrosilylation of Alkynes

They also did the study on the ligands of the ruthenium, and fond that the
presence of a bulk Cp* ligand and R@y the ruthenium center in complg3would
help silyruthenation proceed highly regioselectivity in favot@father thart 1.
Moreover, this can give the explanation the ratio of the germinatianthylsilane
products.

Although Yamamoto and the co-workers give some details on the mechanism for
the hydrosilylation of alkynes, there are still something unclear ferdaiction. Up to

now, the better catalyst for mechanistic study on the hydrosilylation ofeskgrithe
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rhenium complexes. There are four types proposed mechanism for the hydrosilylati
reactions catalyzed by rhenium complexes in Scheme 14 was proposed Hyliraze
the catalytic cycle starts at the addition of terminal alkynes to thei Rbmplex to give
the complex43, and with another equiv. HSi#toming, there are two path ways, one is
going through the elimination to generate the trans product, due to the stediat conf
between the silyl group and alkynes this way should favor if there is some bulky
substitutes. The other one is the formation ofcieg@roduct througifg-hydride

elimination of the 1- EBi-hexyl-Rh(SIE$) speciesl5, but there are some problems on
this scheme. This step should not favorable since there is a steric conflictioétere
silyl and the butyl groups in the transition state, and it is unreasonable to assutime that
sterically more demandirtgans product selectively substituents ttise product from the
intermediate}6. Overall, it is against thermodynamics to assume isomerization of the

more stablérans product to the less staldes product.
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_ exclusive n-Bu H
n-Bu-C=CH cis- addition >—<

. H  [Rh]-SiEt
H+{RhSiEt, ®

HSIEt, HIRh]—SiEt,

nBu _ H -~ nBu H
| SIEt. i
H SiEt
3 Bu SE% 3
trans
HSV \<
Bu SIEt3

nBu SlEt |
H Rh _ H
H 45 [ \S]iEts elimination H™ Rh‘SIEt
46

Scheme 14Proposed Mechanism of the Hydrosilylation of Alkynes by Rhodium
Complexes

Nile improved this mechanism (Scheme® 5ihe first step of the catalytic cycle
is the addition of rhenium silane complex to generatéréims intermediated!7,and then
the same way to get theans product. For the formation of tlegs product, he proposed
the rotation of the single bond in the zwitterionic carbene intermediated e dlg
cis-1-pente-nyl-Rh-(Sig complex48 and then go through the elimination to generate
thecis product, but the intermediated comp#is sterically much more hindered, so it
is unflavored, and the n-propyl group would destabilize the negative charge deyelopin
on C-2 of VII, so we can see clearly, this mechanism can’t explain the formatioa of t

cis product.



n-Pr-C=CH  + H—[Rh]—SiEt,

-
Vo

H  [Rh]-SiEt,

47
ktrans
[ RhJ
nPr. H
H  SiEt,

) "
S o K| EL,Si—Rh  Prn
DC
H Pr-n K", H H

49
48
I(cis
[ Rh]
nPr. SiEt,
H H
cis

Scheme 15Nile’s Proposed Mechanism of the Hydrosilylation of Alkynes
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Later on, Ojima proposed a different mechanistic c§fthhich can explain the

formation of thecis product.
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R'CECH + H—[Rh]—SiH,R,

Si-shift
H 6 ]
Rsi. R K H-RO " giR K" H=RN
3 . ! \\/ ; :@ 3 i —
-— R 1 .
. . R SiR
H R K, R H K., 52~ °
50 51
HSIR, -
kHt HS|R3> .,
rans k .
. cis
H—[Rh]—SiR; H—[Rh]—SiR,
H SR, R\ SiR,
R H H H
trans cis

Scheme 160jima’s Proposed Mechanism of the Hydrosilylation of Alkynes

The proposed mechanism starts at the insertion of an alkyne into the
silicon-rhodium bond in the first place to form the (2)-I-silyl-I-alkeniZR
intermediateb0, instead of the previously proposed insertion into the hydrogen-rhodium,
this is one of the most important steps in the whole mechanism. The internd@dtais
formed suffers from serious steric hindrance between the silyl group and the rhodium
moiety, which are both bulky. Thus) undergoes isomerization to the sterically more
favorable (E)-I-silyl-1-alken-2-yl-Rh complex (X) via the zwitteriomiarbene complex
51, which is somewhat similar to the one proposed by Nile, but the silyl group is at C-1,
to the rhodium. By the oxidative addition of another molecule of another molecule of the

hydrosilane and reductive elimination, the reaction generatesstheduct. The
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formation oftransandcis product depends on the knd K' yans If the oxidative addition

of another molecular of the hydrosilanestbis much faster than the isomerization, the
trans product should be formed selectively. So this mechanism can explain the factor of
the formation of theis andtransisomers and furthermore, the reaction with the
hydrosilanes bearing electron-withdrawing substituents should be not gigesan

products arising from the isomerizationsfifto 52.
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Chapter 2. Regioselective Formation oti-Vinylpyrroles from the
Ruthenium-Catalyzed Cross Coupling Reaction of Pyrroles and Terminal
Alkynes Involving C-H Bond Activation

C-vinylated pyrroles and indoles are not only important building blocks in
formation of biologically active porphyrins and related nitrogen macrociciealso
serve as precursors of electroactive polymeric matéfiafdlylation and alkenylation of
such indoles and pyridine derivatives have been achieved by using cationiclRudlly
-vinylidene catalysts, respectively.Pd-catalyzed direct oxidative arylation of indoles
and quinolineN-oxides have also been achieved by using Pd catdly&espite such
remarkable progress, regio- and stero-controlled vinylation stillinsnas a major
problem in the catalytic C-H alkenylation methods. Lackisfandgemselective
vinylation methodfransselective product is formed in most cases. While exploring the
scope of the catalytic coupling reactions involving C—H bond activation, here weaeport
method promoting highly regioselective formation of a-vinylpyrroles from

ruthenium-catalyzed cross coupling reaction of pyrroles and terminal alynes

2.1 Results and Discussion

The initial activity studies showed the cationic ruthenium catalyst
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Ru(CO)o/NH4PFR; was effective for the regioselective intermolecular coupling @acti

of pyrroles and terminal alkynes to gixevinylpyrroles (Eq 58).

R R
| |
N RU3(CO);p /NH,PFg (3.3 mol%) N (58)
;\ // * <:> OCHs ° - : \ OCH3

Benzene, 95 °C, 8-15 hrs

Yield: 70-99%

The treatment of methyl pyrrole (143 mg, 1 mmol) with excess 4-ethysglani
(2 mmol) in the presence of KEO),/NH4PFR; (3.3 mol %) in benzene at 96 for 12
hours cleanly produced 1:1 ratio produgipsition) almost exclusively (99% vyield
achieved).

When R=Ph, the yield is 83%, and the following are the characterized data.

SpinWorks 2.5: STANDARD 1H OBSERVE - profile

Figure 1.*"H NMR Spectroscopy for complé3c



59

In the'H NMR (Acetoneds, 400 MHz), the singlet peak &B.71ppm is assigned
to the 3H of OE®ls. The peaks at 5.34 ppm and 5.03 ppm respond the two vinyl proton,
they are showed as doublets, and their coupling constant are thelsamhé {Hz). The
peaks ab 6.26 ppm are from the twzhydrogens, and the peakdab.98 ppm belongs to
the other-position, the other peaks are from the aromatic H.

Needle-like crystals of Compoui@cformed after slow evaporation of a sample
dissolved in CHCI,/n-hexane mixture. X-ray crystallography shows that it

a-vinylpyrroles (Figure 2) and its C(2A)-C(3A) bond length is 1.4815 A.

Figure 2. X-ray Crystal Structure d&3c

2.2 Scope of the Coupling Reactions of Pyrroles with Terminal Alkynes

2.2.1Catalyst Survey
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In order to find the best condition for this coupling reaction, we used the reaction
of N-methyl pyrrole (143 mg, 1 mmol) with 4-ethynylanisole (2 mmol) tottesactivity
of ruthenium complexes (10 mol %). The amount of the coupling product was determined
by GC/MS. This catalyst activity survey showed thag(R@®)./NH4PFs (1:3 molar
ratio) has the highest activity in this coupling reaction among selectediwthe
complexes (Table 1).

Rus(CO)o/NH4PR and Ry(CO)/HBF,OEtL showed high yield while R{CO),»
alone produced only 30% coupling product. Other common ruthenium complexes such as
RuH,;(PPh)4, RUHCI(CO)(PCy).and RuC} 3H,O showed no activity to the coupling
reaction under similar reaction conditions. Although(R®),,/HBF,OEt shows similar
yield of coupling products as the 80)/NH4PF;, we chose RCO)/NH4PFs as the

catalyst for this coupling reactions, since HBEL is liquid and not easy to handle.
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Table 1.Catalyst Activity Survey for Coupling Reaction of Pyrroles with Alkynes

CH, CHz
N H— ( ) oCH [Ru] (10 mol%) N
+ p—
U s Benzene, 95 °C, 12hrs \_/ OCH,
Ent
i Catalyst Additive yield(%)°
1
None None 0
2 Rus(CO), None 30
3 RU3(CO)12 NH4PF6 >99
96
4 Ru;(CO),. HBF,OFEt,
5 RuC133H20 None O
6 (PCy3),(CO)RuHCI None 0
7 (PCy;),(CO)RUHCI HBF,OEt, 0
8 (PCy3),(CO)RuHCI NH,PF, 0
9 (PPh})}(CO)RUHZ None 0
10 (PPh3);RuCl, None 0
11 (PPh;);RuHCI None 0
12 [RUCIZ (C()D)]X None 0
® S
13 (PCy3)2(CH3CN)2(CO)Ru H BF4 None 0

#Reaction condition: 0.1 mmol of methyl pyrrole, 0.2 mmol 4-ethynylanisole, [Ru]
10 mol %, benzene 2 mL, 96, 12 h GC yields based on N-methylpyrrole.
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2.2.2Solvent Effects

A variety of solvents was tested to optimize the reaction condition. Methyl
pyrrole (0.1 mmol) was reacted with 4-ethynylanisole (0.2 mmol) in treepee of 3.3
mol % Ry(CO)/NH4PF; (1:3 molar ratio) and the yield of the product was determined
by GC-MS. It was found that the nature of the solvent affects reactioieetiyc
significantly. Benzene was found to be the best among the tested solvents. Totlene a
dichloromethane also showed respectable yield, but with some byproducts n@ogdi

solvents such as THF, MeCN showed low conversion in this reaction.

Table 2. Solvent Effect Survey on Coupling Reaction of Pyrroles with Alkynes

entry solvent yield(%)’
1 benzene >09

2 CH,Cl, 95

3 Toluene 90

4 THF 20

5 MeOH 20

6 MeCN 5

@ Reaction condition: 0.1 mmol of methyl pyrrole, 0.2 mmol 4-ethynylanisole, 10 mol %,
Rug(CO)12 INH4PFs (3.3 mol %) (1:3 molar ratio); 2 mL solvent; 85; 12 hPGc yields
based on N-methyl pyrrole.
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2.2.3Reaction Scope

To demonstrate the synthetic utility of the catalys§(R®)2/NH4PFs (1:3 molar
ratio), we explored the scope of this coupling reaction (Table 3). All of treltest
reactions yielded only one to one coupling product and alkyne-trimer as bypnabiuc
also performed the survey on coupling reactions of different N-pyrrole atéss{0.1
mmol) with 4-Ethynylanisole (0.2 mmol) in the presence of 3.3 mol ¥{&D),,

INH4PF; (1:3 molar ratio). Results showed that existence of an electron donating group
(EDG) in an N-pyrrole would promote the reaction. For those with electitbdnawing
group (EWG) at N-prroles, the conversion was low, which was usually less thami0% a
isolation of products was thus impractical. So, here we show only the resulthi&om t
coupling reaction of the N-pyrroles with electron donating substratbghetalkynes.

For terminal alkynes, we scanned reactions of methyl-N-pyrrdte wi
triethyl(ethynyl)silane, phenylacetylene, 1,2-diphenylethy®at-2-yne, pent-1-yne

under the same condition and checked the reaction by GC-MS. The reaction involving
phenylacetylene produced 1:1 coupling product in good yields. For 1-pentyne, oaly tra

amount of product was observed.



Table 3. Coupling Reactions of Pyrroles with Terminal Alkyhes

Entry  Pyrrole Alkyne Product Yield (%)°
CHs CHj
N N
1 W H4<: }OCHa W/ 99
53a OCH3
Q OCHs CHz
= :
2 ) 95

53b OCH3

R
@ 53¢ (R=H) 83
OCHj 53d (R=CHa) 8

53e (R=OCHb)

~No U~ w
Z
I
ég

W N 53f (R=CI) ”
\_/ 53g (R=F)
R OCH,
oo
H= Q 53h (R=H) 75
{\N /7/4 53j (R=OCHy) 75
10 (CN /CN OCHs
TR H4<: }X N 53) (X=H) 80
13 W 53k (x=CHy) 83
53 (x=OCHg) 85
 53m (x=NMey)  7°
CN
Oocns
y = { .
L
CH 53n OCH3
M3
N o CHs
15 \ H—= < > N
o \ /' Ph
530 =0 81
CHa CHs
H%@CH
16 [ ) ‘ , 8
N N
: e
53p
CHs
17 _ Q OCH3 CHg
w=-_)
\ b 80
v O
H
OCH3
18 B -
N H—= Y 53r (Y=H) 85

19
53s (Y=CHj3) 87

#Reaction condition:1.0 mmol pyrrole; 2.0 mmol alkyne; 3 mL benzeng(CR -
INH.4PFs (3.3 mol %) (1:3 molar ratioY:isolated yield.
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For triethyl(ethynyl)silane and 1,2-diphenylethyne pent-2-yne, there neer
coupling products formation was observed, the GC-MS showed only peaks of starting
materials and trimerized byproducts, even after prolonged reaction traefdre, we
focused our effort on the phenyl acetylene and different substrates mar&hé-phenyl
acetylene, such as 1-ethynyl-4-methylbenzene, 4-ethynylanisole,
1-bromo-4-ethynylbenzene, 1-chloro-4-ethynylbenzene and 1-ethynyl-#iflelazene.

All these reactions generated products at 1:1 ratio. We performed kinetiaanalys

these reactions, and it was found that electron donating groups such as OMe and Me
group can promote this reaction, while the electron withdrawing groups (suchGls B

and F,) showed low conversion. There were no reactions observed for furan, thiophene

with the phenylacetylene, and N-methyl pyrrole with the alkynes.

2.3Mechanism Studies

2.3.1Hammett Study

Hammett studies were performed ara-substituted N-phenylpyrroles and
alkynes to determine the electronic effects on the pyrrole sulssitnatee coupling

reaction. It was found that the substituentgaae-position of the aromatic ring could
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transfer their electronic information through bonds. During the reaction, thetsebtsi
create a dipole interaction at tikearbon, influencing the energy associated with the
development of possible charge at the reaction center. Charge developmentiodogy
formation of the most stable transition state of the reaction through bond formation or
rupturing. The effect that electron-donating and electron-withdrawiabstisuents have
on the reactions rates is correlated to the nature of the transitioff state.

Encouraged by the differences in the appearance of the reaction mixtures for the
coupling reactions, we performed a Hammett study using a sepesaa$ubstituted
phenyl pyrroles (X = OMe, CHH, Cl, F). We monitored the coupling reactions using
the initial rate method. In the study, #00),(0.003 mmol), NHPF; (0.01 mmol),
pyrrole (0.1 mmol), alkyne (0.25 mmol) and hexamethylbenzene (26 mg as the internal
standard) were dissolved in 0.5 mL benzdgeelution and transferred into Wilmad
J-Young NMR tubes with a Teflon screw cap. The tubes were cooled in liquid nitrogen
twice, and were degased three times. The tubes were graduallydvarnsem
temperature anthen heated in oil bath at 86. The reactions were monitored every
hour by'H NMR spectroscopy. The rates were measured by integration of the pidduct
peak (O3 6 3.71 ppm), and the results were normalized against the internal standard.
Thekopswas estimated from a first—order log-linear plot of In[product] vs. i@atime.
Through these reactions, we found that an electron-donating group on the phestgbpyr

could accelerate the rate of the reaction. A Hammett plot was construgistting the
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log(k«/kn) vso, and a Hammett value pf= -0.9 was obtained from the correlation of

para-substitutegp-X-CegHsN (X=0OMe, CH;, H, CI, F) with 4-ethynylanisole (Figure 3).

X X
© Ru;(CO),, /INH,PFg (3.3 mol %) ©
N + H%<;>>OCH3 N
CyDg, 95 °C
W 6% \ OCH,@

X=0CHj, CHy, H, CI, F

o N EN

O
N
T

-0.4

-0.4 -0.2 c,_pO 0.2 0.4

Figure 3. Hammett Plot of the Coupling Reactionpaira-Substitutegp-X-CgHsN (X =
OMe, CH, H, CI, F) with 4-ethynylanisole Catalyzed by#tiO),»/NH4PF; (1:3 molar
ratio).

Generally, Hammett plot having a sharp change in the direction of the skpe is
indication of a change in the rate-determining step of the mechanism, osdtiutie

possible existence of a different mechanism together. The negatahae for pyrroles
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suggests considerable cationic character of the transition state. Betthesdeveloping
positive charge on the transition state, electron-donating groups stahheitrgnsition
state enhanced the overall rate of the reaction and the promotional effect by
electron-releasing group is indicative of a nucleophilic nature of the pygmalmp.

In order to learn the electronic effects on the alkyne substrates farupkng
reactions we also performed analysis the Hammett studpeg@bubstituted phenyl
acetylene. Analogous correlation from the reactioN-phenylpyrrole with
aryl-substituted alkyngs-X-CgH,C=CH (X = OMe, CH, H, Br, F) resulted in a
considerably less negative Hammettalue of -0.42 (Figure)4In this case, the negative
p value suggests a considerable cationic characteristic on the transitenfdhe C-C
bond formation step, which is stabilized by electron-releasing group of §reealk
substituent. These results are consistent with the notion that the C-C bond fornegtion st
is promoted by both a nucleophilic pyrrole and electrophilic alkyne substrade via

cationic transition state.
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CN
RU3(CO)12 /NH4PF6 (33 mol%) l

(\CN
N
L) = ) o )

CgDg, 95 °C

Y=OCHs, CHa, H,Br, F

0.2 1
L]

<

2o :
(@]

°

-0.2

-0.4 -0.2 o, 0 0.2 04

Figure 4. Hammett Plot of the Coupling Reactionpafra-Substitute@-X-CgH4CCH (X =
OMe, CH;, H, Br, F) with PyrroleCatalyzed by R#CO);» /NH4PFs (1:3) at 95°C

2.3.21sotope Effect Study

To determine the possibility of a rate-limiting C-H bond cleavage step in the
coupling reaction of alkynes and pyrroles, a series of experiments based an kineti
isotope effect on were performed. Again, the initial rate method was usedulatzathe
rate for each reaction. In this investigation, the N-phenyl 2,4-dideuteopwesl made
usingn-Buli and DO (for the procedure, see the experiment section). The crude

deuterium product was purified though the silica gel column, and the product was
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characterized b{H and®H NMR spectroscopy (Figure 5). In this figure, the-Rosition

hydrogen and th&H from aromatic rings were deuterated.

Figure 5.*H and®H NMR Spectra for the Deuterated N-phenyl Pyrrole

The top one is thtH NMR for the N-phenyl pyrrole, spectrum in the middle
show the'H NMR of the deuterium product, and the bottom one igthMR spectrum
of the deuterium product. The peaks at 7.6 ppm was signed feipibstion H of the
phenyl pyrrole.
The coupling reactions ofeg8sNC4H4 with the 4-ethynylanisole and
CsH3D2NC4H2D, with 4-ethynylanisole were performed separately, and the reaction was

monitored by NMR spectroscopy. These type reactions were set up in the samercondit
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Rus(CO)2(0.003 mmol), NHPF; (0.01 mmol), pyrrole (0.1 mmol) and alkyne (0.25
mmol) and hexamethylbenzene (26 mg as the internal standard) were diss@h\edcL
benzeneads solution in a Wilmad J-Young NMR tube with a Teflon screw cap. The tube
was cooled in the liquid nitrogen, and degassed for three times. The tube wadygradual
warmed to room temperature ands heated in 9% oil bath. We monitored the reaction
every hour by NMR spectroscopy. The rate was measured by monitét ifegration

of the product peak (OGH 3.71ppm) signal, and the values were normalized against the
internal standard. Theyswas estimated from a first—order log-linear plot of In[product]
vs. reaction time. A normal deuterium isotope effect was observed fogtBC,H,

and GH3D2NC4H.D, The pseudo-first order plots of the catalytic reaction of both
CsHsNC4Hz and GH3D,NC4H,D, with the 4-ethynylanisole, at F& inCsDe led tokqps=
0.1424 A andke,s= 0.1392 H (Figure 6) respectively, from whichkan/kep= 1.0 + 0.1
was calculated. This is different from the predicted valle @kcp, which should be

larger than 1, if the C-H bond cleavage is the rate-limiting step. This low Kilies/a
suggest the C-H bond cleavage in dhgosition of the pyrrole is not the rate-limiting

step. And the isotope effect kf/kcp= 1.0 + 0.1 was observed from the coupling
reactions of gHsCCH and GHsCCD with the GHsNC4H, (Figure 6) and this means

C-H bond cleavage in the alkyne is not the rate-limiting step. Based on thtege is

effect data, we concluded that the C-H bond cleavage of both the pyrrole and/tige alk

is not the rate-limiting step.
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? HON
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\ Ru3(CO);,/NH,PF o
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Figure 6. First Order Plot of —In[product] vs Reaction Time for the Coupling Reaction;
€ -Phenyl pyrroled,; m-Phenyl pyrrol

2.3.3Deuterium Labeling Studies

Though the isotope effect studies indicated that the C-H bond cleavage of the

pyrrole and the alkyne was not the rate-limiting step, the mechanisnhlergély
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unknown. To learn more about the reaction mechanism, the following deuterium labeling

studies were performed (Eq 59).

D
(44%D)H N; D H(D 32%)
Ru3(CO)4,/NH,PFg

OCH3
CeDsg, 95 °C H
(D 33%)

1 mmol 2.5 mmol 54a oCH
> (59)
[ ;\ Ru,(CO),,/NH,PF
\ (40%D)H.__N H(D 68%)
W CeDe, 95 °C & H(D 669
H
mmol 2.5 mmol (D30%)H

54b
OCH,

The reaction of the §£13D,NC4H,D, with excess 4-ethynylanisole (2.5 equiv.)
and Ry(CO)/NH4PF; (1:3 molar ratio) in benzene at 85 for 15 hours yielded product
54awith extensive deuterium incorporation at terminal alkene (D 32% and 34%) and at
thep position (D 33%) of the phenyl pyrrole as well as ondtipesition (D 44%) of the
phenyl pyrrole as measured by bdthand’H NMR. Conversely, 68% and 66% on the
terminal alkene and 30% on tAgosition of the phenyl pyrrole as well as 44% oncthe
position of the phenyl pyrrole were found to contain the deuterium when phenyl pyrrole
was reacted with 2.5 equiv. of phenyl acetyldp@ benzene at 9% for 15 hours

yielded product4b.



74

(a)*H NMR ‘LJ |
] . 1 Pt

(b) 'H NMR JLJWJ
ae | L

(c) 2H NMR Jw ‘J

Flgure 7. (a) 1H NMR Spectrum of the Undeuterated Compoundll-(lj)lMR
Spectrum of the Compouridia; (c) °H NMR Spectrum of the Compoursda.
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Figure 7a is théH NMR spectrum of the non-deuterated compound and Figure
7b is the'H NMR spectrum of the compoutsda. The intensities of the peaks&b.33
ppm, 5.02 ppm and 6.25 ppm corresponds to vinylpaoaisition of the phenyl pyrrole
resonances, respectively, which were significantly decreased duemnsiggtdeuterium
incorporation. As show in Figure 7c), the existence of deuterium at each posison w
further confirmed byH NMR.

There are two possibilities for the proton and deuterium exchange: one is that the
rate of deuterium and proton exchange is faster than the rate of the formahen of
coupling products and the other one is the rate of deuterium and proton exchange is
slower than the rate of forming the coupling products. If the rate of exchangeés s
than the rate of product formation, there should be little D/H exchange betwgentsea
which would give less amount of deuterium in the product. However, from the studies,
we can see that there are large amount of D in the coupling products. This fasteHD
exchanges indicate that C-H bonds activation step in both alkyne and pyrrole are

reversible.

2.3.4Carbon Isotope Effect Study
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In order to get information about the rate-determining step, experimesets ba
carbon isotope effect study were also performed. In a glove bgfC8)»(0.03 mmol),
NH4PFs (0.1 mmol),N-phenylpyrrole (1.0 mmol) and 4-ethynylanisole (2.5 mmol) were
dissolved in 3 mL benzene solution in a 25 mL Schlenk tube equipped with a magnetic
stirring bar. The tube was brought out of the glove box. The reaction tube was heated in
an oil bath at 95 °C for 15 h. The tube was opened to air at room temperature, and the
crude product mixture was analyzed by GC/MS (75% conversion). And the solvent was
removed under a rotary aspirator, and the unredt{glaenylpyrrole was isolated by a
column chromatograph on silica gel (&H,/n-hexanes).

The'*C NMR analysis of the recovered and virgin samples of N-phenylpyrrole
was performed according to Singleton’s metfibadhe NMR sample of virgin and
recovered\-phenylpyrrole was prepared identically by addighenylpyrrole (75 mg)
in CDCk (0.5 mL) in a 5 mm high precision NMR tube. THié {*H} NMR spectra were
recorded with H-decoupling and 45 degree pulses. A 60 s delay between pulses was
imposed to minimizd; variations (d1 =60 s, at =5.0 s, np = 245098, nt = 512). The
average~C integration ratio of the recovered and virgin sample-phenylpyrrole is

shown in Table 4.
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Table 4. Averag€C Integration of the Recovered and Virgin Samples of N-phenylpyrrole

¢

Ruy(CO),, /NH,PF¢ (3.3 mol %) ;

1.000

— < > + 0.999
@ — benzene, 95 °C, at 75% convn M L 1.019
~— 1001
C# Virgin Recovered Recovered/Virgin Change (%)
(75% conv.)
1 0.998(5) 1.017(5) 1.019(5) 1.90(5)
2 1.020(3) 1.025(3) 1.005(3) 0.49(3)
3 1.009(4) 1.008(4) 0.999(4) 0.11(4)
4(ref) 1.000 1.000 1.000 0.00
5 0.469(3) 0.468(3) 0.998(3) 0.22(3)
C# Virgin Recovered Recovered/Virgin Change (%)
(70% conv.)
1 0.998(5) 1.011(5) 1.013(5) 1.30(5)
2 1.020(3) 1.025(3) 1.005(3) 0.47(3)
3 1.009(4) 1.007(4) 0.998(4) 0.19(4)
4(ref) 1.000 1.000 1.000 0.00
5 0.469(3) 0.468(3) 0.998(3) 0.24(3)

From this study, the most significant carbon isotope effect was observed at the

a-position carbon of the phenyl pyrrole. This isotope effect indicates thegahgon

step involvinga-position carbon of the phenyl pyrrole is slow. Sifit2is heavier than
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12¢, and in the slow reaction step, the migration raté@should be slower than that of
12C, thus results in that the abundancé®6fa-position carbon of the recovered phenyl
pyrrole would be more than the unused phenyl pyrrole. The experimental datavegjfees
with the theory. With the isotope effect studies, which indicated that the C-H bond
cleavage is not the rate-limiting step and deuterium labeling studies, \hoisled the H
and D exchange is faster than the formation of the coupling product, we reached the
conclusion: C-C bond formation involving in theposition carbon of the phenyl pyrrole

should be the rate-limiting step.

2.3.5Proposed Mechanism of the Coupling Reactions of Pyrroles and Alkynes

We provided a mechanistic rationale for the coupling reaction based on these
results (Scheme 17). Here, we propose that the catalytically active c&ippiyrrole
specieb7 is initially formed from arortho-metallation followed by the elimination of an
arylalkene. In support of this hypothesis, catalytic coupling reactidlapdfenylpyrrole
with PhG=CH was performed.

The formation of styrene (3%) was detected by BEthNMR and GC-MSBoth
neglibleky/kp isotope effect and rapid H/D exchange pattern on the coupling reaction are

consistent with a rapid and reversible C—H bond activation step.
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Scheme 17Proposed Mechanism for the Coupling Reactions of Pyrrole and Alkynes

The observation of a significamtcarbon isotope effect on the pyrrole substrate
provides a strong evidence for the rate-limiting C—C bond formation step. Arebfati
strong negative Hammattvalue from the correlation @ara-substitutedN-arylpyrroles
also supports that the C—C bond formation step is promoted by the nucleophilicity of the
pyrrole substrate. The regioselective insertion of pyrrole to the intalkyalyl carbon
would be dictated by the formation of sterically less demanding Ru-vinylespcyield
the 1,1-disubstituted vinylpyrrole produs. The C-C bond forming step has been

commonly observed as the rate determining step in other C-H insertion reactions
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2.4 Conclusions

In summary, the cationic ruthenium catalysg®D),o/NH,PF was found to be
effective for the regioselective intermolecular coupling reaction abfs and terminal
alkynes to givex-vinylpyrroles. The mechanistic studies on the coupling reaction
revealed a rate-limiting C-C bond formation step and electronic origin of the
regioselective formation of the coupling products. This catalytic method psoaide
predictable way to introduce synthetically usefaimvinyl group to pyrroles and related

nitrogen heterocycles.
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Chapter 3. Scope and Mechanistic Investigations on the Solvent-Controlled Regio-
and Stereoselective Formation of Enol Esters from the Rutheniur@atalyzed
Coupling Reaction of Terminal Alkynes and Carboxylic Acids

Enol esters are a versatile class of precursors for a variety of syaliyeti
important organic transformations such as cycloaddfficmsymmetric hydrogenatiofi,
C-C bond coupling/ and Aldol- and Mannich-type of condensation reacti8nSince
enol esters can also serve as a synthon for aldehydes and ketones, muchatsearch
has been devoted to develop efficient catalytic methods to control both regio- and
stereoselectivity in forming substituted enol esters. From an industrial pirepe
increasing synthetic efficiency and tolerating functional groups asawedducing waste
byproducts, catalytic methods for producing enol esters are highly desimgadued to
the classical methods that utilize stoichiometric amounts of strong basécaftpx

salts®®

Transition metal-catalyzed alkyne-to-carboxylic acid coupling reactffers an
attractive route to enol esters, but its synthetic potential has not been flidgdeim
part because this catalytic method typically produces a mixtyemfand E)/(Z)-enol
ester productt” Considerable research has been devoted to control both regio- and
stereoselectivity in forming the enol ester products by modulating stefielactronic

nature of the metal catalysts. Generally, late transition metal sistéigve been found to
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be effective for the coupling reaction to produce a mixtur&pfgnd ¢)-enol esters
from anti-Markovnikov addition of carboxylic acids to terminal alkynes ayamenol
ester productt” though the regioselective formationggmenol esters has recently
been achieved by using cationic Rh catal{&t<Despite considerable synthetic and
mechanistic progress, however, neither the nature of reactive interengukgies nor
controlling factors for the formation gem vs E)/(Z)-enol esters have been clearly
established. Here we report the coordinatively unsaturated rutheniunddrgdmplex
(PCyw)2(CO)RUHCI () as a highly effective catalyst for the alkyne-to-carboxylid aci
coupling reaction to form synthetically useful enol est& sThis chapter delineates
kinetic and mechanistic insights as well as the solvent-controlled regio- and
stereoselective formation of the enol ester products that are mediated by the

ruthenium-hydride catalyst (Eq 60).

[RU]
PhCO,H *+ H%@OCHg

Solvent
o i o OCHg4
Ph™ "O7 ™% /\/©/ (60)
Ph)koJ\CL Ph)J\O \
58a OCH;  (2)-59a (E)-59a
OCH3

3.1 Results and Discussion
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We found that the ruthenium hydride complex (R&ZO)RuHCI () showed the
high activity on the coupling reaction of carboxylic acid with terminal alkyogsve
product in a 1:1 ratio, and in different solvent it can give different product. Formpda
treating benzoic acid (122 mg, 1 mmol) with excess 4-ethynylanisole (1.5) nmntiod
presence of complekin 3 mL dichloromethane at 9& for 8 hours could cleanly
produce germinal olefin with 98% yield (Eq 61). When using THF as the solvent, the

cis-olefin (2)-59awas isolated as product (Eq 62).

o)
CO,H
1 (2 mol%
+ H—= OCH, ( ) o (61)
< > CH,Cl,, 95°C, 8 h 58a
OCH,
O H
COzHH L ocH 1 (2 mol%) o M
+ - < > 3 THF, 95°C, 8 h

(2)-59a (62)
OCH,

3.2 Optimization Studies for the Coupling of Carboxylic acid with Terminal
Alkynes

3.2.1Catalyst Activity Survey

The catalytic activity of selected ruthenium complexes was iniallgened for

the coupling reaction of benzoic acid and 4-ethynylanisole.
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Table 5.Catalyst Survey on the Coupling Reaction of Benzoic Acid and
4-Ethynylanisolé.

. ’Rul
PhCO,H * HT@OCHs

CH,Cl,
0 H
: Sy 2T
Ph” O
Ph)ko)L@L PN
58a OCH,3 (£)-59a (E)-59a
OCHs
Entry Catalyst Yield (%)° 58a:(2)-59a:(E)-59a
1 None 0
2 (PCy.),(CO)RUHCI >95 100:0:0
4 (PPh);RuCl, 0
5 RuCl;3H20 0
6 [RUCI,(COD)],, 0
Ru4(CO
7 3(CO) 90 8:17:75
8 Cp*Ru(PPhy),Cl 50 155035
9 Cp*RU(COD)C| 60 27:78¢
10 PCy, 0
@ S
11 (PCy,),(CO)(CHLCN),HRU BF,, 0
12 (p-Cymene)RuCl, 0

@ Reaction condition: benzoic acid (0.10 mmol), 4-ethynylanisole (0.15 mmol), cgfalyst
mol %), CHCl, (2 mL), 95 °C, 8 i’ GC yields based on benzoic adidhe ratio of58a
and 1:2 coupling products.
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Among the selected ruthenium catalysts, comfpilexhibited uniquely high
catalytic activity and selectivity, giving tlgeemienol ester produdi8aexclusively in
CHCl, within 5 h at 95 °C (Table 5). Both KCO), and Cp*Ru(PP$).Cl showed
significant activity, but suffered from low selectivity. The catalygt®Ru(COD)CI, on
the other hand, produced a mixture of 1:1 and 1:2 coupling products, which is in line with

the previously reported results on the formation of 1:2 coupling products.

3.2.2Solvent Effects

Solvent effect on catalyst activity and selectivity in coupling reactfdrenzoic
acid and 4-ethynylanisole was examined (Table 6). A remarkably siobrens
influence on the ruthenium catalyistvas observed in modulating the selectivity of the
enol ester products. Thus, the coupling reaction in a relatively non-polar and
non-coordinating solvent tended to favor formation of germinal coupling pré8act
over E)- and ¥)-594 of which CHCI, was found to be the best in producing the

germinal producb8aamong these non-coordinating solvents (entry 4, Table 6).
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Table 6. Solvent Effect on the Coupling Reaction of Benzoic Acid and 4-Ethynylahisole

PCy3),(CO)RUHCI
PhCO,H *+ H— : )—OCH, (PCy2)(C0)
Solvent
o) OCH
i X 0 3
A Ph™ "0 ™% P N
Ph™ SO Ph™ O
58a OCHs

(2)-59a

(E)-59a
OCH3
entry solvent 58a:(Z2)59%:(Ep% yield®
1 benzene 51:40:9 80
2 toluene 68:26:6 70
3 n-hexane 71:18:11 75
4 CH,Cl, 99:1:0 >99
5 Et,O 13:20:67 60
6 CH,;CN 33:55:13 55
7 DME 5:74:21 50
8 DMSO 2:48:50 53
9 H,0O 3:44:53 73
10 THF 0:100:0 >99

& Reaction conditions: benzoic acid (0.10 mmol), 4-ethynylanisole (0.15 mmol),
1 (14 mg, 2 mol %), solvent (2 mL), 95 °C, &IGC yields based on benzoic
acid.
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In contrast, among polar coordinating solvents, which tended to favor the
formation of g)-enol ester produciZj-59a THF was found to be the most selective in
giving (2)-59a(entry 10). It should be emphasized that the formation of 1:2 coupling
products was not observed in the coupling reaction catalyzéd@er ruthenium
catalysts such as RCO),, Cp*Ru(PPh).Cl and Cp*Ru(COD)CI surveyed in Table 5
did not exhibit similar degree of solvent control in forming the coupling producss. It i
imperative to mention about the recent research progress in controllingivitg and
selectivity of products by using solvents with different polarity and coordinabiliy.
Coordinately unsaturated transition metal complexes have been found to be plgrticular
sensitive to the nature of solvents in mediating unreactive bond activation redetions
example, Milstein discovered a remarkable solvent effect of electropimicer-ligated
(PCP)Rh complexes in directing C-H vs. C-C bond activation and C-I vs C-CN xeducti
elimination reaction$® Jones studied the mechanistic aspects of solvent effects in C-C
vs. C-H bond cleavage of butenenitriles by using well-defined Ni-diphosphine
complexes® The regioselectivity of a number of synthetically useful catalytic cogpl
reactions of alkenes and alkynes such as Heck-type coupling and albdittigion

reactions, has been successfully controlled by using different sot¥&nts.

3.3 Reaction Scope
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The scope of the coupling reaction was surveyed by using the catalysbth
CH.CI, and THF (Table 7). Excellent solvent-control in regio- and stereoselective
formation of the enol ester products was observed in the coupling reaction of both aryl-
and aliphatic terminal alkynes with carboxylic acids. Thus, the couplingarac
CH.ClI, led to the exclusive formation of tigemenol ester produd&s8 for both aliphatic
and aryl-substituted terminal alkynes. In contrast, the coupling reaction in THF
predominantly gave th&)-enol ester producZ-59 for aryl-substituted alkynes. The
electronic nature of the alkynes was found to be an important factor inrdjctat
regioselective formation @femenol ester products8 from the reaction with the
aliphatic terminal alkynes, even when the reaction was performed in THFe (7,abl
entries 15, 30, 32). In most cases, a relatively low catalyst loading (1-2 ma$t)sed
to obtain the enol ester products, which were readily isolated in high yielda afteple
column chromatography on silica gel. The coupling reactions yCGshow the high
selectivity for the formation of the germinal product. In this system,iatyaf alkynes
were tested, such as phenylacetylene, the linear alkynes 1-hexpte {Tantryl3),
bulky alkynes 2-ethynyl-6-methoxynaphthalene (entry 16) and both the electron
withdrawing substitutes (entry 1 and 2) and electron donating substitutes4amid 5)

only generate germinal coupling products.
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Table 7. Alkyne-to-Carboxylic Acid Coupling Reaction Catalyzed by Comgléx

(PCy3),(CO)RUHCI f j)\ o

Y3)2 u J\ '

RCOH + H——R R)J\O R+ R 0/\ )J\O/\/R
Solvent R'

58 (2)-59 (E)-59

Product Ratio )
Entry  Acid Alkyne Solvent 58:(7)-59:(E)-59 Yield (%)°

1 R =0OMe 58a:(z)-59a:(E)-59a = 100:0:0 91

R=Me  58b:(2)-59b:(E)-59b = 100:0:0 87

COH
— R R=H  58(2)-59:(E)59c =100:0:0 98
©/ 4@ CH,CI, (2)-59¢:(E)

3
4 R =Br 58d:(z)-59d:(E)-59d = 100:0:0 98
5 R=CF; 58e:(2)-59e:(E)-59 = 100:0:0 98
6 R=F 58f:(2)-59f:(E)-59f = 100:0:0 98
7 R=0OMe 58a:(2)-59:(E)-59a = 0:100:0 95
8 58b:(2)-59b:(E)-59b = 0:86:14 90

10 R=Br  58d:(2)-59d:(E)-59d = 0:94:6 89
11 R=CF; 58e:(z)-59¢:(E)-5% = 0:93:7 90
12

CO,H
. Oy
14 ! /\@ 58h:(2)-59h:(E)-5%h = 100:00 96
/\
H

R=F 58f:(2)-59f:(E)-59f = 0:90:10 87
589:(2)-599:(E)-599 = 100:0.0 97

CO,H R =Me
9 ©/ < > R R=H 58c:(2)-59c:(E)-59c = 0:87:13 98

CH,Cl, . . .
15 58i:(2)-59i:(E)-59i = 100:0:0 97
H
=
16 OO 58j:(2)-59j:(E)-59j = 100:0:0 89
H;C
CO,H
17 ©/ /\/\ 589:(2)-599:(E)-59g = 100:0:0 97
H
18 ., = 58h:(z)-59:(E)-59h = 100:0:0 96
THF
19 // 58i:(z)-59i:(E)-59i = 100:0:0 97
H H
=

20 OO 58):(2)-59j: (E)-59 = 0:100:0 89
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Product Ratio

Entry  Acid Alkyne Solvent 58:(2)-59:(E)-59 Yield (%)°
21 R=0Me 58k:(2)-59:(E)-59 = 100:0:0 83
= 581:(z)-591:(E)-59! = 100:0:
22 COM R =Me :(2)-591:(E) 100:0:0 90
23 /@ H%@ CH,Cl, R =Br 58m:(2)-59m:(E)-59m = 100:0:0 68
R
24 R=CN  58n:(2)-59n:(E)-59n = 100:0:0 89
25 R=CF;  580:(2)-590:(E)-590 = 100:0:0 90
26 R=OMe 58k:(2)-59k:(E)-59% = 0:90:10 95
27 CO,H R=Me  58:(2)-59I:(E)-59 = 0:90:10 93
28 = /©/ 4<: > THE R=Br  58m:(2)-59m:(E)-59m =0:92:8 90
29 R=CN  58n:(2)-59n:(E)-59n = 3:92:5 83
30 R=CF; 580:(2)-59:(E)-5% = 8:81:11 85
3 N CO,H e 58p:(2)-59p:(E)-59p = 100:0:0 90
Ph 2
CH,Cl,
CO.H
32 P 2 /\/\ 58q:(2)-599:(E)-59q = 100:0:0 93
Ph H
38 N\ COH N C 58p:(2)-59p:(E)-59p = 100:0:0 97
Ph
THF
CO.H
N /\/\ 580:(2)-59q:(E)-59q = 100:00 96
Ph H
COH 58r:(2)-59r:(E)-59r = 88:12:0 90
3 O/ ? H%@ CH,Cl, (2)-59r(E)
CO,H .
s O — THF 58r:(2)-59r(E)-59r = 0:97:3 93
58s:(2)-59s:(E)-59s = 89:11:0 91
37~ M, coH - <:> ch.c, (2)-59s:(E)
38 /\Mfz\ COyH H%@ THF 58s:(Z)-59s:(E)-59s = 0:90:10 91

& Reaction conditions: acid (1.0 mmol), alkyne (2.0 mnb(}14 mg, 2 mol %), solvent
(2-3 mL), 90-95 °C, 8-12 R.Isolated yield.
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Internal alkynes such as 1-phenyl-1-propyne show no reactivity in the mgupli
reactions. Most carboxylic acid reactants give the germinal product, but when
unbranched linear aliphatic carboxylic acids is used (entry 37), we detectedtiagon
of the (Z)-59s isomer as a minor product. In THF, the reactions favor the
anti-Markovnikov addition to generate the (E) and (Z) isomers, with the (Z) idertie
major coupling product, but the less bulky alkynes such as 1-hexyne (entryl7),
3-phenyl-1-propyne (entry 18) and 3-methyl-3-buten-1-yne (entry 19), ongrajerthe
germinal coupling products. Fpara-substituted benzoic acid reactants,
electron-donating substituents strongly favor anti-Markovnikov addition. For
para-substituted benzoic acid with strongly electron withdrawing substituentty @9
and 30), a small amount of the germinal was also detected.

To further demonstrate the synthetic utility of the ruthenium cata)yse next
examined the coupling reaction of carboxylic acids with both propargylic alcalls a
diynes (Table 8).

Catalystl was found to catalyze coupling reactions of carboxylic acids with
propargylic alcohols to give acetomethyl ester prodé@is high yields. In this case, the
ketone product was formed exclusive from the Markovnikov-selective hydration of the
alkynes. Such Markovnikov-selectivity has been generally preferrededrytiration of
terminal alkynes®’ thoughanti-Markovnikov selective hydration of alkynes has been

achieved more recently by using late transition metal catalysts.
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Table 8. Coupling Reaction of Carboxylic Acids with Propargyl Alcohols and Diynes.

entry acid alkyne product yield(%)°
(0]
1 CO,H H—— Ps
on P 0 98
60a o)
OH Ph)J\O 95
60b o)
(0]
3 H%k )J\ K( 97
Ph (0]
OH 60c
OH//
4 O/ 0
Ph)J\O 90
60d O
(6]
A coH H—=—\
5 12 2 OH /T\/hz\[(o\)k 89
O60e
COLH H—— 0
) —
OH 0
6 O/ so:\(f)]/ 83
CO,H i
7 2 H—
Ph/ﬁ/h —\OH Ph/\)ko/\ﬂ/ 85
Ph 60g 0}
v == 3O
= — (0] 0
8¢ ©/ = Ph>\—o o—/<Ph 90
61a
(0] (0]
: : JL/\/“\
o X Z Ph)J\O O)J\Ph 94
61b

@ Reaction conditions: carboxylic acid (1.0 mmol), alkyne (2.0 mmdf}4 mg, 2
mol %), CHCl, (2-3 mL), 90-95 °C, 8-12 R.Isolated yield® 48 h of the reaction time.
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The analogous coupling reaction with an aryl-substituted diyne,
1,4-diethynylbenzene, in GBI, predictably yielded the correspondiggmdienol
diester produdbla(entry 8), while a mixture aem, (E)- and g)-dienol diester
products were formed in THg€mM(E):(Z) = 18:32:50, 91% combined yield). In contrast,
an aliphatic diyne producegemdienol dieste61b exclusively in both CECl, and THF

(entry 9).

3.4 Mechanistic Study

3.4.1Phosphine Inhibition Study

We performed a series of Pgghibition experiments to gain further insight into
the mechanism of coupling reaction of alkynes and carboxylic acid. It is welhsodted
that PCyligands reversibly dissociates from the reactive metal centers.eMasible
association/dissociation occurs more rapidly at higher temperaturéngnrestant
coordination sites on the catalyst. Under such conditions; IB@yost likely to inhibit
substrate coordination to the active metal sites. In order to observe this ginenom

experiments analogous to the substrate rate dependence experimentsfovenege
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o)
CoH 1 (2 molo)
+ H—== OCH, O
CH,Cl,, 95°C, 8 h 58a
OCH,
O H
002'; L ocH 1 (2 mol%) o M
+ — < > 3 THF, 95 °C, 8 h

(2)-59a

OCH,

Vix10° (mmol/h)

0 0.005 0.01 0.015
[PCy3] (mmol)

Figure 8. Plot of the Initial Rate (yvs. [PCy] for the Coupling Reaction of Benzoic Acid
and Phenylacetylene. Reaction conditions: benzoic acid (0.20 mmol), phenylazetyle
(0.40 mmol),1 (3 mg, 2 mol %), CDGI(0.5 mL).

The initial rate method was used to monitor the rate of formation of enol ester in
the presence of increasing R@pncentration of inhibitor. Benzoic acid (0.20 mmol),
phenylacetylene (0.40 mmol){3 mg, 2 mol %) and fes (2 mg, internal standard)
were dissolved in 0.5 mL of CD&$olution and tranfered into a J-Young NMR tube with

a Teflon screw cap. A solution of P£p CDCk (5 pL, 1.0M) was added to the tube via



95

syringe. The tube was brought out of the glove boxveamliheated in oil bath at 95 °C.
The reaction was monitored By NMR spectroscopy in 30 min intervals. The rate was
measured by thi# integration of the product peak&®5.61 ppm (=CH), and was
normalized against the internal standard peak.

The initial rates\) were estimated from a first-order plotlofproduct] vs.
reaction time. The plot of the initial rateg) (@s a function of [PGy showed a linear
dependency on [PGly(Figure 8). Addition of PCy(5-15umol, 2.5-7.5 mol %) to the
reaction mixture under otherwise similar conditions led to a steady deadgs; from
1.8x 10% h* (without PCy) to 4.0x 10° h* (15umol of PCy). These results indicate

that the active Ru catalyst is formed by an initial dissociation of the phospfanel.li

3.4.2Deuterium Labeling Study

In order to determine the possibility of a rate-limiting stefhefcatalytic reaction,
the following experiments on the deuterium labeling study were performed. The
treatment of PhC@D with PhG=CH (2.0 equiv.) and (2 mol %) in CHCI, at 95 °C
yielded thegemenol ester produ&8awith 30% D on both vinyl positions as determined
by both'H and?H NMR spectroscopy (Scheme 18). The analogous reaction in THF also

formed the productZ)-59awith a similar amount of deuterium on the vinyl positions. On
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the other hand, the reaction of PhEQwith PhG=CD (2 equiv.) in CHCI, produced the
gemenol ester produ&8awith nearly equal amount of the deuterium (63-67%) at the
vinyl positions, while the reaction in THF resulted in the productio@peb9awith the
similar H/D exchange at the vinyl positions. In a separate experimeht/Dhexchange
reaction between PhGD with PhG=CH (2.0 equiv.) and (2 mol %) was almost

complete within 10 min at 95 °C prior to the product formation.

(D %gO)H H (30% D)

1 (2 mol%) )J\ |

Ph” YO
7 CH,Cl, s
PhCOD 4 H%@ a
0,
(99% D) (2.0 equiv) 1 (2 mol% O  H(30%D)
mol% H (29% D
P N0 N1 (29%D)
THF
(2)-59
(D %(6)7)H H (63% D)
1 (2 mol%) o )J\O |
CH,Cl,
_ 58a
(2.0 equiv) O H(65%D)
0,
(99% D) 1 (2 mol%) Ph)J\O \\H 62%D)
THF
(2)-59

Scheme 18Deuterium Labeling Study on the Coupling Reaction of Alkyne and
Carboxylic Acid



97

The ruthenium catalyst was found to facilitate the H/D exchange, since no
significant H/D exchange between PhgDOQwith PhG=CH was observed in the absence
of 1 under otherwise similar conditions. These results indicate that the H/D exchange
between the acid and alkynyl hydrogen is rapid and reversible, and thatytmd &—H

bond activation step is not a rate-limiting step of the coupling reaction.

3.4.3Hammett Study

To discern the electronic effects on the product formation, the Hammtiles
were measured for the coupling reaction in both G2@H THF. In a glove box, a
para-substituted acig-X-CeH,COH (X = OMe, CH;, H, CF) (0.20 mmol),
phenylacetylene (40 mg, 0.4 mmdl)(3 mg, 2 mol %) and §Mes (2 mg, internal
standard) were dissolved in CR@0.5 mL) solution and transferred into a J-Young
NMR tube with a Teflon screw cap. The tube was then heated in 95 °C oil bath. The
reaction was monitored in 10 min intervals’ByNMR spectroscopy. THeyswas
estimated from a first-order plot of In[product] vs. reaction time by meagthe'H
integration of the product peak (=gH 5.61 ppm), which was normalized against the
peak of internal standard. For the reaction in TpHfa-substituted acig-X-C¢H,COH

(X = OMe, CH;, H, CRand CN) (1.0 mmol), phenylacetylene (200 mg, 2.0 mmol)land
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(14 mg, 2 mol %) and dMes (26 mg, internal standard) were dissolved in 3 mL of THF
solution in a 25 mL Schlenk tube equipped with a Teflon stopcock and a magnetic
stirring bar. The tube was then heated in 95 °C oil bath. The reaction was monitored by

GC in 10 min intervals.

O H
©/002H RUH(PCy3),(CO)CI 2 mol% do -1
+ H=
O,
« < > THF, 95°C 8 h .
(2)-59a
X =0OMe, CHj, H, CF3and CN

-04 -02 O 02 04 06 038
Op

Figure 9. Hammett Plot of the Coupling Reactionpafra-Substitutedo-X-CgH,COH (X
= OMe, CH, H, CFK, CN) with Phenylacetylene in CD{]®) and in THF #)
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o)
COzH RuH(PCy,),(CO)CI (2 mol %) o
o= < > Y T cmyCl, 950C, 8h 58a y

Y= OMe, CHg, H, F, CF,

O H
CO,H . H
. He— v RuH(PCy4),(CO)CI (2 mol %) o0
T < > THF, 95°C,8h

Y= OMe, CH,, H, F, CF, (2)-59

-04 -0.2 0 0.2 0.4 0.6
Op

Figure 10. Hammett Plot of the Coupling Reactionpafra-Substituteg-X-CgH,C=CH
(X = OMe, CH;, H, CR;, F) with Benzoic Acid in CDGI(®) and in THF &)

ThekypsWas estimated from a first-order plot of In[product] vs. reaction time by
measuring the amount of the products against the internal standasg correlation of the
relative rates witlp for a series opara-substituted benzoic acigsX-CsH4sCOH (X =

OMe, CH, H, CFR;, CN) with phenylacetylene in the presedg® mol %) at 95 °C led to
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the opposite trend between the reaction in G +0.30) and in THFp(= —0.68,
Figure 9). An analogous correlation of the reaction rates of benzoic ahid adries of
para-substituted alkynes-Y-CsH4C=CH (Y = OMe, CH, H, F, CE) also resulted in the
opposite slope between two solvenis=(~0.57 in CDGJ vsp = +0.33 in THF, Figure 10).

The opposite Hammegtvalue indicates a different mechanistic pathway for the
coupling reaction between CDCind THF. The positive value observed from the
correlation ofpara-substituted benzoic acigeX-CgH4sCO,H in CDCk matches well with
the nucleophilicity of the carboxylic oxygen atom due to a developing negative charge on
the carbonyl oxygen, resulted from the direct migratory insertion of the acid to the
coordinated terminal alkyne.

On the other hand, a negativ@alue from the reaction in THF indicates
considerable cationic character build-up on the transition state, and this cantaieeelx
via formation of Ru-vinylidene species, wherginylidene carbon has been well known
to be electrophilic. The analogous opposite trend from the correlation of thesalkyne
p-Y-CsH4C=CH can be explained similarly in terms of charges development on the
alkynyl carbon. Thus, a negatipevalue in CDC{ is consistent with the positive charge
build-up on the internal alkynyl carbon, while the posipivealue in THF suggests a
partial positive charge build-up on the terminal alkynyl carbon. Once again, e latt
case is consistent with the formation of a Ru-vinylidene species and themdditihe

carboxylate group to the electrophitievinylidene carbon in the transition state.
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3.4.4Synthesis of Catalytically Relevant Ruthenium-Carboxylate

A catalytically relevant ruthenium-carboxylate complex was suadésgfolated
from the reaction ot with a carboxylic acid. Thus, the treatmenti@72 mg, 0.10
mmol) with phenylacetylene in GBI, (2 mL) at room temperature for 10 min form the

complex64 in 95% isolated yield. And the treatment of com@dx0.1 mmol) with

p-OMe-CGH4COH (0.11 mmol) in CHCI, (2 mL) at room temperature for 10 h led to the

clean formation of ruthenium-carboxylate compé&xwhich was isolated in 87% vyield

after recrystallization in C¥Cl,/n-hexanes (Scheme 19).

Ph Ar
Cng\zu/U + H——=——Ph Cy.P~ %,CI ATCO, Cy p\(?/,O
OC™ PCy, CH,Cl, .t 8C/RU\PCy3 ;, CB)C/FlQCr\PCys
1 64 Ph N 62

Scheme 19Synthesis of Ruthenium Vinylidene and Carboxylate Complexes

Complex62 exhibited two sets of aryl protonsé&?.88 (d,J = 8.7 Hz) and 6.89
(d, J = 8.7 Hz) in'H NMR spectroscopy, as well as two carbonyl peakis2X8.8 (t,JpH
=13.3 Hz, CO) and 179.0 (s, ©an °C {*H} NMR spectroscopy. A single phosphine

peak ab 28.7 was also observed BY {*H} NMR spectroscopy.
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The structure 062 was further established by X-ray crystallography (Figure 11).
The molecular structure showed a relatively aciggeometry between CO and Cl
ligands (bond angle = 96.4°) to accommodateonding mode of the carboxylate ligand.

Isolated compleX2 was found to be an active catalyst for coupling reactions of alkyne.

Figure 11 Molecular Structure 062

3.4.5Synthesis of Catalytically RelevanRuthenium-Vinylidene-Carboxylate
Complexes

The reaction of the ruthenium-carboxylate comg@2xvith terminal alkynes was

performed in THF to form a catalytically relevant ruthenium-vinylidemapex.
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Complex62 (44 mg, 0.050 mmol) was heated with phenylacetylene (1.2 equiv) in THF to
95 °C for 10 h led to the coupling prod&&, which was isolated in 85% yield as a
yellow-colored solid (Scheme 20).

'H NMR of complex63showed a diagnostic vinyl peak&6.24 (br s), and two
distinctK-carbonyl peaks &t 208.8 (t,Jpy = 14.4 Hz, Ru-CO) and 190.2 Jhy = 12.1

Hz, RuC(O)CHPh) were also observed in tHe{*H} NMR spectroscopy.

/@ ' Ph Ar
CyP-R( T Ph—=—H 5 OTCHFOh CYsP~R(
s ~ 5 ,l - ~
oC &:I PCy, ocC CI:I PCy,
62 63

Scheme 20Synthesis of Catalytically Relevant Ruthenium -Vinylidene-Carlzigyl
Complexes

The Structure 063 was further established by X-ray crystallography (Figure 12).
The molecular structure 6f3 showed aynorientation between the carboxylate oxygen
atom and the phenyl group, which was resulted from the coupling between the
carboxylate and the vinylidene ligand. The structure clearly implicatdsrtihation of
the )-enol ester producZj-59k from the protonation by another carboxylic acid. To

show the enol ester product formation, com@8xvas treated with an equivalent of
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benzoic acid in THF at 9, which produced carboxylate compkXand ¢)-59k along
with another unidentified ruthenium complexes. Furthermore, catalytic gaiei for

the coupling reaction was found to be virtually identicdl.as

Figure 12 Molecular Structure 063

3.4.6Kinetic Experiments on the Conversion of Complex 64 to Complex 62 and
Complex 63

Ph Ky /(Ar k, Ph
g ArCO,H O\/O H—Ar HX\ O\/]/AI’
Cy3PjRu<%IC -CH,=CHPh Cy3Pj 4 cypl O
OoC Y3 THF, 60 °C oC Clll PCy, THF, 60°C oc IU\PCy
Ar=C¢H.-p-OMe Cl s
64 62 63

Scheme 21Synthesis of Comple&2 and Complex63 from Complex64
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The successful isolation of the catalytically relevant complé2es1d63 enabled
us to further examine the kinetics of the formation of these complexes. Tnecintafl
(14 mg, 0.02 mmol) with an excess amounp-@Me-CH,COH (10 equiv.) and
HC=CPh (15 equiv.) in THF was followed By and®*'P NMR spectroscopy (Scheme

21).

1]
oy

Initial 20 °C

—

63 &5
60 “C 5 min k ﬁ. e
60 2C 10 min k " J\\
60 2C 20 min J\ ) \
60 °C 30 min ,k . k
60 °C 40 min k ke
60 °C 50 min _k k
60 °C 60 min e J\

= Tat 3= =1 I =4

Figure 13.High-temperature VT-NMR of the Conversion of Compéand63 from
Complex64

As expected, the formation of the previously synthesized ruthenium-vinyl
complex64 was observed after 15 min at room temperaflifeor **P NMR, here was

only one peak at 24.5 ppm in THF. The formation of compRgan happen at 2T,
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but it is slow. Upon warming up to 60 °C, the vinyl compbédvas converted to
carboxylate compleg2 within 30 min along with formation of styrene. And the signal
(P2 at 26.3 ppm) due to vinylidene-carboxylate complegradually appeared at the
expense of carboxylate complé Formation of comple83 from complex62 went
smoothly and took couple hours (Figure 13). At these periods the formation of coupling
product was not detected. After 3 hours, the mixtures was heated ufQdd@@ hour,
formation of the coupling product (59k was detected b+ NMR spectroscopy and

about 10% of CYPH'PhCQ was detected b3¥P NMR spectroscopy.

3.4.7Derivation of the Kinetic Equation of the Conversion of 64 to 63

The derivation for two consecutive first-order reactions was followed asilnied®®
d[64)/dt = qt
d[62)/dt = ky[64] - ko[62]
d[63)/dt = k,[62]
[64] = [64]0e"
d[62]/dt = ky[64]ce™"" - k,[62]
[62] = [64]oke (6™ - €"Y)/(Ks - ky)

d[64)/dt + d[62)/dt + d[63)/dt = O
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Since:

[64] +[62] + [63] = [64]o
[620=[630=0

[63] = [64]0- [64] - [62]

= [64]o[1+ (k™" - ki€ )/ (Kq - ko)

d[63]/dt = [64]okakao[(e™" - €*%Y)/(K; - ko)

Concentration (107 M)
N

A
A
AAA ]

0 30 60 90 120
Time (min)

Figure 14.Kinetic Profile of the Conversion 6# to 63. Notations64 (A ), 62 (e), 63 (m)
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The experimental data was globally fitted to the kinetic equation by non-linear
regression techniques (Sigmaplot V. 10). The rate condant039 mift andk, =
0.013 min* were obtained and from this analysis, which led to

d[63)/dt = [64]¢*0.039*0.013*(e 3"~ ¢%913/(0.039 - 0.013)
- [64]0*0_0195*(e-0.039t_ 60‘0135

The kinetics of the conversion of the vinyl compékio the carboxyl complex
63 was followed by*P NMR spectroscopy (Figure 14). In a J-Young NMR tub@4
mg, 0.020 mmol), 4-methoxybenzoic acid (30 mg, 0.20 mmol) and phenylacetylene (31
mg, 0.30 mmol) in THF was dissolved in THF (0.5 mL). Formation of the vinyl complex
64 was completed within 10 min at room temperature. The appeara62eond63 was
monitored by**P NMR spectroscopy at 60 °C in 5 min intervals.

The experimental data was globally fitted to the kinetic equation for two
consecutive reactions kinetics by non-linear regression techniques fonthersion
from 64 to 63 (Sigmaplot Version 10). The rate constaqats 0.039 mift andk, = 0.013
min™ were obtained and from this analysis. A relatively smaller vallke @mpared to

ki is consistent with the rate-limiting C-O bond formation step.
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3.4.8Proposed Mechanism

We proposed a mechanism for the coupling reaction involving a coordinative
unsaturated ruthenium-carboxylate com@éas one of the key intermediate species
(Scheme 22). The phosphine inhibition study suggests that the catalyially 16 e-
complex65 is formed from the Ru-carboxylate comp&Xby reversible phosphine
dissociation. For the coupling reactions in a non-coordinating solvent such,@&,CH
direct migratory insertion of the carboxylate oxygen atom to an internal carlbio& of
alkyne substrate is preferred over the terminal ones to give the gerstergh®ducb8.
The dative coordination of carboxylic oxygen atom would promote such insertion by
stabilizing the intermediate species.

On the other hand, formation &f)enol ester produciZj-59 is rationalized via
formation of Ru-vinylidene specié®. It is well-established that the
acetylene-to-vinylidene rearrangement is relatively fdoitearyl-substituted alkynes.
The X-ray crystal structure @f3 provided a direct evidence for the cis addition of
carboxylate oxygen to the Ru-vinylidene ligand. The ability to promote the
acetylene-to-vinylidene rearrangement for the ruthenium-cdtalya coordinating
solvent such as THF appears to be an important factor for the stereosdétentatton of

(2)-enol ester products.
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OyPopucl A oy
Sc-RU=Pcy, yc3) -Ru~pgcy,
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RCO,H _N
R

o=

Cyal:)\R\u/O

oc’ ¢, PCys
62 ar__ O,CR

2C 7)-59 Ar Ar
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~RUS - oc” .T0 -THF e
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OC i u N R
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Scheme 22Proposed Mechanism of the Coupling Reaction of Carboxylic Acids and
Terminal Alkynes

The Hammett study suggested that C-O bond formation in catalytic coupling
reaction is strongly influenced by the electronic nature of the substrateabeFcoupling
reaction in CHCly, this implies a direct migratory insertion of the coordinated terminal
alkyne to the Ru-carboxylic oxygen bond, where both steric and electronisfdudate
the Markovnikov-selective formation of the gem-enol ester prade®icthe dative

coordination of the carbonyl oxygen to the Ru center would also facilitate this



111

transformation by avoiding the formation of a high-energy 14-electron species. The
successful isolation @2 and63 and their kinetic reaction profile provided a mechanistic
rationale for the formation off-enol ester product&)-59. It is reasonable to

extrapolate that the coordinating THF solvent promotes the acetyleneytmene
rearrangement for aryl-substituted alkynes by stabilizing unsaturatevinylidene
complex66. The reversible dissociation of P{Zdyom both complexe§2 and63 would

form the catalytically active species for the coupling reaction. A stomdtion of

CysPH" apparently from the protonation reaction with the carboxylic acid substrate
would also prohibit the re-coordination of the dissociateds#ggnd. The syn geometry

of the vinylidene-carboxylate ligand 68 clearly indicates that the formation @){enol
ester product4)-3 is electronically controlled during the addition of carboxylate group to
the vinylidene ligand of the ruthenium-vinylidene speéi@s-rom a purely steric
perspective, suckynaddition step would be favored over the anti- Markovnikov addition
due to sterically demanding Ru center, and would also be facilitated by the dative
coordination of the carboxylate oxygen atom. Since these catalyticallg apicies are

not easily detected by spectroscopic methods, corresponding computational study on
realated catalytic coupling reactions would be prudent in identifyirggtbatalytically

active intermediate species.
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3.5Conclusions

The ruthenium-hydride compleixwas found to be a highly effective catalyst for
the alkyne-to-carboxylic acid coupling reaction to give syntheticallyable enol esters.
Regio- and stereoselective pattern of the catadlyss successfully controlled by using
CH.Cl, and THF. The salient features of the ruthenium catalgse: its ability to control
the activity and selectivity on the enol ester products as well as a brarchsibcope
and mild reaction condition. A detailed mechanism of the coupling reaction has been
established from the kinetic and mechanistic investigations as well as tessfut
isolation of ruthenium-carboxylate and -vinylidene complé&and64. The
mechanistic knowledge gained from these studies should provide new insights in

designing the next generation of the metal catalysts.
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Chapter 4. Catalytic Formation of Silyl Enol Ethers from the Reaction of Ketones
with Vinylsilanes and Their Use in Aldol-Type Condensation and Fluanation
Reactions

Enol silyl ethers are widely employed in the organic synthesis as titeveea
precursors for for a number of synthetically useful C-C and C-heteroatom bondgorm
reactions. They are useful in various synthetic transformations in the ves@as-,
chemo- and stereoselective reactions. Silyl enol ethers have been cgmtiized as
precursors for Aldol-type condensations and other a-functionalization reactions of
ketones and bulk material synthei$.Over the past decades, methods have been
developed to generate the enol silyl ethers. One of the early and still treenad$tly
frequently used route to (E) or (2)-silyl enol ethers is trapping ketone dryalele
enolates generated under the kinetics or equilibrium controlled conditions. Another
widely used method to generate enol silyl ethers is by deprotonation of apiciton of
carbonyl compounds and trapping the corresponding enolates 38iGIRSince a
stoichiometric amount of strong base is required to form enolates, the methodrallge
incompatible with highly functionalized ketone substrates and controlling
stereochemistry dtE/Z mixture of the enol ethers has often been a problematic. The
transition metal catalyzed silylation methods offer significant advantagesming silyl
enol ethers, because these methods do not require strong base and generaeless wa

The most widely used catalyst for the formation of enol silyl ether isimdiomplexes,
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but the problem is that the reaction conditions require high temperature, high pressure
and high catalyst loading. We are working on the methods to generate the ¢ethsily

in the mild conditions by the ruthenium complexes. We previously reported that the
well-defined ruthenium-hydride complex (P{CO)RUHCI @) is an effective catalyst
precursor for oxidative silylation of terminal alkenes and alkytesiere we report a

highly regioselective formation of silyl enol ethers from the couplingti@aof ketones

and vinylsilanes. The synthetic utility of the silyl enol ethers formed sr#action has
been demonstrated by Mukaiyama Aldol condensation and fluorination reactions. More

details on the mechanistic study will allow to be discussed.

4.1 Results and discussion

Recently, we found that the ruthenium hydride complasas effective for the
coupling reactions of ketones and vinylsilane to generate the enol silyl ethvarthe
initial study, the treatment of acetophenone (1 mmol) with excess vingitiytsilane (2
mmol) in the presence af(0.5 mol %) in toluene at 12 for 12 hours cleanly
produced the enol silyl ether in 95% conversion and the ethylene gas as byprqduct (E

63).
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o SitMe);

0]
- RUuHCO(PCy,),Cl (0.5 mol %
. 7 SiMe), (PCy9Cl ( ) + HCc=CH, (63)
Toluene, 120 °C

The details on the reactions scope, the synthetic utility for the silyl dressednd

more details on the mechanistic study will be discussed.

4.2 Optimization Studies for the Coupling of Ketones with Vinylsilane

4.2.1Catalyst Activity Survey

Thecatalytic activity of selected ruthenium complexes were initiahgasned for
the coupling reaction of phenyl acetone and vinyltrimethylsilane (Eq 64).
o O/Si(Me)3 (64)

. [Ru] (0.5 mol %
. 7 siMe), ( ) + H,C=CH,
Toluene, 120 °C

The survey of the catalysts showed that ruthenium hydride corhplas the

highest activity in the formation of the enol ether among selected rutheompiexes
(Table 9, entry 5). (PG)(CO)RUHCI @) complex exhibited uniquely high activity for
silylation reaction, giving >99% conversion with less than 0.5 mol % catalyhipa

(Table 9). The ruthenium complex Ry(BO)(PPR); (entry 7) showed a modest activity,
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giving the coupling product in 20% yield under similar reaction condition. Other
commonly ruthenium complexes such ag(R®),, Ru(CO)H(PPh)s, RuCk 3H,0,
[(COD)RuUCL] and [(PCy)-(CO)(MeCN}RuUH]'BF4, were not effective in giving

coupling products under similar reaction condition.

Table 9. Catalyst Activity Survey for the Coupling Reaction of Vinyltrimetligise and
Acetophenoné.

Entry Catalyst Additive Yield (%)°
! None None 0
2 Ruz(CO)1, None 0
3 RU5(CO);, NH,PFe 0
4 RuCl;3H,0 None .
° (PCy,),(CO)RUHCI None 99
° (PCys3),(CO)RUHCI HBF,OEt, s
! (PPhy)4(CO)RuH, None 0
8 (PPho);RUC, None 0
9 (PPh,)4(CO)RUHCI None 0
10 [RUCI,(COD)], None 0
H [(PCY3)2(CO)(CH3CN)2HRul%Ff None <3
2 (p-Cymene)RuCl, None 0
13 PCy; None 0

@ Reaction conditions: 0.1 mmol of acetophenone, 0.2 mmol vinyltrimethylsilane stataly
(0.5 mol %), toluene (2 mL), 1€, 12 h.” GC yields based on acetophenone.
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4.3 The Scope for the Reactions of Ketones with Vinylsilane and the Reaction of
Enol Ether with Aldehyde under the Titanium (IV) Chloride

To demonstrate the synthetic utility of the catalyst 0$O)RuHCI on the
reactions of ketones and vinylsilane, the scope of the reaction was exploréagoy us
(PCy)2(CO)RUHCI () as the catalyst (Table 10). A variety of ketones was explored in
this reaction; both alkyl- and aryl-substituted ketones were found reastowjldy with
vinyltrimethylsilane to give enol silyl ether products. In generalctiveversion the
products determined by GC-MS was found to be quite high with a relatively small
catalyst loading (0.5-1 mol % of Ru). Since many of silyl enol ether producésfeterd
to be thermally unstable and could not be isolated by column chromatographydisolate
yields of the products were determined from the Mukaiyama Aldol condenstioroneacti
with an aldehyde. Thus, treatment of the silyl enol ether (entry 7) product with
p-NO,-CsH4,CHO in the presence of a stoichiometric amount of jTl€2l to

B-hydroxyketone products (Eq 65}

o SilMe)s

O
0,
(7 Dm0 NS e
O
R e o)
2) H,0 NO,
(0] OH

NO,
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In a typical reaction, after evaporating the solvent from the silyl enol ether
solution under high vacuum, and the crude product was dissolved@IR3 mL). In
a separate 100 mL Schlenk flask, Ti(3 mmol) was added to a cooled £Hp solution
(5 mL) of 4-nitrobenzaldehyde (3 mmol) at 0 °C. After stirring for about 1 the
solution was cooled to -78 °C, and the LLH solution of crude silyl enol ether was
added dropwise via a syringe to the reaction flask. After stirring at -40 “CHowater
(3 mmol) was added to the reaction flask, and the resulting mixture was stirred farO °C
8 h. The reaction mixture was quenched by adding saturat€ilaolution (10 mL),
and the organic layer was extracted with(E¢3 x 20 mL). The ether solution was dried
with anhydrous MgSg) and the Aldol product was isolatega column chromatograph
on silica gel §-hexanes/CkLCl,) and the product was characterized by NMR in Figure

15.

:
NN NN NN

\ \
Pl 06 92 8 84 80 76 72 68 64 60 96 52 48 44 40 3} N B M W 16

Figure 15. 'H NMR Spectroscopy of Produ6g
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For aliphatic ketones, enone products were obtained under similar reaction
conditions. Regioselective formation of silyl enol ether with more dubsdic.-carbon
was implicated in the formation of produé® and67m (Table 10, entries 16, 17).
These both substrates produce enol silyl ether in high conversion level ac¢ording
GC-MS data. For Mukaiyama Aldol condenstion reaction with an aldehyde, they
generatesyn andanti- mixtures and the anti- product was the major. But for 2-heptanone
(entry 6), the reaction generated flygisomer as the major product. For 1-indanone and
a-tetralone (entry 14 and 15), the reaction gave the hagtihdiastereoselective
formation off3-hydroxyketones was resulted from the condensation ta-ttegbon of the
ketones. Other ketones showed high diastereoselectivity of the formation of
B-hydroxyketone products on Mukaiyama Aldol condenstion reaction. Cyclohexanone,
cyclopentanone and 4-tert-butylcyclohexanone (Table 10, entry 1, 2 and 3), with the
treatment of enol silyl ether with benzaldehyde under Mukaiyama Aldol conbensa

reaction conditions generate dienes as products.



120
Table 10.Coupling Reaction of ketones with Vinyltrimethylsilatend the Reaction of
Enol Ether with Aldehyde under the Titanium (IV) Chlorfde

Entry Ketone

Enol

Conv(%) ¢

Product Yield(%) d
OSi(Me)s Ph O Ph
. O O " ’
67a
0O OSi(Me), p
2 \\ch§7,//

&

83
OSi(Me),

o

o9 =Y.
A&
Ay

95 89
67d
OSiMe,
; oY iﬂ*@
67e 65
anti : syn = 85 15
0 OSiM63
=
6 /\/\)J\ 78
HO
anti : syn—1090
0 OSiMe, O OH
NO 85
67
Me HSC/@ /‘)‘\)\‘\
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OSIMe o) OH

94 m
O O 73
H,CO H,CO NO,

OSiMeg (@] OH

B
Br 67j NO. 80
»
cl 67k NO, 81
93 m 83
67l NO,

anti : syn=70:30

- 2.
g

10

@
2 @8 ;g ;
Z § =
(D

11
Cl

12

- 45

(0] OH
‘)‘\/‘O N % O O
O 75
13 O O ‘ NO,
67m
(0] OSiMe; anti : syn= 83:17
O OH
’ rYL
67n NO,
(0] OSiMe;
97 ? o
15 9
O o7
NO.
670 2
OSiMe; O OH
. OO " OO, e
67p NG,
OSiMe, (0] OH
' H.C),N
17 (H3C)2N\©)J\ (HiCWLN (H5C)
80
679 NO,

#Reaction conditions: ketone (1.0 mmol), vinyltrimethylsilane (2.0 mrd,5 mol

%), toluene (3 mL), 126C, 12-15 h? Reaction conditions enol ether (2.0 mmol),
aldehyde (3.0 mmol), TiG(3.0 mmol), CHCI, (10 mL).° Conversion based on ketone
by GC-Ms.%Isolated yield based on the ketones.
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4.3.1The Use of Enol Silyl Ether in Fluorination Reactions and Diketone Re#éions

To further demonstrate the synthetic utility of the silyl enol ether foomawve
next performed a set of C-C and C-F bond forming reactions. For example, acetophenone
was treated with vinyltromethylsilane in the presence of the cafiatgsproduce the enol
ether product, as indicated in Table entryrhe crude product of enol silyl ether (1.0
mmol) was subsequently reacted with acetyl chloride (80 mg, 1.1 mmol) in thegaresen
of TiCl4 (1.1 mmol) to form the 1,3-diketone prodic#3 % vyield (Eq 66). The other
substrates were treated with this reaction, but only acetophenone can geherated t

diketone product.

. O/Si(Me)3
1 (0.5 mol %
. Zsi(Me), ( )
Toluene, 120 °C
TiCl,
(@]
)J\ CH.CI (66)
Cl 22
O (@]

.

r

In an anologous fashion, in a 50 mL Schlenk flask, the crude silyl enol ether
product residue (2.0 mmol) was dissolved inzCN (2 mL), and the solution was cooled

to 0 °C in an ice bath. Selectflfof2.0 mmol) was added in several portions to the
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solution under Mpurge. The reaction mixture was stirred while it was allowed to
gradually warm to room temperature over 8 h. The solvent was evaporated, water (10
mL) was added to the residue, and the organic layer was extracted Mat(B&t20

mL). The combined organic layers were washed with brine solution, dried over
anhydrous Nz50,, and the solvent was evaporated. The pure pr&isstas isolated by

a column chromatography on silica gel (EtOfbéxanes) in 65% isolated yield after

silica chromatography (ED/n-hexane) (Eq 675

O

OSiMe,
- 1 (0.5 mol %)
120 oC "

CHLCN | Selectfluor

(@)
F
n
67s, n =0, (65%)

67t, n =1, (68%)
67u, n = 2, (76%)

(67)

The products were characterized by NMR in Figure16, which show 46.9 Hz as the

coupling constant between F and H.
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PPM 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 16. 'H NMR Spectroscopy for compleésZs

In both cases, the reaction can be carried out in tandem in a one-pot without

isolating the enol ether products.

(@]
OSiMe,
+ /\SI(Me)?’ 1 (05 mol %) _
n Toluene, ﬁ )
120 oC n
CH3CN | Me,N-Ph
CuBr, t-BuOOH (68)
(@]

NMePh
)

67v, n=0, (60%)
67w, n=1, (53%)
67X, n=2, (72%)

Next, the aminomethylation reaction of the silyl enol ethers was perdioomne
following a recently reported procedure (Eq 68)jus, in a 100 mL Schlenk flaskBuOOH
(0.10 mL, 5-6 M in decane) was added dropwise to a mixtuxgMtlimethylanilines (1.5
mmol), CuBr (4 mg, 0.025 mmol), crude silyl enol ether product (0.5 mmol) ag@MCEs mL)

at room temperature. The resulting mixture was stirred at 50 °C forTt#hmixture was filtered
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through a pad of celite, and the solvent was removed under a reduced pidssuesidue was
purified by a column chromatography on silica gel to afford the desired p®Au67x in

60-72% isolated yields.

4.4 Mechanistic Study on the Reaction of Ketones and Vinylsilanes

4.4.1Deuterium Labeling Study

We performed the following kinetic experiments to gain mechanistic insights
this coupling reaction. First, the deuterium labeling experiment was peddrom
treatment of PhCOCPwith CH,=CHSiMe; (2 equiv.) and. (0.5 mol %) in toluene (3

mL) at 120°C (Eq 69).

D O
D . . D OSi(Me);
. __SMe 1(0.5mol %) CHD(50%D)  (g)
D b D Toluene, 120 oC D D
D 67y

The NMR spectroscopy of the prod@aty was acquired, and the crude coupling
product showed 50% D on the vinyl positions as determined by'Hathd’H NMR

spectroscopy (Figure 17).
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D  OSi(Me)s

CHD

A: 'H NMR

Figure 17.A- 'H NMR Spectroscope of the Reaction Mixtures’B-NMR Spectroscope
of the Reaction Mixtures.

The two vinyl protons of enol silyl ether were signed to 4.34 ppm and 4.86 ppm in
the'H NMR spectroscope (Figure 17A), in the same region, thedeaterium signals
which were assigned to vinyl protons of enol silyl ether irfth&IMR spectroscope

(Figure 17B). In théH NMR spectroscopy, there are deuterium signals assigned to
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unreacted vinyltrimethylsilane. In addition, the deuterium signal at 5.3 ppnssigaed
to ethylene gas.

These results show that D/H exchange happens betw®e@CGCD; and
vinyltrimethylsilane. This exchange should be rapid and reversible, and should be done
before the formation of the enol silyl ether. The extensive H/D exchangepsaittee
vinyl positions is consistent with the rapid and reversible keto-enol tautonarinhthe

ketone substrate and its exchange with the vinyl group g£CHSIiMe.

4.4.2Deuterium Isotope Effect Study

Experiments based on kinetic isotope effect were performed oredlcian of
ketone and vinylsilanes to determine the possibility of a raedening C-H bond
cleavage step. Again, the initial rate method was used tonde&eithe rate of each
reaction. Thus, RuH(CO)(PgyCl (1) (0.5 mol %), acetophenomig-(0.2 mmol) and
vinyltrimethylsilane (0.4 mmol, 2.0 equiv.) and hexamethylbenzenenfgéas the
internal standard) were dissolved in 0.5 ml toludnisolution in a Wilmad J-Young
NMR tube with a Teflon screw cap. The tube was kept stirraddl ipath set at 120 °C.
The reaction mixture was monitored every 30 min by NMR spectrgsddye rate was

measured byH integration of the product peak vinyl protons signal which shows 4.34
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ppm in the!H NMR spectroscopy and the data were normalized vinyl protons agans
internal standard. Thé,,s was estimated from a first—order plot of In[product] vs.
reaction time and gavéms = 0.1237 H. The other reaction of acetophenone with
vinyltrimethylsilane was setup and monitored under the simdadition as the former
reaction, and this reaction gakgs = 0.1265 H which translated tdc/kep = 1.0+0.1

(Scheme 23).

D O _
D o S D  OSi(Me)s
3
D ! D Toluene-dg, 120 °C b b
D
o O/Sl(Me)3

1 (0.5mol %
. /\SI(Me)s ( mol %)
Toluene-dg, 120 °C

Scheme 23The Kinetics Study on the Reaction of Ketone and Vinylsilane

This low KIE value suggests that the keto-enol tautomerization involving C-H
bond cleavage of is fast and not the rate -limiting step. This deuterium isotage effe

study also supported the notion of rapid H/D exchange in deuterium labeling study.

4.4.3Phosphine Inhibition Study
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We next performed a series of phosphintebition experiments to gain further
insight into the mechanism of the reaction of ketone and vinylsilanes. Exptsime
analogous to the Pgyate dependence experiments were performed. The initial rate
method was used to monitor the rate of the reactions. Therefore, the treatment of
acetophonone and vinyltrimethylsilane with various concentrated (3€ybxmol) in the
presence of the catalys{0.5 mol %) in toluenek at 120 °C was monitored B NMR

spectroscope every 30 min intends at room temperature.

o o SilMe)s

) RUuHCO(PCy3),Cl 0.5 mol%
. 7 SiMe)s 2 i +  H,C=CH,
Toluene, 120 °C

The initial rate \;) of each reaction was constructed from the first—order plot of

In[product] vs reaction time. The initial ratg)(as a function of added [P¢\yshowed a
linear rate dependence on [RL{Figure 18). The addition of PE¢5-15umol, 1.5-7.0
mol %) to the reaction mixture under otherwise similar conditions led to a steady
decrease fromios = 8.34x 102 h! (without PCy) to 4.38x 10° h* (15umol of PCy).
These results indicate that the active Ru catalyst is formed by tlaédissociation of
the phosphine ligand. Reaction conditions: acetophonone (0.20 mmol),
vinyltrimethylsilane (0.40 mmol) with various concentrations of Pi@yhe presence of

the catalysil (0.5 mol %) in toluenels at 120 °C.
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Figure 18.Plot of the Initial Rate (vi) vs. [PG)for the Coupling Reaction of
Acetophonone and Vinyltrimethylsilane

4.4.4AHammett Study

Hammett studies gdara-substituted acetophenones were performed in order to
determine the electronic effects on thereaction mechanism. Thereforeglovaeox,
(PCy)2(CO)RUHCI (1 mg 0.5 mol %parasubstituted acetophenones (0.2 mmol),
Vinyltrimethylsilane (0.4 mmol) and hexamethylbenzene (26 mg as thheahtsgandard)
were dissolved in 0.5 ml tolueng-sblution in a Wilmad J-Young NMR tube with a

Teflon screw cap (Eq 70).
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o _Si(Me)

1 (0.5 mol % 3
/@)‘\ + /\Si(Me)3 (0.5 mol%) ?
Toluene, 120 °C 20
: SR

X=CHj, OCHj, H, Cl, Br

The tube was taken out and was heated in oil bath &C128 NMR of the
reactions mixtures were monitored every 30 min at room temperature. THeaatéia
method was used to determine the rate of each reaction. The rates weredriasure
integration of the vinyl protons peak of the product (3G khich gives 4.34 ppm ot
NMR spectroscopy, and these were normalized against vinyl protons of thelinterna
standard. Thé&swas estimated from a first-order plot of In[product] vs reaction time.

Other reactions were monitored under the same condition. A Hammett plot was
constructed by plotting the log,(kw) vsc, and a positive Hammett valueof 0.97
was obtained from the correlationpra-substitutegp-X-CgH,COCH; (X = OMe, CH;,

H, CI, Br) with Vinyltrimethylsilane (Figure 19).
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Figure 19. Hammett Plot of the Reaction gdra-Substituteg@-X-Ce¢H4,COCH; (X = OMe,
CHg, H, ClI, Br) with Vinylrimethylsilane

The rate of the reaction can be accelerated by adding electron-withgrgroup
on the acetophenone and the promotional effect by electron-withdrawing group is
indicative of an electrophilic nature of the carbonyl carbon which is stabilizdtelRu
catalyst. The results are consistent with the notion that a buildup of negatige ohar

transition state of C-Si bond formation step.

4.5 Proposed Mechanism of the Reaction of Ketone and Vinylsilanes
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A plausible mechanistic rationale for the silyl enol ether formation isriitest

on the basis of these results (Scheme 24).

H
H .
CysP< | _Cl -PC SiMe,
oe—RU _— Cy3P\Rlu/CI =
PC oc—
1 Y3 63a \
OSiMe,
‘\ rds H
CysP. | _Cl
oc— u
. 680\
SiMe SiMe
Cysp | _Cf s

oc—RU-H

Q CysP ] _Ci /
IR N oc— Ru
68¢c —
o)

Scheme 24Proposed Mechanism of the Coupling Reaction of Ketones and
Vinyltrimethylsilane

From the phosphine inhibition study, we learned thats#Gsnd show strong
inhibition on enol silyl ether formation, the dissociation of phosphine ligand is necessar
to give the open active site to the substitutes to coordinate to the ruthenium center. And
the dissociation of PGyshould be the first step and at high temperature this step is rapid
and reversible. With the dissociation of R&gm the ruthenium complek, there is one
open active site in the ruthenium center in the ruthenium conggi@»>so complexé8ais

active. We proposed that the catalytically active cationic Ru-silyiesp@8cwas
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initially formed from an alkene insertion followed by the elimination of letigy

molecule. The elimination of ethylene happened before the formation of thelgnol si
ether and was detected By NMR spectroscopy. THEC isotope effect study also

indicates that elimination of ethylene and form ruthenium-silyl complex iseot t
rate—limiting step. But we did not detect the formation of ruthenium-silyl spewiich

hints this step to be reversible and rapid. Next step is the keto-enol tautoimearak
insertion of an enol substrate to the ruthenium-silyl complex to form a Ru-enolate
species. The low KIE value from the kinetic isotope effect study on theoreatt
acetophenone and vinyltrimethylsilane indicates that the the keto-enol &izaton

which involves the C-H bond cleavage is not the rate-limiting step. The Ru-enolate
specie8d would then undergo reductive elimination to yield the silyl enol ether product
68e A relatively positive high Hammett value from the correlatioparfa-substituted
arylketones supports the notion that a buildup of negative charge on transition state of t

Ru-enolate specieg8d and the O-Si bond formation step the rate—limiting step.
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4.6 Conclusions

We successfully developed an effective catalytic method to prajuntketically
useful vinylsilyl ethers through coupling reaction of ketones anglsiiane by using
well-defined ruthenium-hydride catalyktAs demonstrated from both Mukaiyama Aldol
condensation and aminomethylation reactions, the catalytic methotyloérsl ether
formation should find useful applications ifunctionalization reactions of ketones.
Phosphine inhibition and kinetics studies give the useful inforamtion omélsbanism.
The highly positive Hammett value from the correlatiorpafa-substituted arylketones
on vinyltrimethylsilanes support the O-Si bond formation step b#iegrate-limiting

step.
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Chapter 5. Highly Stereoselective and Regioselective Hydrosilylation of Alkynes
and Alkenes Catalyzed by (PCy)(CO)RuHCI

Vinylsilanes have emerged as versatile building blocks in organic synthesis.
Because of their low toxicity, low cost, high stability, and innocuous byproduct,
vinylsilanes play an increasingly important role in the synthesis andyarty in
metal-catalyzed cross-coupling reactidbger the past decades, many groups have been
working on routes to syntheze vinylsilanes, and among them, hydrosilylatiorynéalk
catalyzed by transition metals is the most straightforward and atono@dacal method.
Generally, the hydrosilylation of alkynes generates a mixturereétcompounds. There
are still things to improve in such hydrosilylation reactions. Though rgcdiet!
selectivity of the germinal products has been improved by using Pd cataigsy, Fi
generation of highly selectivas or trans coupling products remains difficult. Moreover,
the high catalyst loading is typically required in these reactions antamesm of the
hydrosilylation is still unclear. Here, we have been working to improveelketwity on
the formation otis andtransvinylsilane, as well as learning the factor to the selectivity

of vinylsilanes formation and the mechanism of the hydrosilylation reaction

5.1 Results and Discussion
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Due to the synthetic utility of vinysilane, we have been working on the methods
to generate selective vinylsilanes by transition metal cataigstently, we observed that
(PCy)2(CO)RUHCI @) shows a considerably high selectivity and reactivity toward
hydrosilylation of alkynes and alkenes. For example, the treatment of ptetyldae
(2.0 mmol) and triethylsilane (2.0 mmol) in the presence of 1 mol % rutheniurystatal
in CH,Cl, generated4)- vinylsilanes69ain 99% vyield (Eq 71). On the other hand, the
treatment of styrene with 2.0 equiv. triethylsilane af@®@orms the E)-vinylsilanes70a
at a high yield (Eq 72). More details on experimental conditions, reaction scope, and

mechanism of these reactions, will be discussed in this chapter.

1 (1 mol %) X
' — 71
HSIEt;  + H7= < > CH,Cl,, rt, 4 h (j/\sia3 (71)

9a

6
. SiEt
= _ 1 (1 mol %) 3 72
HSIEt
/\©+ "= ~CRH,CI,, 400C, 8 h * (72)
70a

5.2 Scope of the Hydrosilylation of Alkynes

5.2.1Catalyst Survey
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Thecatalytic activity of selected ruthenium complexes was initi@iganed for
the coupling reaction of phenylacetylene and triethylsilane (Eq 73). Tiheysof
catalysts showed that ruthenium hydride complex ¢RCEYO)RUHCI @) has the highest
activity in the formation of the vinylsilanes among selected rutheniumplexes in 4
hours at room temperature with 99 % conversion determined by GC-MS and NMR

(Table 11, entry 5).

[Ru] (1 mol %) X
i — 73
HSIEt;  + H4<— > CH,Cl,, r.t, 4 h (j/\smt3 (73)

69a

Under similar conditions, R(CO). (entry 4) and [(p-cymene)Rugf (entry 12)
showed some activity on the hydrosilylation products, but the conversion is low (around
5%). Other commonly ruthenium complexes such as Ru(g®#)s;, RuCk 3H,0,
[(COD)RuUCL], and [(PCy),(CO)(MeCNYRUH]'BF,, were not effective in giving

coupling products under similar reaction conditions.
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Table 11.Catalyst Activity Survey for the Coupling Reaction of Phenylacetylade a
Triethylsilane

Entry Catalyst Additive yield(%)°

1

None None 0
2 Rus(CO);, None 3
3 Ru3(CO)s2 NH4PFg 4
4 RuCl3.3H,0 None 0
5 (PCy3);(CO)RuHCI None 99
6 (PCy3)o(CO)RUHCI HBF,OEt, <5
7 (PPh3)3(CO)RuH, None 0
8 (PPh3)3RuCl; None 0
9 (PPh3)sRuHCI None 0
0 [RUCI,(COD)Jx None 0

@ O

11 (PCy3)o(CHsCN),(CO)Ru H BF, None 0
12 [(p-cymene)RuCly], None 5

 Reaction conditions: 1.0 mmol of phenylacetylene, 2.0 mmol triethylsilane,
[Ru] 1 mol %, CHCI, 2 mL, room temperature, 4 hou?s3C yields based on
phenylacetylene.

5.2.2Scope of the Hydrosilylation of Alkynes
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To demonstrate the synthetic utility of the catalyswe explored the scope of the
hydrosilylation of alkynes. The reactions of phenylacetylene with diffesilmes such
as triethylsilane, diethylmethylsilane, the more bulky substitutpddnyl silane were

tested under the similar conditions and all gave only (z)-vinylsilane isoEgr&l).
— RuCI(CO)(PCys,),H (1 mol %)
C CH,Cl,, rt, 4 h SiEt (71)

A variety of terminal and internal alkynes were proven to be amenable for the

hydrosilylation reaction. We found that these alkynes showed a stronge$tecicon the
selectivity of the coupling products. For phenylacetylene (entry 1) angyhdéentry
10), @)- vinylsilanes were detected iy NMR. But for the steric bulky alkynes as
3-methyl-1-butyne (entry 11), a mixture of bo#) &nd ) isomers at a ratio of 3:2 was
detected. When we treated the more bulky substrate 3,3-dimethyl-1-butyne iBlentry
only transvinylsilanes was formed. So the selectivity of formation of vinylsilzae
significant dependence on alkynes. Bulky substrates generally favatiomoftrans
vinylsilane (Table 12), which may due to the steric hindrance between tmesi&gd
the ruthenium complex.

We also tried to explore the utility of these hydrosilylation reactiorsobye
internal alkynes (enty 17 and 18). They all showed the high activity and conversion to
vinylsilane products. For prop-1-yne benzene (entry 17), we determined thetpooblec

the €)-isomer based on NOSEY aftd NMR data. We also detected a signal of the
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methyl with the ethyl group, and ff NMR the signals signed to methyl show the
doublet with a small coupling constant (1.7 Hz). This result is also consistarthwit
prediction based on stereo effect, in which the bulky group favors formaticanef
product. So, at this point, the reaction of diphenylethyne with triethylsilanedspivel
transvinylsilane. For 1,4-diethynylbenzene (entry 16), it generates amaiatais and
transproducts at a ratio of 3:1. We also tried 1, 6-heptadiyne, but the selectivity of the

reaction was poor, as multiple isomers were detected.



Table 12.The Coupling Reaction of Alkynes and Triethylsildne

Entry Alkyne Silane Product Yield (%)
. X
69a
2 H—= < > HSIEt,CH, ©/\ 08
SiEt,CH,
69b
3 HSiPh ©/\
|
s SiPhs 95
69c
4 A X=CH3 99
5 H%@x HSIEt; X SiEt; X=OCHg gg
6 =
7 69d-69g X=CF5 97
— X
69h
o
9 H= HSiEt, SiEts
. 98
69i
— HSIEt
SiEts
69
. N EtsSi 90
11 H%( HSIEt; SiEty  * \/ﬁ/\
1:15
69k
12 H=—<" HSiEt; Etgsi\/\k 91
69l
H—=—— _
13 Ph HSIiEt3 N 96
M SiEts
— =
14 H= < HSIEt; g g5
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T
SiEts

+ 93

a -
5 = ) HSIEt; SlEts
HsCO

690 Cis : tran 1:2

X SiEt3
16 H%O HSIEts O/\ ' ON 98
SiEt3

69 4:5

avs

SiEts Et3Si
+

17 H—= \_/ — N HSiEt; \
EtsSi—/ : \SiEts

699 cis : tran 3:1

SiEts
HSIEt3 %CHs 98

H3CO

94

18

69r H

SiEts
- Ph

19 HSiEt; Ph)\( 95

69s

HSiEts 67

20

@ Reaction conditions: alkyne (1.0 mmol), hydrosilane (1.5 mridf),mg, 1 mol
%), CHCl, (2-3 mL), room temperature, 6 hisolated yield®60°C, 15 h.

5.2.3The Scope of the Hydrosilylation of Alkenes

In another case, the treatment of 1.0 mmol styrene with 2.0 mmol triethglgila

the presence of 1 mol % catalysin CH,Cl, at 40°C for 8 h smoothly generatésins
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vinylsilane70aas coupling product along with one equiv. of ethyl benzene as the
byproduct (Eq 72).

= RUCI(CO)(PCy;),H (1 mol %) . SiEty
HSIEt; + :
CH,Cl,, 40 °C, 8h

2.0 mml 1.0 mmol 70a (72)

To demonstrate the synthetic utility of the catalyst @080O)RuHCI on the
hydrosilylation of alkenes, we explored the reaction scope. Firstly, trilshgs
diethylmethylsilane and triphenylsilane were explored by the reaeitbrstyrene,
which all givetransvinysilylane. Triethoxy(vinyl)silane show the low conversion under
similar conditions. A variety of alkenes was used in this reaction. The Talsleows
that both less bulky substitutes as 1-hexene (entry 11) and more bulky subssitutes
2-methoxyl-6-vinylnaphthalene (enty 8) and vinylcyclohexane (enty 9)ayilyetrans
products. So unlike the hydrosilylation of alkynes, there is no steric effect on the
formation of coupling products. On the other hand, those internal alkenes showed no

reactivity in the hydrosilylation reactions.
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Table 13. The Coupling Reaction of Alkenes and Hydrosifane.

Entry Alkene Silane Product Yield(%)°
o -SiEtg 08
1 70a
X HSiEt,Me
70b
2
x_SiPhg 87
X HSiPh, m
3
S SiEts o7
N T e
4 J@A HSIEts Me 0d
Me /@/\/SiEQ 95
X 70e
5 J©/\ HSiEts MeO
MeO /@/\/SiEty, 94
/©/\ HSIEt, Br 70f
6 Br
X SiEts
HSIEt, 70
7
X SiEts
sen -
8
i HsCO
HCO HSiEt3 3 o
X SiEts
%
° X HSIEt, O/\/
70i
- SiEts
X HSIEt, 95
10
70j
11 = HSIEt, INF 87
70k
o) - EtsSi~~_O 93
12 /\n/ ~ HSiEts 3 W ~
o] o]
70l
/\0/\/\ HSIEt; EtsSi \/\0/\/\ 92
13
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0 .
14 N \ﬂ/ HSiEt, EtSSi\/\/O\ﬂ/
o 70n o) 83
15 Z > SiMe, HSiEt; Et3Si\/\SiMe3 o3
700

v () - OO
N\ HSIEt, \ SiEt, 69

70p
N 0
N HSIEt C(
17 E):O IE

70q

N %
SiEt,
70r

@ Reaction conditions: alkenes (2.0 mmol), HSi@t0 mmol),1 (1 mg, 1 mol %),
CH,Cl, (2-3 mL), 40°C, 8 h. Isolated yield.

We explored the reaction scopg using some functional substituents such as
ethyl arylate (entryl12), carbazole (entry 18) and 1-vinylpyridin-2-ontey(@&7). They all
show very high selectivity towardisans products. However, in the reactions of
but-3-en-2-one, isoprene, and but-3-en-2-ol, only a trace amotranefproduct was
detected. This may result from the fact that these substitutes are higtiyeeihus

favoring self-isomerization.

5.3 Mechanistic Study on the Hydrosilylation of Alkynes
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5.3.1Deuterium Labeling Study on the Hydrosilylation of Alkynes

In order to get insight on the mechanism of these reactions, we perforewesa s
of deuterium labeling study experiments. The treatment of triethgsii2.0 mmol) with
PhG=CD (1.0 mmol) in the presence b{1 mol %) in CHCI, at room temperature
yielded coupling produd@9awithout H/D exchange argPawas determined by both

and?H NMR (Eq 74 and Figure 20).
74

. _ 1 (1 mol %) P (74)
HSIE  + D—= < > CH,CL, rt, 41 SiEt

2.0 mmol 1.0 mmol

In Figure 19, there are only two deuterium signal, one (2.05 ppm) was the
reference acetondsand the other (5.81 ppm) the vinyl proton of comf@8a.Sinceno
signal at this position was observedihNMR spectroscopy. It is clear that this
deuterium is from Ph&CD, and there should be no H/D exchange between
phenylacetylene and triethylsilane during this reaction. This indicladedar

phenylacetylene, there should be no C-H bond cleavage during the reaction.
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Figure 20. *H and®H NMR for the Deuterated Compl&9a A-'‘H NMR Spectroscopy of
cisvinylsilane69a B—"H NMR Spectroscopy of Deuterium Vinylsilane; C- Deuterium
NMR Spectroscopy of Deuterium Product and Acetdjis-the Reference.

5.3.2Phosphine Inhibition Study on the Hydrosilylation of Alkynes.

We next performed a series of phosphine inhibition experiments to gain further
insight into the reaction mechanism. Therefore, in order to observe such phosphine
inhibition, phenylacetylene (0.20 mmol), triethylsilane (0.40 mnig2, mg, 1 mol %)
and GMes (2 mg, internal standard) were dissolved in 0.5 mL of GBGIution in a
J-Young NMR tube with a Teflon screw cap. A pre-dissolved;RCEDCk solution (5

uL, 1.0M) was added to the tube via syringe. The reaction was monitoréti MR
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spectroscopy with 30 min interval at room temperature. The initial rate metsdsed
to measure the rate of each reaction. The rate was measured#yritegration of the
product peak ai 5.81 (=CHSi), and was normalized against the internal standard peak.

ThekypsWas estimated from the first order plotiofproduct] vs. reaction time.

0.003 0.006 0.009 0.012 0.015
[PCy3] mM

o

Figure 21.The Phosphine Inhibition for the Coupling Reaction of Phenylacetylene and
Triethylsilane;? Reaction conditions: phenylacetylene (0.20 mmol), triethylsilane (0.40
mmol), 1 (1 mol %), PCy (0.0-0.014 mM).

The catalytic reaction was found to be strongly inhibited by the phosphine ligand.
The initial rate was estimated from [product] vs. time plots for eacblsanith different

[PCy] (Figure 21). The addition of P€Y2.7-8.3 mol, 2.7-8.3 mol %) to the reaction
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mixture under otherwise similar conditions led the rate to a steady defteagkel x
10°h* (without PCy) to 8.7 x 1¢ h* (0.014 M of PCy). These results indicate that

active Ru catalyst formed by initial dissociation of a phosphine ligand.

0.2
o—eo—o-o9o—0 o O
0.1 - A A A A —A A —A
0
0 0.1 0.2 0.3

[CeHsCCH] mM

Figure 22 Plot of the Initial Rate vs. [PBCH] at different PCyConcentrations
No PCy (m); 0.004 mM (0.8 equiv.) PGY4); 0.009 mM (1.8 equiv.) PGfe); 0.014
mM (2.8 equiv.) PCy(A).

In order to determine the nature of such inhibition, a series of kineticiegues
were performed. Therefore the reaction of phenylacetylene (0.04-0.2 mmmdodxcess
amount of triethylsilane with various concentrations of {040.14 M, 0-2.8 equiv.
compared td) in presence of (1 mol %) in CDC4 at room temperature was monitored

using™H NMR over the internal standard. Rate vs. the concentration of phenylacetylene
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plot (Figure 22) was constructed from a linear, pseudo-first order plobdfigrr

formation vs. time.
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Figure 23.Lineweaver-Burke Plot of 1/vi vs. 1/[PhCCH]

In order to determine the nature of the inhibition, the inhibition data was fitted to
Michaelis-Menten equation to determine the kinetic parameters for theoadditseries

of Lineweaver-Burke plot (Figure 23) were constructed.
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[Ru] + S [RuSS ——— [Ru] + A

lll?uS|
P

Scheme 25General Kinetic Scheme for an Uncompetitive Inhibitor

The reciprocal plots show non-intersecting lines, indicating that B&y as an
uncompetitive inhibitor. As illustrated in Scheme 25, where [Ru] is the catllyti
active species, [S] is the substrate, P isFi@gnd and A is the vinylsilane products.

In this scheme, the inhibitor reversibly coordinates to the catalyst-sebstrat
complex [RuS], creating inactive catalyst-substrate-inhibitor compla$P]. Reduction
of the amount of catalyst-substrate complex from the formation of inactive
catalyst-substrate-inhibitor complex [RuSP] increases the appdiiaity aff the
substrate. In this reaction condition, there always is some of the inactive gample

solutions, which decreases the overall appargnt V

5.3.3Rate Dependence on the Substrate Concentration
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The rate dependence on alkymesuld provide valuable insights into the
mechanism for hydrosilylation of alkynes. The initial rate method was usetetonttee
the rate of reaction. The treatment of 0.06-0.8 M phenylacetylene with exuesst of
triethylsilane in the presence of 2 mglodt room temperature in CD{GhMas monitored
by 'H NMR spectroscopy. The initial rates of the reactions were determivradinear,

pseudo-first order plots of product formation rate vs. time.
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Vix10* h?t

0 0.2 0.4 0.6 0.8
[Phenylacetylene] mM

Figure 24.Plot of the Initial Rate vs. [PRCH)]

In Figure 24, the rate does not show any dependence on the concentration of
phenylacetylene in 0.06 M-0.20 M, thgsis 4.3 x 1 h™. However, from 0.2 M, with

the concentration of phenylacetylene to 0.8 M,klagvas decreased from 4.3 x 19"
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(0.2 M) to 1.0 x 16 h* (0.8 M). These results indicate that the rate of reaction shows no
dependence on concentration of phenylacetylene under the dilute condition. However,
with the concentration increasing, the phenylacetylene coordinates to tlystcater

by creating inactive catalytic species and will eventually gméethe substrate from the
coordination to the ruthenium center to generate the products.

We next performed a kinetic study on the rate dependency on triethylsilane.
Treatment of 0.06-0.8 M of phenylacetylene with excess amount of triethglsidahe
presence of 2 mg dfat room temperature in CDGVas monitored byH NMR
spectroscopy. The initial rate method was used to determine the rate ottlmnsed he
initial rates of the reactions were determined from linear, pseudmffdst plots of rate

of the product formation vs. time.
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Figure 25. Plot of the initial rate vs. [HSig]t
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Figure 25 indicated that the rates of reaction of hydrosilylation of alkyruegesl
no dependence on the concentration of triethylsilane. We monitored the rate of the
reactions with the different concentration of triethylsilane from 0.04 M to 0.7 M at

similar conditions, and found all the reactions giving sinkilgvalue as 4.3 x I®h™.

5.3.4Rate Dependence on the Catalyst Concentration

In order to get insight into the mechanism, the rate dependence of ruthenium
hydride concentration was performed. The treatment of 1.4-11 mM ruthenium hiydride
with 0.4 M triethylsilane and 0.2 M phenylacetylene at room temperature in;@RSI
monitored by"H NMR spectroscopy. The initial rate method was used to determine the
rates of the reactions. The initial rates of the reactions were detdrfronelinear,
pseudo-first order plots of rate of the product formation vs. time.

The rate of the reactions of hydrosilylation of alkynes showed dependence on the
concentration of catalyst. We monitored the rates of reaction with diffeseoéitration
of catalyst from 1.4 mM to 11 mM under similar conditions, and we found th&ggthe
increased from 7.5 x oh* to 6.8 x 1@ h™*. The plot of yvs. concentration of

ruthenium hydride is linear, which indicated that there was a first orgedegendence
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on the concentration of catalyst. So in the dilution, we can drive the kinetics equation rate

= k [Ru]‘{Alkyne][silanef.
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Figure 26.Plot of the initial rate vs. [RuH]

5.4 Mechanistic Study on the Hydrosilylation of Alkenes

5.4.1Deuterium Labeling Study on the Hydrosilylation of Alkenes

To explore the mechanism of hydrosilylation of alkenes, we first performed

deuterium labeling study experiments. The treatment of triethys{ia. 0 mmol) and

styrenees (1.0 mmol) in CHCI, at 40°C was monitored byH NMR spectroscopy. The
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coupling produc70awas characterized B and’H NMR spectroscopy. For the
product70a, asimilar amount of deuterium on the two vinyl positions was detectéH by
and?H NMR spectroscopy which gives the 77% and 71% deuterium (Scheme 26). Under
similar conditions, the reaction of styredgfl.0 mmol) with triethylsilane (2.0 mmol)

gave the product with 70% and 64% deuterium on the vinyl positions.

D  H/D(70%D)

D D RuCICO)(PCys),H (1moi%) D N SiEl
H/D(64%D
HSIEt, * oD CH,Cl,, 40 °C 6 hrs D p H/D(64%D)

D

2.0 mmol 1.0 mmol

5 D  H/D(77%D)

D .
b 5 RUCICO)PCys)H (1mal%) D | SiEts
X
i 0,
HSEEt  * D CH,Cl,, 40 °C.6 hrs D p /D(71%D)
D D [

D

1 mmol 1 mmol

Scheme 26Deuterium Labeling Study on the Hydrosilylation of Alkenes

As shown in Figure 27, A is tHél NMR spectroscopy of trans-vinylsilane;

B is the’H NMR of deuterium vinylsilane and C3sl NMR spectroscopy of deuterium
product two deuterium signals at 2.6 ppm and 0.8 ppm were detected, which were
assigned to the ethylbenzene!thNMR spectroscopy, two signals were detected at the

same chemical shift. In addition, there was also a deuterium signalezktigihe unused
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triethylsilane. These H/D exchange results indicate that the H/D myehsirapid and

done before the formation of the coupling products.

CHNMR | || | _u
LI I Y 1
AHNMR | | '. \!,
|y _|__‘ AW
F’F\T 80 T8 7.2 EB_-;_-:.U_-_S..E_-_H_-_ALB 44 40 EL 32__15_ 14__2[!_—1.5__12_3.8__&4__{10_

Figure 27. *H and®H NMR for the complex’0a

5.4.21sotope Effect Study on the Hydrosilylation of Alkenes

In orderto determine the possibility of a rate-limiting C-H bond cleavage step, t
kinetic isotope effect for the hydrosilylation of alkenes was performgdinithe initial
rate method was used in order to determine the reaction rates. Here, thertt@dt
styrene (0.1 mmol) and triethylsilane (0.2 mmol) in the presence of 1.0 mol % of

CDCl; was monitored byH NMR spectroscopy at £ (Scheme 27).
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Figure 28.Kinetics Plot of the Reaction of Styrene and HSiMe

The rate of reaction was then determined from linear, pseudo-first order plots of
the product formation vs. time ( Figure 28), which gavekghgas 1.1 x10 h*. Under
similar conditions, the reaction of deuterated styrdy@-1 mmol) and triethylsilanes
(0.2 mmol) was monitored by NMR spectroscopy at@0and gave thk,psas 9.8 x10
h™. The kinetic isotope effect study gave us a sinkigyvalue for the deuterated and
regular reactions, which gave tkgy/kcpas 1.1 + 0.1. This low KIE value suggested that

C-H bond cleavage of the styrene is not the rate-limiting step.
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== RuCI(CO)(PCya),H (1mol%) X SiEt
HSiEt; + ©/\
CH,Cly, 40 °C +

0.2 mmol 0.1 mmol
D b H/D DH
D S RuCI(CO)(PCy3),H (1mol%) ©)\/Si|33 ©)SH</?|/D
HSiEt; + D H/D
] A .Gl 407 HD + DH
D
0.2 mmol 0.1 mmol

Scheme 27Kinetic Isotope Effect Study on the Hydrosilylation of Alkenes

5.4.3Carbon Isotope Effect Study

In order to get more information on the rate limiting step, we used singleton’s
method in carbon isotope effect study. In glove box, styrene (2.0 mmol), trikeihgls
(3.0 mmol),1 (14 mg, 1 mol %) were dissolved in 3 mL & solution in two 25 mL
Schlenk tubes equipped with a magnetic stirring bar. The reaction tube wasdatezhihe
oil bath at 40 °C for 10 min and was opened to air at room temperature, and the crude
product mixture was analyzed by GC/MS (10 % conversion). The other reaction tube was
heated in an oil bath at 40 °C for 8 hr and was opened to the air at room temperature. The

crude product mixture was analyzed by GC/MS (98 % conversion). The solvent was
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removed under a rotary aspirator, and the prottansvinylsilane was isolated by a

column chromatograph on silica gaettfexanes) (Scheme 28).

~.  RuCI(CO)(PCys),H (1mol%) - SiEt;
HSiEt; + ©/\ ©/\/ ©/\ 98 % conv.
CH,Cl,, 40 °C, 8 hrs
~.  RUCI(CO)(PCys),H (1mol%) - SiEt;
HSIEt; + ©/\ ©/\/ ©/\ 10 % conv.
CH,Cl,, 40 °C, 10 min

Scheme 28Carbon Isotope Effect Study on the Hydrosilylation of Styrene

The'*C NMR analysis ofransvinylsilane of both 98% conversion and 15%
conversion was performed by following Singletoi® NMR method. The NMR
samples were prepared identically by addmagsvinylsilane (198 mg) in CDGI(0.5
mL) in a 5 mm high precision NMR tube. THE {*H} NMR spectra were recorded with
H-decoupling and 45 degree pulses. A 60 s delay between pulses was imposed to
minimize T, variations (d1 = 60 s, at = 5.0 s, np = 245098, nt = 512). The avégage

integration ratio of the samplesto@nsvinylsilane70ais shown in Table 14.
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Table 14. Averag&®C Integration of the Samples of trans-vinylsilaioa

o SiEty
©/\/ X
- SiEty
.

RuCI(CO)(PCyz),H (1mol%)

HSiEt;  * 98 % conv.

CH,Cl,, 40 °C, 8 h

RuCI(CO)(PCys),H (1mol%)

HSiEt;  * 10 % conv.

S o
Sk o

CH,Cly, 40 °C, 10 min

C# 98% conv. 18% conv. 18% conv./98% conv. change (%)
1 2.9936 (3) 2.9925 (3) 0.9996 (3) 0.04 (3)
2 2.9827 (4) 2.9823 (4) 0.9998 (4) 0.02 (4)
3 0.9314 (5) 0.9208 (5) 0.9886 (5) 1.14 (5)
4 1.0084 (3) 1.0060 (3) 0.9976 (3) 0.24 (3)
5 0.9288 (4) 0.9272 (4) 0.9983 (4) 0.17 (4)
6 2.0000 (5) 2.0000 (5) 1.0000 (5) 0.00 (5)
7 1.9892 (3) 1.9884 (3) 0.9996 (5) 0.04 (5)
8 0.9938 (3) 0.9923 (3) 0.9985 (3) 0.15(3)

C# 98% conv. 10% conv. 10% conv./98% conv. change (%)
1 2.9936 (4) 29915 (4) 0.9993 (4) 0.07 (4)
2 2.9827 (4) 2.9813 (3) 0.9995 (3) 0.05 (3)
3 0.9314 (5) 0.9198 (5) 0.9875 (5) 1.25(5)
4 1.0084 (3) 1.0074 (3) 0.9990 (3) 0.10 (3)
5 0.9288 (4) 0.9266(4) 0.9976 (4) 0.24 (4)
6 2.0000 (5) 2.0000 (5) 1.0000 (5) 0.00 (5)
7 1.9892 (3) 1.9879(3) 0.9993 (5) 0.07 (5)
8 0.9938 (3) 0.9953 (3) 1.0015 (3) 0.15(3)
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In Table 14, the most significant carbon isotope effect was observed at the
CH=CH-Si of the product. We can see that at 10 % conversion, the integration of the
carbon3 which was signed to CHGH-Si is 0.9198 at five runs, comparing with 0.9314
at 98% conversion the integration of carl3as change by 1.25 %ut other carbons
change by 0.05 %-0.15%. At 18 % conversion, the results is similar, the Garbon
changed by 1.14 %, and others changes even less. This result indicates thatitire re
step involving this C-Si carbon is slow and should be rate limiting. This is based on an
assumption that the migration G€ is slower than the migration HiC in such slow
steps, which results that the abundanc€®fof the product at low conversion will

become less than th&C of the product from the completed reaction.

1.000 0.9990

0.9993\\1 ,/ C\/

0.9976 0.9875

0.9995

1.0015

Compound/Oa

5.4.4Hammett Study on the Hydrosilylation of Alkenes

Hammett studies gdara-substituted styrene were performed to determine the
electronic effects on the alkene substrates for the hydrosilylatiokesfesd. The

treatment of th@ara-substituted styreng-X-C¢H,CH=CH (X = OMe, CH, H, Br, CI)
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(0.2 mmol), Triethylsilane (0.3 mmol) and hexamethylbenzene (26 mg as tmainte

standard) was monitored by NMR spectroscopy at 4.

=~ _ RUCI(CO)(PCy,),H (1 mol %) . SiEt,
+ HSIEt3
CH,Cl,, 40 °C +
X X X

X =OMe, CHj, H, Br, Cl
Scheme 29The Hammett Study on the Hydrosilylation of Alkenes
The initial rate method was used to determine the rate of each of reathens.
rates were measured by the integration of the products vinyl peak (6.48 ppm). The
integration of product peak was normalized against the internal standaidyshas
estimated from a pseudo first-order plot of In[product] vs reaction TineHammett
plot of the log k«/ku) vs thes, gave the Hammett value of 0.59 (Figure 31).
In Figure 29, the Hammett plot of the |dg/k+) vs thes, gave a positive
Hammettp value of 0.59, which indicated that the rate of the reaction increased with the
electron-withdrawing substitutes. By using styrene, the reactionkgawel.1 x 10h™.
The reaction with the electron-donating substitutes as 4-methoxyl styeam,,s= 7.3
x 10°h™. But when using the electron-withdrawing substitutes as the 4-bromo-styrene,
the reaction gave a 1.5 x 18" as thekq,s value. This positive Hammattvalue

indicated that possible anionic nature of the transition state.
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Figure 29.Hammett Plot of the Coupling Reactionpafra-Substitutegp-X-CgH4,CH=CH,
(X = OMe, CH, H, CI, F) with Triethylsilane

Here, we propose the structure of possible transition state of the inteiemedia
(Figure 30), where X can be either electron-withdrawing or theretedonating
substitutes. When X are electron-withdrawing substitutes, the Ru-C bond caiihbe
weak and easy to break. Besides, the electrophonic addition of silyl group tadkhre car
will become easy. So in this case, the rate of the reaction will increase.résakis
indicate that the transition state is stable and the formation of C-Si bond is slow and
rate-determining. These results are also consistent with the caobapeieffect study,

which suggests that the formation of the C-Si bond is the rate-determining step.
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Figure 30. Possible Transition State for the Intermediate of the dtyigtation of Alkenes

5.4.5Phosphine Inhibition Study on the Hydrosilylation of Alkenes

We next performed a series of phosphine inhibition experiments to gain the
further insights into the reaction mechanism. The phosphine inhibition is common in our
ruthenium hydride catalyst system, we observed a strong phosphine inhibition in the
reaction of alkynes with triethylsilane and the reaction of alkyn#saarboxylic acid.

This phenomenon may also happen in the hydrosilylation of the alkenes. Therefore, to
observe this phosphine inhibition, the mixtures of styrene (0.20 mmol), triethylsilane
(0.40 mmol),1(2 mg, 1 mol %) and §Mes (2 mg, internal standard) were dissolved in
0.5 mL of CDC} solution in a J-Young NMR tube with a Teflon screw cap. A
pre-dissolved PGyin CDCksolution (5uL, 1.0 M) was added to the tube via syringe.
The tube was brought out of the glove box. The reaction was monitofetNyIR at 10
min interval at 4GC. The initial rate method was used to measure the rate of each
reaction. The rate was measured by integration of product p8dk&t ppm (=CHSI),

and was normalized against the internal standard peakk,Jdveas estimated from the

first order plot ofin[product] vs. reaction time.
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The catalytic reaction was found to be strongly inhibited by the phosphine ligand.
The initial rate was estimated from the [product] vs. time for each added] [[FECyre
31). Addition of PCy (2.7-1.0umol, 2.7-1.0 mol %) to the reaction mixture under the
similar conditions led the rate to a steady decrease3t6m 10°h™ (without PCy) to
1.2 x 10° h* (1.0 mM of PCy). These results indicated that active Ru catalyst formed by

initial dissociation of one phosphine ligand.
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Figure 31 The Phosphine Inhibition for the Reaction of Styrene and Triethylsilane

In order to determine the type of inhibition, a series of kinetic experiments were
performed. The treatment of styrene (0.05-1.0 mmol) and excess amount ofsitaethyl

with various concentrations of PE{-1.0 mM, 0-2.2 equiv. compared1pin presence
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of 1 (1 mol %) in CDC} at room temperature was monitored"ByNMR. The rate vs.
[styrene] plot (Figure 32) was constructed from linear, pseudo-first ploleof product

formation vs. time.

25 ¢
[ ]
2 L
| ]
| ]
15
o .
b
= .
x 1
S
[ |
05 - s .
. A 4 R .
A A - P’ * . *
oL 4 283800 90°° °©
0 0.1 0.2 0.3 0.5 0.6 0J7
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Figure 32.Plot of the Initial Rate vs. [styrene] at Different R@poncentrations. Without
PCy; (m); 0.21 mM (0.4 equiv) PGYA); 0.42 mM (0.8 equiv) PGy#); 1.01 mM (1.8
equiv) PCy(o);

The inhibition data was fitted to the Michaelis-Menten equation to determine the
kinetic parameters. A series of Lineweaver-Burke plots (Scheme 38)westructed.

The reciprocal plots indicated that R@&gts as a noncompetitive inhibitor, as illustrated
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in Scheme 30, where [Ru] is the catalytic active species, [S] is theadabBtis PCy

ligand and A is the vinylsilane product.

KP
[Rusf ——— [Ru] + A

[Ru] + S
+ +
P P
Ki K
K
RuA + g — [Rus]

Scheme 30General Kinetic Scheme for the Noncompetitive Inhibifor

In order to conform this, replot of the slope and Dixon plot of 1/v vs. {P&are

constructed (Figure 33 and 34).
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Figure 33.Lineweaver-Burke Plot of 1/vi vs. 1/[styrene]. No RCw); 0.21 mM (0.4
equiv.) PCy (A); 0.42 mM (0.8 equiv.) PGYy#); 1.01 mM (1.8 equiv.) PGyo);

The following reciprocal equation is for noncompetitive inhibition.

1 au [1]
VAL K)[S] v Lo )

max

And this equation may be rearranged to:

1 Koy [0, 1 K,
v [S])V K.V ( [S])

A plot of 1/v versus [I] will be a straight line. The slope of the Dixon plot is given

by
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K, 1 1
slope= —+
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Figure 34. Dixon plot of 1/v versus [PGY

From the equations, the replot of slope vs. 1/[S] should be a straight line with a
slope of Ky/VmaKi, and an intercept of 1M4Ki. So Kncan be figured out from Figure
35 by slope/intercept which gave 3.033. The value;of #om the Figure 34. The plot of
1/v vs. [I] gave a straight line with a slope of (A#[S])/VmaxKi and an intercept of
(L1+KW/[SD/Vmax. S0 K = intercept/slope which gave 0.16 ang.Ms 10.42. Therefore

the kinetic equation can be derived by using these parameters.
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Figure 35.The replot of slope vs. 1/[S]

KP
[Rus) ——— [Ru] + A

(Ru] + S
+ +
=] P
Ki K
K
Ru-A + g - . | FliuSI

P
Scheme 31General Kinetic Scheme for the Non-competitive Inhibitor

Where [Ru] is the catalytically active species, [S] is the subsfagePCyligand
and A is the vinylsilane products. In this scheme, the inhibitor reversibly cot@sltoa

the catalyst-substrate complex [RuS], creating inactive ctsilypstrate-inhibitor
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complex [RuSP]. The catalyst-substrate-inhibitor complex [RuSP] carsediea S to
form the catalyst-inhibitor complex [RuP], which can generate thé/tiatdly active
species [Ru] by the dissociation of inhibitor BCy

Kinetics data for the hydrosilylation of alkenes can be explained using a
non-competitive inhibitor model. The Lineweaver-Burke plots, Dixon plot and slope
secondary plot are consistent with this non-competitive inhibitor model: A
non-competitive inhibitor has no effect on the affinity the [RuP] complex has for the
coordination of alkene. The overall effect for a non-competitive inhibitor is terltve

V max Of the reaction.

5.4.6Rate Dependence on the Substrate Concentration

The rate dependence on alkenesild provide valuable insights into the
mechanism for the hydrosilylation of alkynes. The initial rate methoduaed to
determine the rate of reactions. The treatment of 0.06-0.8 M styrene with arcmast
of triethylsilane in the presence of 2 gt 40°C in CDCk was monitored byH NMR
spectroscopy. The initial rates of the reactions were determined frear,lpseudo-first

order plots of product formation rate vs. time.
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In Figure 36, the rate showed the linear dependence on the concentration of

styrene as first order.

»
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Figure 36. Plot of the initial rate vs. [styrene]

We next performed a kinetic study on the rate dependency on triethylsilane.
Treatment of 0.04 M to 0.7 M triethylsilane with excessive amount styrehe in
presence of 2 mfj at room temperature in CDGlas monitored byH NMR
spectroscopy. The initial rate method was used to determine the rate @idiitense The
initial rates of the reactions were determined from linear, pseudmffdst plots of rate
of the product formation vs. time.

The Figure 37 indicated that the rates of reaction of hydrosilylation yriegk

showed no dependence on the concentration of silane. We monitored the rate of the
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reactions with the different concentration of silanes from 0.04 M to 0.7 M at similar

conditions, and found all the reactions giving simiiggvalue as 7.3 x I0h™.
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Figure 37.Plot of the initial rate vs. [HSiE]t

5.4.7Rate Dependence on the Catalyst Concentration

In order to get insight into the mechanism, the rate dependence on ruthenium
hydride concentration was performed. The treatment of 1.4-11 mM of ruthenium hydride
1 with 0.4 M of triethylsilane and 0.2 M of phenylacetylene at room temperature in
CDCl; was monitored byH NMR spectroscopy. The initial rate method was used to
determine the rates of the reactions. The initial rates of the reactiomsli@termined

from linear, pseudo-first order plots of rate of the product formation vs. time.
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The rate of the reactions of hydrosilylation of alkenes showed dependence on the
concentration of catalyst. We monitored the rates of reaction with diffesenentration
of catalyst from 0.0014 M to 0.011 M at similar conditions, and finkgh@ncreasing
from 5.0 x 10 h™ to 3.82 x 1¢ h>. The plot of yvs. concentration of ruthenium hydride
is linear, which indicates that there was a first order rate dependartbe concentration

of catalyst.
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Figure 38. Plot of the initial rate vs. [RuH]

5.5The Reaction of Triethylsilane with Ruthenium Vinyl Complex
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In order to get insight into the mechanism, we made the immediate species
ruthenium vinyl complex in Eq 75. Thus, in glove box, 100 mg ruthenium corfiplex
excess amount of phenylacetylene were dissolved in 3 mCigBolution in two 25 mL
Schlenk tubes equipped with a magnetic stirring bar, at room temperatu@enfiom gis
reaction led to the clean formation of the ruthenium-vinyl comp|exhich was isolated

in 87% yield after recrystallization in GBl./n-hexanes (Eq 75).

Ph
T _
cl CH,C,
CYP—R They, + P="H — = cyp_} O (75)
oc 1 3 rt. OC/Z\PCy3

We tested the activity of compl@dor both the reaction of triethylsilane with
styrene and the reaction of triethylsilane with phenylacetylene stimyed the same
activity as the compleg, for the hydrosilylation of phenylacetylene, the reaction
generatesis product, for the styrene case, it generatass product. We performed the
reaction of comple® (0.1mmol) with styrene (0.2 mmol) in the CRCAnd monitored
the reaction by the VT-NMR from -4C to 80°C, and observed no change on both the
'H NMR and*'P NMR. On the other hand, we also observed by VT-NMR that no
reaction of compleR with triethylsilane took place at temperatures beloW.0
However, when heated above @ the formation of th&ransvinylsilane was detected,

and the comple® was detectetb turn back to compleg (Eq 76).
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Ph
/ H
CysP— ACl CH,Cl, [ _cl i
RuZC + - CysP— o X SiEty; (76
OC/ PCy, HSIEt3 —00C OC/RU\PCyS + Ph ( )
5 1 70a

The Figure 39 showed ti& NMR signal change at ?C, before the reaction,
there was only one signal at 27.8 ppm, which belonged to ruthenium vinyl cotplex
And then we observed ruthenium hydride signal at 45.8 ppm and foi tNBIR, we
observed the formation of compl@&ga. After 3hr the reaction was done, all the complex

2 convers to the ruthenium hydride complex

70°C

70°C 30 min 2

70°C 3hr \

1 1 f ; f f f 1 I f i f ' f 1 1 f
P 600 &0 20 40 #0 410 B0 keli] A0 A0 a0 160

Figure 39.P NMR of the Formation of Ruthenium Hydride Compleixom
Rutheniumvinyl Comple

Since this reaction is slower than the catalytic reactions, which caratettes
product at room temperature, the following kinetic experiments are performed to ge

more information on this reaction. In a glove box, triethylsilane (0.3 mmol) witiplex
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2 (0.2 mmol), GMeg (2 mg, internal standard) were dissolved in 0.5 mL GOCI
J-Young tube. This tube was taken out and was monitored Bl tN&R, The rate was
measured by integration of the prodtidtpeak a 5.81 (=CHSi), and was normalized
against the internal standard peak. kfy)ewas estimated from the first order plot of
[product] vs. reaction time. Under similar conditions, we monitored the rate change b
adding PCyand by adding styrene. We found that this reaction shows the strong

phosphine inhibition (Figure 40).
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[PCy3] mM

Figure 40. The Plot of the Reaction Rate vs the Concentration of PCy

Thekoyps Of this reaction of triethylsilane with ruthenium vinyl complex is

0.0095mol/h. By adding 0.005 mmol PQke reaction gives la,s0.007 mmol/h. These
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results are consistent with the catalytic reactions which werevaasthe strong

phosphine inhibition.

Meanwhile, we observed that the reaction can be promoted by adding styrene. By

adding the styrenésof the reaction are 0.016 mmol/h (0.01 mmol styrene), 0.016

mmol/h (0.035 mmol styrene) 0.016 mmol/h (0.046 mmol styrene) (Figure 41).

0.04 +
0.03+
e *
30.02 -
S
'>_ *
0.01+
0 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01
[styrene] mM

Figure 41.The Plot of Reaction Rate vs the Concentration of Styrene

So these indicated that the formation of intermedatgEq 77) through the
intermediateé’2b requires phosphine dissociation and styrene addition, as styrene can be

coordinated to the ruthenium center and promote the dissociation gVACyut

styrene, the dissociation of the R@pes not favor. This can explain that the reaction of
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complex2 with treithylsilane needs being heated td®€Qo generate the product but a

catalytic reaction can finish just at room temperature.

5.6 Computation Studies on the Hydrosilylation of Alkynes

For the mechanism of the hydrosilylation of alkynes, deuterium labeling study
was carried out and the results indicated that there was no D/H exchamggtleiri
reaction, which means there should not be C-H cleavage of the alkynes during the
reaction. We also detected the formation of ruthenium vinyl complex, which dhowe
similar activity and selectivity as complé&on thehydrosilylation of alkyne. So we
proposed that the catalytic reaction starts at the formation of the wihgmyl complex
by adding alkyne to the ruthenium center. Then with the coordination of silame to t
ruthenium center, the key intermediate ruthenium-silyl complex was geshésatiee
eliminating styrene. This step was monitoredtyNMR and®*'P NMR, only the
formation of styrene was detected, there was no information on the formation of
ruthenium silyl complex. This may be due to the high reactivity of 14 electrommuthe
silyl complex. In order to get more details on the selectivity and mecharithe
hydrosilylation of alkynes, density functional calculations were carried dlut. A

calculations were carried out with Gaussian 09 program. First of all, all geesre the
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reactants, transition structures and intermediates were fully optirnzB3LYP method.

The 6-31G (d) basis set was used for H, C, O, P, Si and Cl atoms, while the Lani2dz bas
set and ECP were used for Ru atom. The Ru atom was augmented with f-polarization
functions. The harmonic vibration frequency calculation was performed for each
structure, from which the zero-point energy, thermal energy, entropy anchéneg e

were derived. In order to minimize computation time, RUH(®M#(CO) was chosen to

be the catalyst, with trimethylsilane and phenylacetylene as tbgngeailane and

alkyne.

First we considered two mechanism pathways: two phosphine ligand system
(Scheme 32) and one phosphine ligand system (Scheme 33).

In the two phosphine ligands system (Scheme 32), there was no phosphine ligand
dissociation during the reaction, while the one phosphine ligand system with the
dissociation of phosphine ligand. The reaction started at the formation of ruthenyim vi
complex71a, and this step gaukG = -28.00 kcal mét. Then ruthenium silyl complex
71b was formed with the elimination of styrene by giving negatiGe With the alkyne
coordination the ruthenium center, compfcwas generated, which was followed by
the migration of silyl group and elimination to give theor transvinyl silane. But this
mechanism cannot explain the strong phosphine inhibition which was detected by
experiments and indicated that there should be the dissociation of phosphine ligand or

one more phosphine ligand coordinating to the ruthenium center. Due to the steric



183

hindrance between the ligands, there was no way to build up the ruthenium complex with

three phosphine ligands based on the computational studies.
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H H—=—ph HZ =
MG3P\Ru/C| Me P\RU/CI
oc” " “PMe 3c " ~pMe
1 3 AG=-28.00 71a 3
+HSiMe3
AG=-6.27 < Ph
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H Ph SiMe,  MesSI\_
. MeP~R,=Cl H H
Me,Si H Sc” U\PMe3
j 71b \HSiMe3
HSiMe AG=-2.54
3 AG=-17.07 SiMe3
Ph._—g;
M P\(LGSIMe3 =" T H
esP-Ru< AG=12.84 MeP~pg,=Cl
OC"  PMeg OC™__ "PMe,

71e 71d

AG= -23.84 /Ru_/\\ AG=-32.79

ocC \ Ph
Cl PMe,

71c

Scheme 32Proposed Mechanism of the Hydrosilylation of Alkyne with Two Phosphine Ligand

Here we proposed the other mechanism which involves the dissociation of the
phosphine ligand (Scheme 33) and our computational results, with the computed reaction

free energies given in kcal niowere shown in Scheme 34,
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In this monophosphine catalytic cycle, the first step was the formation of
ruthenium vinyl complex 1aby the addition of alkyne to ruthenium center. This step
was done in seconds at room temperature by mixing ruthenium hydride with.dfkyne
complex71a the ruthenium center was coordinated by five ligands and there was strong
steric hindrance between the ligands. Due to there was no active site tetglex71a
was stable and inactive. Complékawas isolated and characterized'byNMR and®'P
NMR. With the dissociation of one phosphine ligand active compléxvas generated,
and then trimethylsilane coordinated to ruthenium center to form compielNext, the
high active 14 electron ruthenium silyl complékh was formed with the elimination of
styrene, which was detected by NMR. And then the alkyne coordinated to the ruthenium
center to form compleX1i with ther-bonding between ruthenium and alkyne. Next step

was the silyl group migration to the alkyne to fofavinyl complex71j or 71l.
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Based on the experimental results, this reaction has high selectivity, whas R w
less steric group as phenyl, there was ardgomplex formed, whiles R was bulky
group as t-butyl, there was trans product formed. In order to get the details on the
selectivity factors, the computational studies were performed. Fiadt ail the stable
intermediate species in Scheme 34 were optimized by BSLYP method byi#&a038
and the harmonic vibration frequency calculation was performed for each strérciore
which the zero-point energy, thermals energy, entropy and free energglevised and
the AG andAH of each step was calculated and showed in Scheme 35.

In Scheme 35, which showed the entropy and free energy of all the structure, the
entropy and free energy of ruthenium with phenylacetylene were considezetbaThe
ruthenium vinyl complex'1ahas low entropy and free energy, and this was constant
with the experimental results. And with the dissociation of one phosphine ligand, more
active intermediat&1f formed and the free energy increased to 0.39 kc&inBalsed on
Scheme 34 and Scheme 35, it was clear that, the first step which gave -281af) kaal
the Gibbs free energy was thermal favor while the dissociation of phosphine gave the
28.39 kcalmof. Comparing with other steps, the dissociation of phosphine which needs
more energy should be the rate-determining step. We tried to look for thadrastite
for the phosphine dissociation, unfortunately we failed. Here we proposed that the high

active intermediat@1h was the real starting catalyst for the catalytic cycle, with the
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alkyne coordinating to the ruthenium center, the intermediiteras more stable and

this step was thermal favor.

1+a 71f-b
AG=0.00
AH=0.00
AG=-5.92
AH=-16.57\ 71h+c
AG=-18.99
AG=-19.41 AH=-33.02
AH=-33.10.-— \ TS2
i Z-- \
£ AG=-17.00\TS1
- \
AG=-20.89 AH=-31.80,
AH=-33.87 71im \\:\\
A\
AG=-28.00 AG= -25.42 N
c AH=-40.43 AH=-51.89 VTl T1hte
1 AG=-31.1
kealmor AH=-43.79 AH= -4
71h+d AG=-33.77
AH= -58.14
AG=-37.33
AH=-49.11
a-phenyl acetylene, b-PMec-HSiMg;, d-trans product and e-cis product

Reaction Coordinate

Scheme 35Calculated Energy of the Reaction Pathway

The silyl group migration was the key step for the formation the selectdeiqir

We proposed two pathways to form the selective product. One is that the silyl group
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migration determining the selectivity of the product by directly forniregis n>vinyl
specie’1j or tran n>-vinyl species71l which was determined by the steric hindrance
between the ligands. We tested this possibility by using phenenylaeedeaikyne, but
we could not get theisn?>vinyl by the silyl group migration, what we got was only the
tran nz-vinyl species/1l. Based on these computational results, if the silyl group
migration was the selectivity demanding step, there should beranbproduct

formation withoutcis product. But there was ontys product formed as the experimental
results. So the step of the silyl group migration should not be the selectivity idétgrm
step.

Based on these, we proposed the other possibility: intermé&diatent through
the silyl group migration to form thean nz-vinyl species/ 1l first and therv 1l went
through the isomerization to forais n>vinyl species’1j. The intermediate®li and71l,
had close entropy and free energy andAGefor the silyl group migration to form the
tran n>vinyl species’1l was only 1.48 kcalmdl The free energy dfan n>vinyl
specie/ 1l washigher than theis n>vinyl species 71j by 11.78 kcalmband the
isomerization frontransnvinyl species71l to cisn?vinyl species71j step gave -11.78
kcalmol* and was thermal favored. After the isomerization, the trimethylsilane
coordinates to the ruthenium center by forming the hydrogen bridge bond to form more
stable species which had -33.77 kcalfras free energy. Finally, this product was

generated by the elimination with 2.00 kcaltha$ free energy, and the catalyst came
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back to the 14 electron high active ruthenium silyl intermediake Although the cis
product was only detected, the pathway to formittéues vinylsilane product was also
calculated and the results were summarized in Scheme 35 (in blue). Thdr€bbs
energy for the formation aflm from transn®vinyl species71l was -25.42 kcalmd}
comparing with the Gibbs free engery for the isomerization, it was hinyh®. 75
kcalmol*. So after the formation dfan nvinyl species71l, it was favorite to go
through the isomerization to generate ¢isproduct. These computational results were
constant with our experimental results and can explain that in phenyl acesene ¢
there was onlgis product formed.

One of the importances of this catalytic pathway is that how the isonnamizat
happened. In order to get more details, more computational work was done on looking for
the transition state of the isomerization. Firstly, we considered thelphetyene as the
alkyne. We monitored the rotation of silyl group and vinyl proton and we found that the
rotation of vinyl proton related to the isomerization. The transition state betweegplex

71land complex'1j (Scheme 36) was detected by scanning the dihedral angle.
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Scheme 36Model | for the Isomerization of the Hydrosilylation of Phenylacetylene

In this model, the transition state (TS1) was figured out by scanning the

anti-clockwise rotation of the dihedral angle of C1, C2, C3 and H. Here we considered

the free energy and entropy of itis complex71j as 0.00 kcalmd, so the trans

complex71l gaveAG = 11.76 kcalmat while the transition state (TS1) gave 12.18

kcalmol* in Figure 43 which indicated the formationai$ complex was thermal favor.

In the Scheme 36, theans complex71l went through the rotation to reach the transition

state (TS1) by giving a smooth energy barrier as 0.42 kcarhuot there was -12.18

kcalmol* between the transition state and ¢ieecomplex71j. So based on these
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computational results, it was clear that the isomerization framm®vinyl species71l to

cisn?vinyl species’1j was thermal and dynamic favorite.

AG=14.17

AH= 12.00
AG=1176 .\ TS2
AH=10.68

\
Lo\ TS1

Trans71l AG=12.18)
AH=10.76 \\
\

E \
kcal moft W\

Reaction coordinate

Figure 42. The Energy of intermediai#ll, 71j and Transition State 1 and Transition
State 2

On the other hand, the clockwise rotation of dihedral angle was considered which
gave transition state (TS2) with higher energy comparing with transian s (TS1). In
Figure 42 (in blue), the transition state had free energy as 14.17 kéathioh was
higher than TS1 by 2.0 kcalmbiThe Scheme 36 demonstrated that activation energy of
the isomerization, in the transition stateran n>-vinyl species71l need to go through an

energy barrier as 2.41 kcalrifdb reach the transition state and activation energy for the
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transition state to theisn>vinyl species71j. These results indicated that the
isomerization going through the transition state 2 was thermal and dynawormitefa
Comparing with transition state ttan n*vinyl species71l need around 2 kcalnidiore
than in Scheme 36 to reach the transition state. Although the model of transitiéh state
can indicated that the isomerization was thermal and dynamic favoritgyite@ higher
energy barrier to reach the transition state comparing with the model dafidrastate 1.

So we chose the model of transition state 1 as the isomerization transtgon sta

Comparing with phenylacetylene, 3,3-dimethylbutyne gave onlirains
vinylsilane when reacting with trimethylsilane, we also did the computdtstudies on
finding the transition state of the isomerization. The same scan method was usted to g
the crude transition state structure and then the structure was optimizech® get t
transition state structure.

The model Il in Scheme 37 demonstrated the two transition states of the
isomerization for 3,3-dimethylbutyne, the transition state (TS3) was figurdm/out
scanning the anti-clockwise rotation of the dihedral angle of C1, C2, C3 and H. Here we
considered the free energy and entropy otthg®vinyl species as 0.00 kcalmblso
thetransn?-vinyl species gave free energ% = 5.42 kcalmot while the transition state

(TS3) gave 13.33 kcalmidin Figure 43.
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Scheme 37Model Il for the Isomerization

One the other hand, the clockwise rotation of dihedral angle (C1, C2, C3 and H)
was considered which gave transition state (TS4) with lower energy compdting w
transition state 3 (TS3). In Figure 44 (in red), the transition state hach&reggyeas 8.21
kcalmol* which was higher than TS3 by 5.21 kcalthdlhe Scheme 37 demonstrated
that activation energy of the isomerizatitian n>vinyl species need to go through a
energy barrier as 2.79 kcalrifdb reach the transition state and activation energy for the
transition state to theisn?-vinyl species was -13.33 kcalrmiolwhich indicated that the

step to form theisn?>vinyl species from transition state 4 was thermal favorite. Due to



the lower energy barrier comparing with TS3, TS4 was considered as thednastsite
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of the isomerization frortransn®vinyl speciesis nvinyl species.
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Figure 43. The Energy otis andtrans Intermediate and Transition State 1 and

For 3, 3-dimethyl butyne, there was otignsproduct detected by the

experiment. There was 2.79 kcalM@nergy barrier for the isomerization, although it is

not significant, comparing to the phenyl acetylene case with 0.42 kéaémetgy

barrier, it still can explain the isomerization is less favor in 3,3-dimetityhe case, and

the reaction attends to formtt@ns product. One more important thing is that all the

computation calculation was done in gas phase while the experiment was donent) solve
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which would case the difference between the experimental results and coonplitat
results. On the other hand, for the computation calculation, we usegdaB e
phosphine ligand in order to save computation time, and can also case the difference. So

we can see that the computation results can match the experimental results.

5.7 Proposed Mechanism of the Hydrosilylation of Alkenes

Here, we propose a mechanism for the coupling reaction of alkenes and
triethylsilane (Scheme 38). This catalytic cycle starts atabedmation of styrene to the
ruthenium center. Then, the alkenes add to the metal center to form caidaldkis
addition of alkene to the ruthenium center should be rapid and reversible. We tried to
detect the formation of compl&@2aby VT NMR from -40°C to 60°C. Unfortunately,
we did not detect any signal of compl&Xa But when we treated the ruthenium hydride
complex with excess amount ethylene, we detected a new phosphine peak (26.5 ppm),
which was assigned to the ruthenium-ethyl complex. This ruthenium—ethyl cowgex
active for the reaction of alkene and triethylsilane to generateatfievinylsilane
product. Next, another equiv. styrene was added to ruthenium center by @hghoret
equiv. ethylbenzene to form the ruthenium vinyl complex and this step should be rapid.

We syntheses this ruthenium vinyl compl2b by using phenylacetylene with
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ruthenium hydride complex, this complékb showed a similar activity as the ruthenium
hydride @) on the coupling reaction of styrene and triethylsilane to generate the
trans-vinylsilane product under the similar conditions. In order to get insight into the
mechanism of this step, we treated the compRixand styrene as 1:3 ratios, and
monitored the mixture by VT NMR from -4 to 60°C. However, we observed no
reaction between them. On the other hand, when conigleis treated with excess
amount of triethylsilane, a slow formationtodins vinylsilane was detected at 70.

These results are consistent with the carbon isotope effect study whichaddicattthe

formation of the Si-C bond is the rate-determining step.
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Scheme 38Proposed Mechanism of the Coupling Reaction of Alkene and Triethylsilane
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We also detectetthe strong phosphine inhibition on the reaction of intermediate
72b with triethylsialne, which indicated that the formation of the intermedi2d
involved the phosphine dissociation. Then, with the migration of silyl to the alkene, the
transvinylsilane product was generates and the ruthenium complex comes back to
complexl. Recovered ruthenium complex was identified ByNMR and*'P NMR
spectroscopy, and they are all consistent with that of the ruthenium hydngdex. The
step of the migration of silyl group to the alkene to form the Si-C bond which involving
the intermediat@2d should be the rate limiting step. The observation of the carbon
isotope effect study on the products provides the strong evidence for this, which showed
significant abundance change™®€ of the product. Moreover, the reaction of ruthenium
vinyl complex and triethylsilane also supported this step to be rate-detegmida@sides,
the relatively positive Hammett value from th&ra-substituted styrene also proved this

conclusion.
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5.8 Conclusions

The ruthenium-hydride compléxwas found to be a highly effective catalyst for
hydrosilylation of the alkynes and alkenes to form selective vinyésilenader mild
conditions. The mechanistic studies on the coupling reactions of alkenes with
triethylsilane revealed C-Si bond formation as the rate-limiting step Himmett study,
carbon isotope effect study, and the treatment of the ruthenium vinyl comigex
triethylsilane also gave the strong evidence for this conclusion. For the nsulsindy
on hydrosilylation of alkyne, the isomerizatiomptvinyl complex was key point for the
selectivity determining by the computation calculation. Other kineticBest provided
important and useful information on the mechanism. Hereby, we believe outicataly
method provides a promising way to generate synthetically useful vinylsianeighly

selective fashion.
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Chapter 6. Experimental Sections

6.1 General Information

All operations were carried out in an inert-atmosphere glove box or by using
standard high vacuum and Schlenk techniques. Benzene, tetrahydrofuran wesd distill
from purple solution of sodium and benzophenone immediately prior to use. Hexane and
dichloromethane were distilled from Caflhe NMR solvent was dried from the
activated molecular sieves (4A). All the ketones and vinyltrimethylsilare received
from commercial sources and used without further purification *fihgH and**C NMR
spectra were recorded on a Varian Mercury 300 MHz or 400 MHz FT-NMR
spectrometer. Mass spectras were recorded from a Hewlett-Packa@r7BlisC/MS
spectrometer. Elemental analyses were performed at the Midwesidicindianapolis,

IN. High-resolution FAB mass spectra were obtained at the center of Masso8ystoy,

Washington University, St, Louis, MO.

6.2 For Chapter 2

6.2.1Typical Procedure of the Catalytic Reaction
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In a glove box, RYCO)2(0.03 mmol), NHPF; (0.1 mmol), pyrrole (1.0 mmol)
and alkyne (2.0 mmol) were dissolved in 3ml benzene solution in a thick-walls 25 mL
Schlenk tube equipped with a magnetic stirring bar. The tube was brought out of the
glove box. The reaction tube was heated in an oil bath @@ €& 8-15 hours. The tube
was opened to the air at room temperature, and the crude product mixture waslanalyze
by GC/MS. The solvent was removed under a rotary aspirator, and the organic product

was isolated by a column chromatograph on silicargakekane/dichloromethane).

6.2.2Hammett Study of the Catalytic Reaction

Rug(CO)2 (3 umol), NH4PFs (0.01 mmol), pyrrole (0.1 mmol), 4-ethynylanisole
(0.25 mmol) and hexamethylbenzene (26 mg as the internal standard) were dissolved in
0.5 mL benzenels solution in a Wilmad J-Young NMR tube with a Teflon screw cap.
The tube was cooled in liquid nitrogen bath, and degassed for three times. The tube was
gradually warmed to the room temperature wad heated in an oil bath at 95. The
reaction was monitored every hour ¥y NMR spectroscopy. The rate was measured by
monitor the'H integration of the product peak (O€#813.71 ppm) signal, and these were
normalized against the internal standard. Kjgewas estimated from a first-order plot of

In[product] vs. reaction time.
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6.2.3Isotope Effect Study

Rug(CO)2(0.003 mmol), NHPF; (0.01 mmol), phenylpyrrolé, (0.1 mmol),
4-ethynylanisole (0.25 mmol) and hexamethylbenzene (26 mg as the intendardja
were dissolved in 0.5 mL benzedgsolution in a Wilmad J-Young NMR tube with a
Teflon screw cap. The tube was cooled in the liquid nitrogen bath, and degased for three
times. The tube was gradually warmed to room temperature@ntieated in an oil bath
at 95°C. The reaction was monitored every hour by NMR. The rate was measured by
monitor the*H integration of the product peak (B3 3.71 ppm) signal, and these were
normalized against the internal standard. Kfgewas estimated from a first -order plot of

In[product] vs reaction time.

6.2.4Preparation of the Phenylpyrrole-d,

Phenylpyrroled, was prepared form the following procedure: 1.0 mmol
phenylpyrrole was dissolved in 25 mL dry THF in the Schlenk fladdLi (2 mmaol,
2.5 M in hexane) was added in this solution under nitrogen gas in the acetone-dry ice
bath, and then the mixtures were warmed to room temperature and kept stirring for 30

min. Then, the excess amount giwas added in to the solution in the acetone-dry ice
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bath, and this solution was stirred by the magnetic stirring bar for 3 hours at room
temperature until the solution became clear. The reaction was quenched by adeling wa
The organic layer was extract from ether, and the water solution wasdiaslieree

times by ether. The organic product was isolated by a column chromatographaon sili
gel (hexane/dichloromethane), and was characterizéd BMR spectroscopy arftH

NMR spectroscopy.

6.2.4.1Deuterium Labeling Study

In a glove box, RCO)2(22 mg, 0.030 mmol), NiPF; (16 mg, 0.10 mmol),
pyrrole (1.0 mmol) and DECPh (2.5 mmol, 2.5 equiv.) were dissolved in 3.0 mL
benzene solution in a 25 mL Schlenk tube equipped with a magnetic stirring bar. The
tube was brought out of the glove box, and was stirred in an oil bath set at 95 °C for 8-15
h. The tube was cooled to room temperature, and the crude product mixture was analyzed
by GC-MS. The solvent was removed under a rotary aspirator, and anaiyiioa|
organic product was isolated by a column chromatograph on silica gel

(n-hexanes/ChLCl,). The'H and®H NMR was taken at room temperature.

6.2.4.2Carbon Isotope Effect Study
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In a glove box, RYCO)2(0.03 mmol), NHPF; (0.1 mmol), phenylpyrrole (1.0
mmol) and 4-ethynylanisole (2.5 mmol) were dissolved in 3 mL benzene solution in a
thick-wall 25 mL Schlenk tube equipped with a magnetic stirring bar. The tube was
brought out of the glove box. The reaction tube was heated in an oil batfCaf@5L5
hours. The tube was opened to the air at room temperature, and the crude product mixture
was analyzed by GC/MS and the conversion was 75%. The solvent was removed under a
rotary aspirator, and the unreacted phenylpyrrole was isolated by a column
chromatograph on silica gel-bexane/dichloromethane).

The'*C NMR analysis of the recovered and virgin samples of N-phenylpyrrole
was performed by following Singletor*8C NMR method. The NMR sample of virgin
and recovered N-phenylpyrrole was prepared identically by N-phenylpyi#bimg) in
CDCl; (0.5 mL) in a 5 mm high precision NMR tube. Tfié{*H} NMR spectra were
recorded with H-decoupling and 45 degree pulses. A 60 s delay between pulses was

imposed to minimize jfvariations (d =60 s, at = 5.0 s, np = 245098, nt = 2400).
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C# Virgin Recovered Recovered/Virgin Change (%)
(75% conv.)
1 0.998(5) 1.017(5) 1.019(5) 1.90(5)
2 1.020(3) 1.025(3) 1.005(3) 0.49(3)
3 1.009(4) 1.008(4) 0.999(4) 0.11(4)
4(ref) 1.000 1.000 1.000 0.00
5 0.469(3) 0.468(3) 0.998(3) 0.22(3)
C# Virgin Recovered Recovered/Virgin Change (%)
(70% conv.)
1 0.998(5) 1.011(5) 1.013(5) 1.30(5)
2 1.020(3) 1.025(3) 1.005(3) 0.47(3)
3 1.009(4) 1.007(4) 0.998(4) 0.19(4)
4(ref) 1.000 1.000 1.000 0.00
5 0.469(3) 0.468(3) 0.998(3) 0.24(3)

6.3 Characterization Data of Selected Organic Products

For53a *H NMR (400 MHz, acetones) & 7.25 and 6.92 (m, 4H,), 6.70 (m, 1H),
6.05 (m, 2H), 5.46 and 5.15 (@@= 1.6 Hz, 2H), 3.81 (s, 3H), 3.30 (s, 3HC{*H} NMR
(75 MHz, acetonels) 6 160.5, 142.4, 134.6, 134.4, 129.1, 114.8, 124.4, 113.8, 110.9,
107.9, 55.4, 35.10H3); HREI (m/z): Calcd for €H:sNO (M)* 213.1154. Found

213.1144.
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For53b: *H NMR (400 MHz, acetones) 5 7.70- 7.15 (m, 6H), 6.80 (m, 1H),
6.30 (m, 2H), 5.65 and 5.33 @@= 1.6 Hz, 2H), 3.39 (s, 3H), 3.13 (s, 3H)c{*H} NMR
(75 MHz, acetonek) & 159.5, 143.1, 137.7, 135.9, 134.9, 131.0, 130.2, 128.2, 127.2,
125.0, 120.4, 115.8, 111.5, 108.4, 107.0, 56.1, 35.6; G@altS 263 (M'); Anal. Calcd
for C1gH17NO: C, 82.10; H, 6.51. Found C, 81.98; H, 6.59.

For53c *H NMR (400 MHz, acetoneg) & 7.25, 7.15 and 6.73 (m, 9H), 6.98 (m,
1H), 6.26 (m, 2H), 5.34 and 5.03 (s 1.6 Hz, 2H), 3.71 (s, 3H’C{*H} NMR (75
MHz, acetoneds) 5 160.3, 142.4, 141.6, 134.4, 134.2, 129.7, 129.3, 127.2, 125.6,
124.7.9, 114.2, 114.1, 113.4, 109.6, 55.6; GC+W3= 275 (M); Anal. Calcd for
C1H17NO: C, 82.88; H, 6.22. Found C, 82.92; H, 6.27.

For53d: *H NMR (300 MHz, CDCY) § 7.25- 6.73 (m, 8H), 6.98 (m, 1H), 6.26
(m, 2H), 5.21 and 4.90 (d,= 1.6 Hz, 2H), 3.71 (s, 3H), 2.21 (s, 3EC{'H} NMR (75
MHz, CDCk) 6 159.3, 140.7, 138.3, 136.2, 133.8, 129.4, 128.7, 125.0, 124.0, 114.2,
113.4, 112.5,108.5, 55.3, 21.1; GC-Mtiz= 289 (M); Anal. Calcd for GgH1sNO: C,
83.01; H, 6.62. Found C, 82.92; H, 6.71.

For53e *H NMR (400 MHz, CDCJ) § 7.15-6.73 (m, 8H), 6.91 (m, 1H), 6.22 (m,
2H), 5.31 and 4.98 (d,= 1.6 Hz, 2H), 3.73 (s, 3H), 3.72 (s, 3HC{'H} NMR (75
MHz, acetoneds) 5 160.3, 159.1, 142.1, 134.7, 134.4, 134.3, 129.4, 127.0, 124.8,
114.7,114.1, 114.0, 112.8, 109.1, 55.7, 55.5; HREI (m/z): Calcd.fpt O (M) *

305.1416, found 305.1408.
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For53f: *H NMR (300 MHz, CDCJ) & 7.25-6.73 (m, 8H), 6.98 (m, 1H), 6.26 (m,
2H), 5.41 and 5.18 (@H, J = 1.6Hz), 3.71 (s, 3H)*C {*H} NMR (75 MHz, CDCE) &
159.3, 140.7, 139.3, 134.0, 133.4, 132.0, 129.0, 128.6, 123.8, 114.6, 113.5, 113.0, 109.2,
55.3; GC-MSm/z= 309 (M); Anal. Calcd for GH16CINO: C, 73.66; H, 5.21. Found C,
72.68; H, 5.15.

For53g 'H NMR (300 MHz, CDGJ) 6 7.25 - 6.73 (m, 8H), 6.98 (m, 1H), 6.43
(m, 2H), 5.43 and 5.18(&H, J = 1.6Hz), 3.78 (s, 3H)C {*H} NMR (75 MHz, CDC})
§162.2, 159.8, 140.7, 136.8, 134.4.0 133.4, 128.5, 126.6, 128.6, 123.8, 115.6, 114.6,
113.5, 112.6, 108.9, 55.3; GC-M$z= 293 (M).

For53h: *H NMR (400 MHz, CDCYJ) § 7.70-7.15 (m, 11H), 6.98 (m, 1H), 6.30
(m, 2H,), 5.48 and 5.28 (8H, J = 1.6Hz), 3.89 (s, 3H)*C {*H} NMR (75 MHz,
CDCl) § 157.9, 141.3, 140.8, 136.4, 134.2, 134.0, 129.9, 128.9, 127.8, 126.7, 126.6,
126.2, 125.3, 124.2, 119.0, 115.7, 112.9, 108.9, 105.7, 56.1; G@/EAS325 (M);
Anal. Calcd for GsH19NO: C, 84.89; H, 5.89. Found C, 85.09; H, 6.05.

For 53i: 'H NMR (400 MHz, CDCJ) § 7.70-7.15, 6.78 (m, 10H), 6.98 (m, 1H),
6.26 (m, 2H), 5.51 and 5.15 @H, J = 1.6Hz), 3.89 (s, 3H), 3.66 (s, 3HYC {*H} NMR
(75 MHz, CDC}) & 159.4, 159.3, 143.0, 137.4, 135.6, 134.8, 130.9 129.9, 127.7, 127.5,
127.4,127.0, 125.3, 120.0, 115.9, 115.1, 113.4, 109.7, 106.9, 56.1; GOUMI55

(M™); Anal. Calcd for G4H2:NO,: C, 81.10; H, 5.96. Found C, 80.88; H, 6.02.
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For53j: *H NMR (300 MHz, CDCJ) & 7.40-7.28 (m, 4H), 6.77 (m, 1H),
6.23-6.21 (m, 2H), 5.62 and 5.41 (d, 2H 1.6Hz), 3.82 (t, 2HJ) = 7.0Hz), 2.43 (t, 2H,
J = 7.0Hz);**C{*H} NMR (75 MHz, CDC}k) & 141.9, 141.3, 133.5, 129.2, 128.6,127.6,
123.3, 118.0, 116.7, 111.7, 108.7, 43.5, 19.9; GCAMS-= 222 (M); Anal. Calcd for
CisH14N,: C, 81.05; H, 6.35. Found C, 81.25; H, 6.30.

For53k: *H NMR (400 MHz, acetones) 5 7.24 -7.18 (m, 4H), 6.91 (m, 1H),
6.15 (m, 2H), 5.62 and 5.40 (d, 28 1.6Hz), 3.91 (t, 2H) = 7.0 Hz), 2.64 (t, 3H] =
7.0Hz), 2.34 (s3H); *C{*H} NMR (75 MHz, acetone) 5 141.9, 138.8, 138.7, 133.9,
130.1, 127.7, 123.3, 118.3, 116.1, 111.7, 108.7, 43.5, 21.2, 19.9; Q@:MI36 (M);
Anal. Calcd for GgH16N2: C, 81.32; H, 6.82. Found C, 81.47; H, 7.02.

For53l: *H NMR (400 MHz, acetones) & 7.25 - 6.92 (m, 4H), 6.92 (m, 1H),
6.15 (m, 2H), 5.56 and 5.26 @H, J= 1.6 Hz), 3.91 (2H, J= 7.0Hz), 3.81 (s, 3H), 2.64
(t, 2H,J = 7.0Hz,);"*C{*H} NMR (75 MHz, acetoneds) & 160.3, 141.1, 133.5, 133.4,
128.4,114.3,123.0, 117.8, 114.3, 111.2, 108.3, 55.4, 43.5, 19.9; Q@AM52 (M);
Anal. Calcd for GgH16N2: C, 76.16; H, 6.39. Found C, 75.73; H, 6.45.

For53m: *H NMR (300 MHz, CDGJ) § 7.25- 6.64 (m, 4H), 6.67 (m, 1H), 6.23
(m, 2H), 5.45 and 5.21 (@H, J= 1.6Hz), 3.88 (RH, J = 7.0Hz), 2.99 (s, 6H), 2.46 (t,
2H,J = 7.0Hz);**C {*H} NMR (75 MHz, CDC}) § 150.7, 140.6, 133.8, 128.1, 127.9,

112.3,122.2, 117.5, 113.7, 111.4, 108.6, 43.2, 40.6, 19.9; GBS 265 (M).
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For53n: *H NMR (300 MHz, CDCJ) & 7.70 - 7.15 (m, 6H), 6.80 (m, 1H), 6.30
(m, 2H), 5.72 and 5.45 (8H, J = 1.6Hz), 3.93 (s, 3H), 3.84 @H, J = 7.0Hz), 2.46 (t,
2H,J = 7.0Hz);**C {*H} NMR (75 MHz, CDCk) 5 159.2, 142.1, 136.7, 135.6, 134.0,
130.7, 128.1, 126.7, 126.2, 120.1,116.7, 123.5, 118.3, 111.9, 109.0, 106.6, 55.7, 43.8,
20.2; GC-MSm/z= 302 (M); Anal. Calcd for GoH1gN,O: C, 79.43; H, 6.00. Found C,
78.93; H, 5.99.
For53a *H NMR (400 MHz, CDGJ)  7.25 (m, 6H), 6.60 (&H, J = 2.03Hz),
6.00 and 5.36 (@H, J = 1.6 Hz), 3.22 (s, 3H), 2.36 (s, 3HJC {*H} NMR (75 MHz,
CDCl) & 193.2, 140.3, 139.8, 135.5, 128.6 128.4, 128.2, 126.8, 124.8, 117.5, 110.4, 43.9,
35.6, 27.0, 21.1; GC-MB/z= 225 (M); Anal. Calcd for GsH1sNO: C, 79.97; H, 6.71.
Found C, 79.89; H, 6.48.
For53p: *H NMR (300 MHz, CDCJ) & 7.80 (s, 1H), 7.61- 6.85 (m, 8H), 5.62 and
5.42 (d,J = 1.6 Hz), 3.86 (s, 3H), 2.26 (s, 3HYC{*H} NMR (75 MHz, CDC})  160.0,
141.1, 135.5, 134.2, 133.0, 129.8, 129.4, 122.6, 119.6, 119.2, 115.1, 114.1, 110.9, 110.8,
55.6, 10.1; GC-M3%n/z= 288 (M); Anal. Calcd for GgH17;NO: C, 82.09; H, 6.50. Found
C, 81.99; H, 6.42.
For53q: *H NMR (300 MHz, CDCJ) § 7.80 (s, 1H), 7.65 - 7.05 (m, 10H), 5.67
and 5.42 (dJ = 1.6 Hz), 3.86 (s, 3H), 2.26 (s, 3HIC{*H} NMR (75 MHz, CDCk) &

160.0, 141.1, 137.4, 135.5, 134.2, 133.0, 130.9, 129.8, 129.4, 127.7, 127.5, 127.4, 127.0,
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122.6, 119.6, 119.2, 115.1, 114.1, 110.9, 110.8, 55.6, 10.1; GRY&ES313 (M);
Anal. Calcd for Go;H1gNO: C, 84.31; H, 6.11. Found C, 84.49; H, 6.14.

For53r: *H NMR (400 MHz, CDCY) § 7.46-6.95 (m, 12H), 6.53 (s, 1H), 3.70 (s,
6H), 2.40 (s, 6H)*C{*H} NMR (75 MHz, CDCk) 5 145.4, 138.0, 135.1, 128.4, 128.0,
127.1, 123.6, 122.5, 118.6, 109.5, 43.9, 32.9, 29.4, 21.1; G@S 378 (M); Anal.
Calcd for GgH17N: C, 85.67; H, 6.92. Found C, 85.69; H, 6.82.

For53s *H NMR (300 MHz, CDGJ) 6 7.46 and 6.95 (m, 13H), 6.53 (s, 2H), 3.70
(s, 3H), 2.40 (s, 3H);>C{*H} NMR (75 MHz, CDCk) & 148.6, 138.0, 128.4, 128.0,

127.1, 126.0, 123.6, 122.5, 121.3, 118.6, 109.5, 43.9, 32.9, 29.4; QG363 (M).

Molecular Structure 063

Crystal Data and Structure Refinement38c
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Identification code yis

Empirical formula GoH17/NO

Formula weight 275.34

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=19.3228(3) A =90°.
b =17.3708(2) A = 96.4510(10)°.
c = 8.83840(10) A =90°.

Volume 2947.85(7) A3

z 8

Density (calculated) 1.241 Mg/m3

Absorption coefficient 0.596 mm-1

F(000) 1168

Crystal size 0.50 x 0.40 x 0.20 mm3

Theta range for data collection 3.43 to 67.84°.

Index ranges -23<=h<=23, 0<=k<=20, 0<=I<=10

Reflections collected 24399

Independent reflections 5215 [R(int) = 0.0186]
Completeness to theta = 67.8497.20%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8901 and 0.7548
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5215/0/516
Goodness-of-fit on F2 0.993

Final R indices [I>2sigma(l)]  R1=0.0310, wR2 =0.0768

R indices (all data) R1 =0.0335, wR2 = 0.0787
Extinction coefficient 0.00105(10)

Largest diff. peak and hole 0.194 and -0.165 e.A-3

6.4 For Chapter 3
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6.4.1General Procedure of the Catalytic Reaction

In a glove box, a carboxylic acid (1.0 mmol), a terminal alkyne (2.0 mmol) and
the ruthenium catalydt (14 mg, 2 mol %) were dissolved in 3 mL of &Hb (or THF) in
a 25 mL Schlenk tube equipped with a Teflon stopcock and a magnetic stirring bar. The
reaction tube was brought out of the glove box, and was stirred in an oil bath at 90-95 °C
for 10-12 h. The tube was opened to the air at room temperature, and the crude product
mixture was analyzed by GC-MS. Analytically pure organic product westésbby a

column chromatography on silica gattfexane/EtOAC).

6.4.1.1Hammett Study

In a glove box, gpara-substituted acig-X-CsH4COH (X = OMe, CH, H, CR)
(0.20 mmol), phenylacetylene (40 mg, 0.4 mmbl)3 mg, 2 mol %) and §Me;s (2 mg,
internal standard) were dissolved in CR(@.5 mL) solution in a J-Young NMR tube
with a Teflon screw cap. The tube was brought out of the glove box and was heated in an
oil bath set at 95 °C. The reaction was monitored in 10 min intervald BWIR. The
kobswas estimated from a first-order plot of In[product] vs. reaction time byuriags

the'H integration of the product peak (=gH 5.61 ppm), which was normalized against
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the internal standard peak. For the THF system, in a glovephoxsubstituted acid
p-X-CeH4COH (X = OMe, CH, H, CR) (1.0 mmol), phenylacetylene (200 mg, 2.0

mmol) andl (14 mg, 2 mol %) and fMes (26 mg, internal standard) were dissolved in 3

mL of THF solution in a 25 mL Schlenk tube equipped with a Teflon stopcock and a
magnetic stirring bar. The tube was brought out of the glove box, and was heated in an oil
bath at 95 °C. The reaction was monitored by GC in 10 min intervals,Jdveas

estimated from a first-order plot of In[product] vs. reaction time by meagsthie amount

of the products against the internal standard.

6.4.1.2Isotope Labeling Study

In a glove box, benzoic acid (122 mg, 1.0 mmol) ané&OEh (206 mg, 2.0
mmol) were added via a syringe to a 25 mL Schlenk tube equipped with a magnetic
stirring bar and Teflon stopcock. The cataly$14 mg, 2 mol %) and the solvent (3 mL)
were added to the reaction tube. The reaction tubes were brought out of the box was
stirred in an oil bath at 95 °C for 10 h. The solvent was removed from a rotary
evaporator, and the organic product was isolated by a column chromatographyaon silic

gel (-hexanes/CLLCl, = 3:2). The deuterium content of the product was measured by
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both'H NMR (CDCk with 10 mg cyclohexane as the external standardftamdMR

(CH20|2 with 50 },LL CDC|3)

6.4.1.3Phosphine Inhibition Study

In a glove box, benzoic acid (0.20 mmol), phenylacetylene (0.40 mb{8I)ng,
2 mol %) and 6Meg (2 mg, internal standard) were dissolved in 0.5 mL of GDCI
solution in a J-Young NMR tube with a Teflon screw cap. A pre-dissolved iRCy
CDClzsolution (5uL, 1.0M) was added via syringe to the tube via the syringe. The tube
was brought out of the glove box awds heated in an oil bath at 95 °C. The reaction was
monitored by"H NMR in 30 min intervals. The rate was measured bykhiategration
of the product peak at5.61 (=CH), and was normalized against the internal standard

peak. The,,swas estimated from the first order plotigfiproduct] vs reaction time.

6.4.1.4Kinetic Profile Experiment

In a glove box]l (14 mg, 0.02 mmol), 4-methoxybenzoic acid (30 mg, 0.20
mmol) and H&CPh (31 mg, 0.30 mmol) in THF were dissolved in THF in a J-Young

NMR tube with a Teflon screw cap (0.5 mL). The tube was brought out of the glove box,
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and was placed in NMR probe which was preset at 60 °C. The appearance and
disappearance of the phosphine signal$#i =24.4 ppm)62 (6 = 25.9 ppm) ané3 (6

= 23.4 ppm) were monitored B} NMR at 60 °C in 5 min intervals. The rate of the
product formation was determined by measuring the integration of the product peaks
against the disappearance of the compkexThe experimental data was globally fitted to
the kinetic equation by using a non-linear regression technique (Sigmaplot V. 10). The

rate constantis= 0.039 mif* andk, = 0.013 mifi- were obtained and from this analysis.

6.4.1.5Synthesis of (PCy),(CO)(C)Ru(K*0,CCgH-p-OMe) (62)

In a glove box, 4-methoxybenzoic acid (13 mg, 0.10 mmol), phenylacetylene (10
mg, 0.10 mmol), and compleéx(72 mg, 0.10 mmol) were dissolved in &H, (3 mL) in
a 25 mL Schlenk tube equipped with a Teflon screw cap stopcock and a magnetic stirring
bar. The tube was brought out of the box, and was stirred for 10 h at room temperature.
The solvent was evaporated and the residue was washed with hexanes 8timies)
to obtain62in 87% yields. Single crystals suitable for X-ray crystallographidystvere
obtained from hexanes/GEl..

For62: *H NMR (300 MHz, CDC}J) § 7.88 (d,J = 8.7 Hz, 2H), 6.89 (d] = 8.7

Hz, 2H), 3.86 (s, 3H), 2.30-1.01 (m, 72Kc{*H} NMR (100 MHz, CDC}) & 208.8 (t,
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Jew = 13.3 Hz,), 179.0, 162.9, 130.3, 125.1, 113.6, 55.5, 34.1, 30.2, 29.7, 28.3, 26.8;

31p{*H} NMR (161 MHz, CDC}) 6 28.7 (s, PCy: IR (KBr) veo = 1913 cn.

Crystal Data and Structure Refinement for 62.

Identification code yilka

Empirical formula C45 H73 Cl O4 P2 Ru

Formula weight 876.49

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group Abm?2

Unit cell dimensions a=9.7750(2) A a= 90°.
b = 24.8661(4) A b= 90°.
c =17.6805(3) A g =90°.

Volume 4297.53(13) A3

z 4

Density (calculated) 1.355 Mg/m3

Absorption coefficient 4.543 mm-1

F(000) 1864

Crystal size 0.12 x 0.09 x 0.04 mm3

Theta range for data collection 3.55 to 67.20°.

Index ranges -11<=h<=0, -22<=k<=27, -17<=I<=21

Reflections collected 10054

Independent reflections 3201 [R(int) = 0.0231]

Completeness to theta = 67.2098.20%

Absorption correction Numerical

Max. and min. transmission 0.8392 and 0.6117

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3201/1/263

Goodness-of-fit on F2 1.015

Final R indices [I>2sigma(l)] R1 =0.0323, wR2 = 0.0793

R indices (all data) R1 =0.0349, wR2 = 0.0808

Absolute structure parameter 0.450(8)
Largest diff. peak and hole d-0.422 e.A-3
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6.4.1.6Synthesis of (PCy)(CO)(CI)RuC(=CHPh)OC(O)CesH4-p-OMe (63)

In a glove box, the Ru-carboxylate comp&(44 mg, 5Qumol) and
phenylacetylene (6 mg, @@nol) were dissolved in THF (3 mL) in a 25 mL Schlenk tube
equipped with a Teflon screw cap stopcock and a magnetic stirring bar. Theaibe w
brought out of the glove box amehs heated in an oil bath at 95 °C for 10 h. The solvent
was removed under high vacuum, and the residue was washed with hexanes 3 mL
times) to obtain analytically pu@3in 85% yield. Single crystals suitable for X-ray
crystallographic study were obtained from hexanes(TH

For63: *H NMR (400 MHz, GDe) & 8.44 (d,J = 8.7 Hz, 2H), 7.76 (dl = 7.7 Hz,
2H), 7.36-6.63 (M, 5H), 6.24 (s,1H), 2.98 (s, 3H), 2.71-0.8 (m, 7268§*H} NMR (100
MHz, CDCk) 209.8 (t,Jpc = 14.4 Hz), 190.2 (tJpc = 12.2 Hz), 173.8, 167.9, 165.4,
138.4, 133.8, 129.1, 125.0, 122.5, 120.0, 115.1, 55.4, 35.2, 31.1, 30.6, 29.8, 28.8, 27.3,;

3p{*H} NMR (400 MHz, CDC}) 6 27.0 (PCy); IR (KBr) vco = 1922 crit.

Table 15.Crystal Data and Structure Refinement@8r

Identification code yilna

Empirical formula C59 H93 CI O4 P2 Ru
Formula weight 1064.79

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1
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Unit cell dimensions a=10.9925(2) A a= 103.0180(10)°
b =12.9129(2) A
c =21.9786(5) A

Volume 2815.46(9) A3

z 2

Density (calculated) 1.256 Mg/m3

Absorption coefficient 3.558 mm-1

F(000) 1140

Crystal size 0.40 x 0.23 x 0.17 mm3

Theta range for data collection 3.74 to 67.81°.

Index ranges -13<=h<=12, -15<=k<=15, 0<=I<=26
Reflections collected 23248

Independent reflections 9565 [R(int) = 0.0242]
Completeness to theta = 67.8193.50%

Absorption correction Numerical

Max. and min. transmission 0.5897 and 0.3317
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9565/ 0/ 607
Goodness-of-fit on F2 1.012

Final R indices [I>2sigma(l)] R1 =0.0295, wR2 = 0.0722

R indices (all data) R1=0.0321, wR2 =0.0735

6.5 Characterization Data of Selected Organic Products

For58a: 'H NMR (300 MHz, CDCY) § 8.15-6.70 (m, 9H), 5.37 (d, 1d=2.1
Hz), 4.98 (d, 1H,) = 2.1 Hz), 3.69 (s, 3H)C{*H} NMR (75 MHz, CDC}) 5 165.1,
160.5, 153.2, 133.8, 130.4, 129.8, 128.8, 127.2, 126.6, 114.2, 100.7, 55.5; GLzMS

254 (M.
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For58b: '"H NMR (300 MHz, CDGJ) 6 8.25-7.10 (m, 9H), 5.57 (d, 1H= 2.1
Hz), 5.14 (d, 1H) = 2.1 Hz), 2.37 (s, 3H)C {*H} NMR (100 MHz, CDC})  164.9,
153.3, 139.0, 133.6, 131.6, 130.1, 129.6, 129.3, 128.5, 124.8, 100.4, 21.3; GzMS
238 (V).

For58c:™H NMR (300 MHz, CDGJ)  8.05-7.10 (m, 10H), 5.57 (d, 18= 1.9
Hz), 5.09 (d, 1H) = 1.9 Hz);**C{*H} NMR (75 MHz, CDCE) & 164.9, 153.3, 134.4,
133.8, 130.2, 129.5, 129.1, 128.8, 128.7, 125.0, 102.5; GE&rMS 224 (M).

For58d: 'H NMR (300 MHz, CDGJ)  8.25-7.38 (m, 9H), 5.60 (d, 1d= 2.4
Hz), 5.21 (d, 1H) = 2.4 Hz);"*C{*H} NMR (75 MHz, CDC}) § 165.1, 152.5, 134.0,
133.6, 132.0, 130.4, 129.5, 126.8, 123.4, 10B,£C); GC-MSm/z= 303 (M).

For58e:™H NMR (400 MHz, CDGJ) & 8.25-7.38 (m, 9H), 5.69 (d, 1H= 2.4
Hz), 5.30 (d, 1H) = 2.4 Hz);**C{*H} NMR (100 MHz, CDC}) 5 163.8, 153.2, 135.4,
135.0, 134.1, 132.8, 130.7, 129.4, 128.8, 125.9, 122.4, 102.8; G@H#KS292 (M).

For58f: '"H NMR (300 MHz, CDCJ) & 8.25-7.00 (m, 9H), 5.53 (d, 1H= 2.4
Hz), 5.16 (d, 1H) = 2.4 Hz);"*C{*H} NMR (75 MHz, CDC}) § 165.1, 161.7, 152.5,
133.9, 130.8, 130.3, 129.5, 128.9, 127.1, 115.7, 102.4; G@&dS 242 (M"); Anal.
Calcd for GsH11FO,: C, 74.37; H, 4.58. Found: C, 73.27; H, 4.50.

For58g: 'H NMR (300 MHz, CDCJ) & 8.15-7.38 (m, 5H), 4.87 (s, 2H), 4.83 (s,

2H), 2.34 (t, 2H), 1.53 (m, 2H), 1.39 (m, 2H), 0.92 (t, 3¥P{*H} NMR (75 MHz,
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CDCl) & 164.8, 156.9, 133.3, 130.0, 129.6, 128.5, 101.3, 33.2, 28.7, 22.2, 13.9; GC-MS
m/z= 204 (M.
For58h: *H NMR (400 MHz, CDGJ) 6 8.15-7.30 (m, 10H), 5.08 (d, 18= 2.4
Hz), 4.90 (d, 1HJ = 2.4 Hz, 3.75 (s, 2H}*C{*H} NMR (100 MHz, CDC}) 5 164.8,
155.8, 137.0, 133.5, 130.0, 129.8, 129.6, 128.6, 126.9, 103.6, 40.1; G238
(M).
For58i: *H NMR (300 MHz, CDCJ) & 8.20-7.38 (m, 5H), 5.22 (d, 1= 2.4
Hz), 5.03 (d, 1H) = 2.4 Hz), 2.0 (s, 3H)*C{*H} NMR (75 MHz, CDC}) & 164.6,
153.7, 136.6, 133.5, 130.0, 129.5, 128.6, 113.9, 103.6, 19.4; G@/KAS188 (M).
For58j: *H NMR (300 MHz, CDC}) & 8.35-7.10 (m, 11H), 5.70 (d, 18= 2.4
Hz), 5.23 (d, 1HJ = 2.4 Hz), 3.90 (s, 3H}C{*H} NMR (75 MHz, CDCE) § 165.2,
158.4, 153.5, 135.0, 133.8, 130.3, 129.7, 129.6, 128.8, 127.4, 124.1, 123.4, 119.4 , 105.9,
102.1, 55.5 (@Hs); GC-MSm/z= 304 (M); Anal. Calcd for GeH140,: C, 78.93; H,
5.30. Found: C, 78.76; H, 5.37.
For58k: *H NMR (300 MHz, CDCJ) & 8.25-6.95 (m, 9H), 5.62 (d, 1H= 2.4
Hz), 5.19 (d, 1HJ = 2.4 Hz), 3.87 (s, 3H}C{*H} NMR (75 MHz, CDCk) & 164.6,
164.0, 153.3, 134.5 132.3, 129.0, 128.6, 125.0, 121.8, 114.2, 102.3, 55.5; GILzMS
254 (M).
For58l: *H NMR (400 MHz, CDCJ) & 8.20-7.32 (m, 9H), 5.66 (d, 1d= 2.1

Hz), 5.23 (d, 1H) = 2.1 Hz), 2.48 (s, 3H)C {*H} NMR (100 MHz, CDC}) & 164.9,
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153.3, 144.5, 134.4, 132.2, 130.1, 129.6, 129.0, 128.5, 126.8, 102.4, 21.8; GzMS
238 (M)

For58m: *H NMR (300 MHz, CDCJ) & 8.00-7.20 (m, 9H), 5.50 (d, 1H= 2.4
Hz), 5.07 (d, 1HJ = 2.4 Hz);"*C{*H} NMR (75 MHz, CDC}) & 164.3, 153.2, 134.2,
132.2,131.8, 129.3, 129.0, 128.8, 128.5, 125.0, 102.7; G@&/4S 303 (M).

For58n: *H NMR (400 MHz, CDGJ) 6 8.30-7.00 (m, 9H), 5.52 (d, 1d= 2.4
Hz), 5.10 (d, 1H) = 2.4 Hz, =CH)); *C{*H} NMR (100 MHz, CDC}) 5 163.3, 153.2,
133.9, 133.3, 132.7, 130.7, 129.3, 128.8, 128.5, 125.0, 118.0, 117.1, 102.7; @{zMS
249 (M"); Anal. Calcd for GeH1aNO»: C, 77.10; H, 4.45. Found: C, 77.30; H, 4.47.

For580:*H NMR (300 MHz, CDC}J) § 8.38-7.32 (m, 9H), 5.64 (d, 1H~= 2.4
Hz), 5.20 (d, 1H) = 2.4 Hz);"*C{*H} NMR (75 MHz, CDC}) & 163.8, 153.2, 135.4,
135.0, 134.1, 132.8, 130.7, 129.5, 128.8, 125.9, 122.4, 102.8; G@H#KS292 (M);
Calcd for GeH11F302: C, 65.76; H, 3.80. Found: C, 65.51; H, 3.82.

For58p: *H NMR (400 MHz, CDGJ) § 7.92 (s, 1H), 7.40-6.90 (m, 15H), 5.38 (d,
1H,J = 2.4 Hz), 5.01 (d, 1H] = 2.4 Hz);**C{*H} NMR (100 MHz, CDC}) § 166.1,
153.4, 142.1, 135.7, 134.5, 134.4, 132.0, 131.0, 129.9, 129.6, 129.0, 128.9, 128.6, 128.4,
125.0, 102.8; GC-M®&/z= 326 (M); Calcd for GsH150,: C, 84.64; H, 5.56. Found: C,
84.40; H, 5.55.

For58q: *H NMR (300 MHz, CDGJ)  7.97 (s, 1H), 7.47-7.08 (m, 15H), 4.86 (d,

1H,J = 2.4 Hz), 4.79 (d, 1H] = 2.4 Hz), 2.43 (t, 2H), 1.55 (m, 4H), 1.03 (t, 3H);
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3c{*H} NMR (75 MHz, CDCE) § 166.1, 157.0, 141.3, 135.7, 134.5, 132.4, 130.8, 129.9,
129.3, 1287, 128.4, 101.0, 33.1, 28.7, 14.0, 2.1; GOwI5- 306 (M).

For58r: *H NMR (400 MHz, CDGJ) § 7.52-7.30 (m, 5H), 5.53 (d, 1H= 2.4
Hz), 5.01 (d, 1H) = 2.4 Hz), 2.56 (m, 1H2.09-1.83 (m, 4H), 1.7-1.2 (m, 6H)C{*H}
NMR (100 MHz, CDCY) § 174.2, 153.1, 134.7, 129.0, 128.6, 125.0, 102.0, 43.4, 29.1,
25.8, 25.5; GC-M3n/z= 230 (M); Calcd for GsH1¢02: C, 78.22; H, 7.87. Found: C,
78.09; H, 7.66.

For58s:'H NMR (400 MHz, CDCJ) § 7.52-7.30 (m, 5H), 5.48 (d, 1H= 2.4
Hz), 5.01 (d, 1HJ = 2.4 Hz), 2.56 (t, 2HX.74 (M, 2H), 1.44-1.20 (m, 24H), 0.89 (t, 3H);
¥C{*H} NMR (100 MHz, CDC}) § 172.2, 153.1, 134.7, 129.0, 128.6, 125.0, 102.4, 34.5,
31.2, 30.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 25.1, 22.9, 14.3; GO R30
(M™); Calcd for G4H3g0,: C, 80.40; H, 10.68. Found: C, 80.55; H, 10.46.

For (2)-59a:'H NMR (300 MHz, CDCY) & 8.10-6.63 (m, 9H), 7.38 (d, 1H=
7.4 Hz,), 5.71 (d, 1H] = 7.4 Hz), 3.73 (s, 3H}’C{*H} NMR (75 MHz, CDCE) & 163.8,
159.1, 133.8, 133.0, 130.8, 130.3, 129.3, 129.0, 127.1, 114.2, 112.5, 55.5; GzMS
254 (V).

For (2)-59b: *H NMR (400 MHz, CDCJ) & 8.05-7.05 (m, 9H), 7.98 (d, 1K=
12.8 Hz,), 6.47 (d, 1H] = 12.8 Hz), 2.25 (s, 3H}*C{*H} NMR (75 MHz, CDC}) &
163.7, 137.4, 135.9, 133.7, 133.6, 131.1, 130.0, 129.5, 129.0, 128.6, 115.8, 21.3; GC-MS

m/z= 238 (M); Anal. Calcd for GeH140: C, 80.65; H, 5.92. Found: C, 80.74; H, 5.99.
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For 2)-59¢ *H NMR (300 MHz, CDCY) & 8.05-7.10 (m, 10H), 7.40 (d, 18I=
7.4 Hz,), 5.76 (d, 1H] = 7.4 Hz);"*C{*H} NMR (75 MHz, CDC}) 5 163.5, 134.2,
134.1, 133.8, 130.2, 129.2, 128.9 128.8, 128.5, 127.4, 112.7; GR{k4S224 (M).

For (2)-59d: *H NMR (300 MHz, CDCJ) & 8.15-7.24 (m, 9H), 7.50 (d, 1H~
7.4 Hz), 5.80 (d, 1H] = 7.4 Hz);"*C{*H} NMR (75 MHz, CDC}) § 163.8, 159.1, 133.8,
133.0, 130.8, 130.3, 129.3, 129.0, 127.1, 114.2, 112.5, 55.5; G@/EAS303 (M);
Calcd for GsH11BrO,: C, 59.42; H, 3.66. Found: C, 59.06; H, 3.64.

For (2)-59e:*H NMR (400 MHz, CDGJ)  8.20-7.50 (m, 9H), 7.53 (d, 1=
7.4 Hz,), 5.89 (d, 1H] = 7.4 Hz);"*C{*H} NMR (75 MHz, CDC})  163.8, 159.1,
133.8, 133.0, 130.8, 130.3, 129.3, 129.0, 127.1, 114.2, 112.5, 55.5; GUaMR92
(M").

For (2)-59f: *"H NMR (400 MHz, CDGJ) 6 8.24-7.00 (m, 9H), 7.50 (d, 1H=
7.4 Hz), 5.83 (d, 1H] = 7.4 Hz);"C{*H} NMR (100 MHz, CDC}) & 163.6, 163.2,
160.8, 134.1, 134.0, 131.1, 130.3, 129.0, 128.8, 115.7, 111.7; GAH#S242 (M);
Calcd for GsH11FO,: C, 74.37; H, 4.58. Found: C, 73.27; H, 4.50.

For (E)-59b: *H NMR (400 MHz, CDCJ) & 8.05-7.05 (m, 9H), 7.98 (d, 1H~
12.8 Hz), 6.47 (d, 1H] = 12.8 Hz), 2.25 (s, 3H}?*C{*H} NMR (75 MHz, CDCE) &
163.7, 137.4, 135.9, 133.7, 133.6, 131.1, 130.0, 129.5, 129.0, 128.6, 115.8, 21.3; GC-MS

miz= 238 (M).
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For (E)-59¢ *H NMR (300 MHz, CDCJ) & 8.05-7.10 (m, 10H), 8.05 (d, 181=
12.8 Hz), 5.76 (d, 1H] = 12.8 Hz);**C {*H} NMR (75 MHz, CDCE) 6 163.7, 136.1,
133.7, 133.5, 130.1 130.0, 128.9, 128.6 127.5, 126.3, 115.9; G@/KAS224 (M).

For ()-59d: *H NMR (300 MHz, CDCJ) & 8.15-7.24 (m, 9H), 8.09 (d, 1H~
12.8 Hz), 6.53 (d, 1H] = 12.8 Hz):"*C{*H} NMR (75 MHz, CDC}) & 163.7, 137.4,
134.7, 134.0, 133.2, 132.0, 130.9, 130.2, 128.8, 127.9, 111.5; G@K4S303 (M).

For60a: 'H NMR (300 MHz, CDCJ) & 8.08-7.38 (m, 5H), 4.84 (s, 2H), 2.18 (s,
3H); *c{*H} NMR (75 MHz, CDC}) § 201.9, 165.9, 133.5, 129.9, 129.2, 128.5, 68.8,
26.6; GC-MSm/z= 178 (M.

For60b: 'H NMR (300 MHz, CDGJ) 6 8.10-7.38 (m, 5H), 5.29 (m, 1H), 2.22 (s,
3H), 1.53 (d, 3HJ = 7.1 Hz);"*C{*H} NMR (75 MHz, CDC}) & 205.9, 165.9, 133.5,
129.9, 129.5, 128.5, 75.6, 25.8, 16.2; GC-M&= 192 (M).

For60c: 'H NMR (300 MHz, CDCJ)  8.10-7.38 (m, 5H), 2.12 (s, 3H), 1.55 (s,
6H); *C{*H} NMR (75 MHz, CDCk) § 206.7, 165.9, 133.5, 129.7, 129.5, 128.5, 84.2,
23.6, 23.4; GC-M3n/z= 206 (M).

For60d: *H NMR (300 MHz, CDGJ) 6 8.10-7.38 (m, 5H), 2.14 (m, 2H), 2.06 (s,
3H), 1.74-1.50 (m, 8H)-*C{*H} NMR (75 MHz, CDC}) & 206.9, 165.9, 133.3, 129.7,
129.5, 128.5, 85.5, 30.8, 25.5, 23.5, 21.3; GC+W3= 247 (M).

For 60f: '"H NMR (300 MHz, CDCJ) § 4.60 (s, 2H), 2.60 (m, 2H), 2.40 (s, 3H),

2.15 (m, 26H), 0.85 (t, 3H}*C{*H} NMR (75 MHz, CDC}) 4 201.8, 175.2, 68.3, 51.9,
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34.1, 34.0, 32.1, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 26.2, 22.9, 25.0, 14.3; GC-MS
miz= 276 (M*).

For60g:*H NMR (300 MHz, CDCJ) § 4.60 (s, 2H), 2.40 (m, 1H), 2.13 (s, 3H),
2.0-1.10 (m, 10H)**C {*H} NMR (75 MHz, CDC}) § 202.2, 175.5, 68.2, 42.9, 29.1,
26.3, 25.5, 25.9 (CCH3); GC-MSm/z= 184 (M).

For60h: *H NMR (300 MHz, CDCJ) § 7.93 (s,1H), 7.40-7.08 (m, 10H), 4.75 (s,
2H), 2.10 (s, 3H)**C{*H} NMR (75 MHz, CDCE) & 201.6, 166.8, 141.4, 135.4, 134.3,
131.5, 130.6, 129.9, 129.2, 128.5, 128.1, 127.8, 68.8, 25.9; GRY&EES280 (M™).

For6la:*H NMR (300 MHz, CDCJ) § 8.25-7.45 (m, 14H), 5.6 (d, 2H= 2.4
Hz), 5.22 (d, 2HJ = 2.4 Hz);"*C{*H} NMR (75 MHz, CDC}) § 164.9, 152.7, 135.0,
133.8, 130.3, 129.4, 128.8, 125.3, 103.1; GC+NI$= 370 (M™).

For61b:'H NMR (300 MHz, CDCJ) 6 8.10-7.35 (m, 10H), 4.91 (d, 48l= 2.4
Hz), 2.45 (t, 4H,) = 7.5 Hz), 1.78 (m, 2H)*C{*H} NMR (75 MHz, CDCE) & 164.7,

155.8, 133.4, 130.0, 129.8, 128.5, 102.2, 32.7, 23.5; GQnktS 336 (M").

6.6 For Chapter 4

6.6.1Typical Procedure of the Catalytic Reaction
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In a glove box, RUH(CO)(PG)CI (0.5 mol %), ketone (2.0 mmol) and
vinylsilane (3.0 mmol) were dissolved in 3mL toluene solution in a thick-walls 25 mL
Schlenk tube equipped with a magnetic stirring bar. The tube was brought out of the
glove box. The reaction tube was heated in an oil bath &iC1&6 8-15 hours. The tube
was opened under nitrogen gas at room temperature and the crude product mixture was

analyzed by GC-MS.

6.6.2Typical Procedure of the Aldol-Type Condensation Reaction

When the catalytic reaction of ketone with vinylsilane was done, the toluene was
evacuated, and the crude product was dissolved in 2 mCii3.0 mmol
4-nitrobenzaldehyde was dissolved in 5 mL,CH when the solution was cool ta’G,

3.0 mmol TiCk was added in, this mixture was stirred for about 15 min and then the
crude silyl enol ether solution was added in by dropwise &iG78nd this mixture was
warmed to -38C, and kept stirring for 1 hr, and added about 3 mmol water, the mixture
was stirred in 6C for 8 hr. The reaction was quenched by adding th€8asolution,

the oil lay was extracted with ethyl ether (20 mL), and the water laywasised by ethyl
ether (3 x 20 mL). The solution was dried by Mg3(d the crude product was isolated

by a column chromatograph on silica gel (hexane/dichloromethane).
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6.6.3Typical Procedure of the Fluorination Reaction

When the catalytic reaction of ketone with vinylsilane was done, the toluene was
evacuated, and the crude product (2.0 mmol) was dissolved in 2 gENZldnd the
solution was cooled to . Selectfluor (0.708 g, 2.0 mmol) was added in several
portions to the solution. After the addition of Selectfluor, the cold bath was removed and
the reaction mixture was allowed to warm to room temperature over several hoers. Af
the completion of the fluorination, the solvent was evaporated. Water (10 mL) was added
to the residue, and the product was extracted with ethyl ether (3 x 20 mL). Theedmbi
organic layers were washed with brine and dried over anhydra&Jand the solvent
was evaporated. The pure product was isolated as a colorless liquid by flash

chromatography using EtOAehexane.

6.6.4Typical Procedure of the Diketone Reactions

When the catalytic reaction of ketone with vinylsilane was done, the toluene was
evacuated, and the crude product (2.0 mmol) was dissolved in 2 p@ICHAcetyl
chloride (2.5 mmol) was dissolved in 5 mL &3, and the solution was cooled t8@,

3 mmol TiCl, was added in. This mixture was stirred for about 15 min and then the crude
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silyl enol ether solution was added dropwise at®@8and this mixture was warmed to
-38°C, and kept stirring for 1 hr. The reaction was quenched by adding ti@& NH
solution, the oil lay was extracted with ethyl ether (20 mL), and the waterdsyvashed
by ethyl ether (3 x 20 mL). The solution was dried by Mg&@d the crude product was

isolatedby a column chromatograph on silica gehgexane/ dichloromethane).

6.6.5Typical Procedure of Aminomethylation Reaction

The experiment was performed by following a reported procedure. To a mixture
of N,N-dimethylanilines (1.5 mmol), CuBr (4 mg, 0.025 mmol), crude proaat5
mmol) and CHCN (5 mL),t-BuOOH (0.10 mL, 5.0 M in decane) was added dropwise at
room temperature. The resulting mixture was stirred at 50 °C for 12 h. After thiemeac
the mixture was filtered through a pad of celite, and the solvent was removed under
reduced pressure. The residue was purified on a silica gel column to afforditbeé des

product.

6.6.6Hammett Study
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In the glove box, (PGY,(CO)RuUHCI (0.5 mol %)para-substituted
acetophenones (0.2 mmol), vinyltrimethylsilane (0.4 mmol) and hexamethyfise(2®
mg as the internal standard) were dissolved in 0.5 mL toldgselution in a Wilmad
J-Young NMR tube with a Teflon screw cap. The tube was taken out and was heated in
an oil bath at 126C. The reaction was monitored every 30 mirfHyNMR spectroscopy
at room temperature. The rate was measured by monitiH inéegration of the product
peak vinyl protons signal, and these were normalized vinyl protons against thalinte

standard. Thé&yswas estimated from a first—order plot of In[product] vs. reaction time.

6.7 Characterization Data of Organic Products

For67a *H NMR (400 MHz, CDCJ) & 7.82 (s, 2H), 7.52-7.32 (m, 10H), 2.93 (t,
J=6.1Hz, 4H), 1.78 (t) = 6.1 Hz, 2H)*C{*H} NMR (75 MHz, CDCE) 5 190.3,
137.0, 136.2, 136.0, 130.4 ,128.4, 128.6, 28.5, 23.0; G@aktS 274 (M).

For67b: 'H NMR (400 MHz, CDCJ) & 7.60-7.36 (m, 12H), 3.09 (s, 1H);
¥%C{*H} NMR (100 MHz, CDC}) 6 196.5, 137.5, 135.9, 134.0, 130.9 128.9, 129.6, 26.7;
GC-MSm/z= 260 (M).

For67c *H NMR (300 MHz, CDCYJ) § 7.82 (s, 2H), 7.52-7.32 (m, 10H), 3.15 (d,

J=15.6 Hz, 2H), 2.45 (] = 13.8 Hz, 2H), 1.48 (m, 1H), 0.96 (s, 9jc{*H} NMR
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(75 MHz, CDC}) § 190.9, 137.0, 136.4, 136.2, 130.6, 128.8, 128.7, 44.6, 32.8, 29.8 and
27.5; GC-MSm/z= 330 (M).

For67d *H NMR (300 MHz, CDCY) § 8.16 (d, 2H,) = 8.9 Hz), 7.50 (d, 2H] =
8.9 Hz,), 5.26 (s, 1H), 3.73 (s, 1H), 2.435 (%, 13.8 Hz, 1H), 2.60-2.40 and 1.80-1.20
(m,10H);**C{*H} NMR (75 MHz, CDCk)  217.7, 149.8, 147.2, 126.9, 123.6  72.6,
57.4,44.0,29.2, 128.7, 44.6, 29.3, 29.2, 24.0, 23.7.

For67e(syn) *H NMR (300 MHz, CDCJ) & 8.10 (d, 2H,) = 8.9 Hz), 7.32 (d,
2H,J = 8.9 Hz), 5.26 (s,1H), 4.00 (s, 1H), 3.26-1.68 @i) and 1.37 (s, 3H}*C{*H}
NMR (75 MHz, CDC}) 6 214.4, 148.1, 146.8, 130.1, 123.9, 77.7, 47.9, 42.9, 35.7, 34.7,
25.3 and 22.5.

For 67e(anti): *H NMR (300 MHz, CDC}) § 8.13 (d, 2H,) = 8.9 Hz), 7.47(d,
2H,J = 8.9 Hz), 5.03 (s, 1H), 4.25 (s, 1H), 3.26-1.68 &), 1.14 (s, 3H):*C{*H}
NMR (75 MHz, CDC}) 6 219.0, 147.6, 146.8, 129.3, 123.0, 76.9, 52.7, 39.2, 37.1, 27.5,
20.7, 16.1.

For 67f (syn: *H NMR (300 MHz, CDCJ) & 8.04 (d,J = 8.9 Hz, 2H), 7.41 (d] =
8.9 Hz, 2H), 5.17 (s, 1H), 3.97 (s, 1H), 2.81 (m, 1H), 2.02 (s, 3H), 1.44 (m, 2H), 1.09 (m,
4H), 0.69 (t,J = 6.6 Hz, 3H) ppm>C{*H} NMR (75 MHz, CDCk) & 211.1, 150.6,
147.2, 126.5, 123.6, 69.0, 50.6, 43.6, 31.2, 23.1, 22.4, 13.9 ppm. QG265 (M).

The'H and**C NMR spectral data are in good agreement with the literature data.
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For 67f (anti): *H NMR (300 MHz, CDC}) & 8.04 (d,J = 8.9 Hz, 2H), 7.41 (dJ
= 8.9 Hz, 2H), 4.94 (s, 1H), 3.74 (s, 1H), 2.81 (m, 1H), 2.02 (s, 3H), 1.44 (m, 2H), 1.09
(m, 4H), 0.69 (tJ = 6.6 Hz, 3H) ppm™*C{*H} NMR (75 MHz, CDCE) & 213.1, 149.8,
147.1, 127.1, 123.4, 72.9, 58.8, 31.5, 27.3, 23.4, 13.8 ppm. GG/XS 265 (M). The
'H and™*C NMR spectral data are in good agreement with the literature data.

For67g *H NMR (400 MHz, CDGJ) 6 8.16 (d, 2H,) = 8.9 Hz), 7.92 (d, 2H] =
7.8 Hz), 7.50 (d, 2H] = 8.9 Hz), 7.50-7.43 (3H), 5.44 (s, 1H), 3.99 (s, 1H), 3.35 (m,
2H); *C{*H} NMR (75 MHz, CDC}) 5 199.6, 150.5, 147.4, 136.3, 134.2, 129.0, 126.7,
123.9, 69.3, 47.2.

For67h: *H NMR (300 MHz, CDCY) § 8.16 (d, 2H,) = 8.9 Hz), 7.81 (d, 2H] =
8.1 Hz,), 7.57 (d, 2H] = 8.9 Hz), 7.23 (d, 2H] = 8.1 Hz,), 5.44 (q, 1H] = 4.0 Hz), 4.04
(s, 1H), 3.33 (m2H) and 2.39 (s, 3H}’C{*H} NMR (100 MHz, CDC}) 5 199.1, 150.5,
147.2, 145.0, 133.7, 129.5, 128.3, 126.6, 123.7, 69.3, 46.8, 21.7.

For67i: '"H NMR (300 MHz, CDGJ) 6 8.16 (d, 2H,) = 8.9 Hz), 7.88 (d, 2H] =
8.4 Hz,), 7.57 (d, 2H] = 8.9 Hz), 6.90 (d, 2H] = 8.4 Hz), 5.44 (m, 1H), 4.10 (s, 1H),
3.85 (s, 3H), 3.31(n2H); **C{*H} NMR (75 MHz, CDCk) & 198.2, 164.4, 150.7, 147.4,
130.8, 129.5, 126.8, 124.0, 114.2, 69.6, 55.8, 46.8.

For67j: '"H NMR (300 MHz, CDCJ) & 8.16 (d, 2H,) = 8.9 Hz), 7.88 (d, 2H] =

8.4 Hz,), 7.57 (d, 2H] = 8.9 Hz), 6.90 (d, 2H] = 8.4 Hz), 5.44 (m, 1H), 4.10 (s, 1H),
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3.85 (s, 3H), 3.31(n2H); *C{*H} NMR (75 MHz, CDC})  198.2, 164.4, 150.7, 147.4,
130.8, 129.5, 126.8, 124.0, 114.2, 69.6, 47.3.

For67k: *H NMR (300 MHz, CDCJ) & 8.21 (d, 2H,) = 8.8 Hz), 7.88 (d, 2H] =
8.6 Hz,), 7.60 (d, 2H] = 8.8 Hz), 7.44 (d, 2H] = 8.8 Hz), 5.45 (m, 1H), 3.77 (s, 1H)
and 3.33 (m,2H)**C{*H} NMR (75 MHz, CDC}) & 198.4, 150.3, 147.6, 140.8, 134.7,
129.8, 129.4, 126.8, 124.1, 69.3, 47.3.

For 67! (syn: '"H NMR (400 MHz, CDGJ)  8.16 (d, 2H,) = 8.8 Hz), 7.93 (d,
2H,J= 8.9 Hz), 7.62-7.44 (m, 5H), 5.34 (s, 1H), 4.08 (s, 1H), 3.79 (m, 1H) and 1.15 (d,
3H, J= 7.2 Hz);"*C{*H} NMR (75 MHz, CDCk) 5 205.3, 149.3, 147.1, 135.1, 134.0,
129.1, 128.7, 127.1, 123.7, 72.5, 46.8, 11.2.

For 671 (anti): '"H NMR (300 MHz, CDCY) & 8.16 (d, 2H,) = 8.8 Hz), 7.93 (d,
2H,J = 8.9 Hz), 7.62-7.44 (m, 5H), 5.08 (@i= 7.2 Hz), 4.08 (s, 1H), 3.82 (hH) and
1.15 (d,3H, J= 7.2 Hz);"*C{*H} NMR (75 MHz, CDCk) § 204.4, 149.8, 147.6, 136.1,
133.8, 129.0, 128.6, 127.8, 123.8, 75.9, 47.8, 15.9.

For 67m (syn: *H NMR (300 MHz, CDCY)  8.3-6.8 (m, 14H), 5.70 (d, = 3.4
Hz 1H), 4.78 (dJ = 3.4 Hz, 1H), 3.90 (s, 1H) ppriC{*H} NMR (75 MHz, CDCE) &
202.1, 148.8, 147.6, 146.0, 138.1, 129.4, 133.4, 132.1, 130.4, 128.7, 128.3, 127.2, 124.1,
74.5, 60.0 ppm. GC-M&/z= 347 (M). The'H and**C NMR spectral data are in good

agreement with the literature data.
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For 67m (anti): '"H NMR (300 MHz, CDCY) § 8.10-6.85 (m, 14H), 5.55 (d,=
8.9 Hz, 1H), 4.68 (d) = 3.4 Hz, 1H), 3.50 (s, 1H) ppriC{*H} NMR (75 MHz, CDCk)
§ 198.1, 148.0, 147.0, 145.3, 137.9, 129.3, 133.5, 132.1, 130.4, 128.7, 128.4, 127.5,
124.3, 76.5, 62.3 ppm. GC-M8/z= 347 (M). The'H and**C NMR spectral data are in
good agreement with the literature data.
For67n *H NMR (400 MHz, CDCY) & 8.23-7.42 (m, 8H), 5.06 (s, 1H), 4.98 (d,
1H, J = 8.9 Hz), 3.00 (m, 1H), 2.73(m, 1HYC{*H} NMR (100 MHz, CDC}) & 209.0,
153.6, 148.7, 148.0, 136.2, 136.1, 128.2, 128.0, 126.8, 124.5, 124.0, 75.0, 53.1, 29.7.
For67a *H NMR (300 MHz, CDGJ) § 8.21 (d, 2H,) = 8.8 Hz), 8.05 (d, 1H] =
8.0 Hz,), 7.58 (d, 2H] = 8.8 Hz), 7.54-7.23 (m, 3H), 5.11 (d, 1Hs 8.2 Hz), 5.02 (s,
1H), 2.89 (m, 2H), 2.75 (m, 1H), and 1.68 (m, 2B&{*H} NMR (75 MHz, CDCk) &
201.6, 148.7, 147.8, 144.4, 134.6, 132.2, 129.0, 128.3, 127.8, 127.2, 123.8, 74.8, 53.9,
28.9, 26.2.
For67p. *H NMR (300 MHz, CDCY) & 8.44 ( s, 1H), 8.22 (d, 2H,= 8.8 Hz),
7.93 (m, 4H), 7.64 (d, 2H,= 8.8 Hz), 7.61 (m, 3H), 5.51 (t, 18= 4.0 Hz), 3.97 (s,
1H) and 3.51 (m, 2H)*C{*H} NMR (75 MHz, CDC}) § 201.6, 148.7, 147.8, 144.4,
134.6, 132.2, 129.0, 128.3, 127.8, 127.2, 123.8, 74.8, 53.9, 28.9, 26.2.
For67¢g *H NMR (300 MHz, CDCY) & 8.23 (d, 2H,) = 8.8 Hz), 7.61 (d, 2H] =

8.8 Hz), 7.26 (m, 3H), 6.95 (m, 1H), 5.43 (m, 1H), 3.95 (s, 1H), 3.35 (m, 2H) and 3.00 (s,
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6H); *C{*H} NMR (75 MHz, CDCk) § 200.7, 150.9, 150.6, 147.5, 137.1, 129.7, 126.8,
124.0, 118.0, 116.6, 111.0, 69.6, 47.2, 40.7.

For 67r: *H NMR (300 MHz, CDCJ) § 7.8-7.2 (m, 5H), 5.55 (dlue = 46.9 Hz,
2H); BC{*H} NMR (75 MHz, CDCE) 5 193.1 (d,Jcr = 15.0 Hz), 145.4, 132.4, 130.4
127.6, 84.0 (dJcr = 188.9 Hz) ppm. GC-MS m/z = 138 (M

For 67s:'H NMR (300 MHz, CDCJ) & 7.70-7.30 (m, 4H), 5.14 (ndyr = 51.0
Hz, 1H), 3.35 (m, 1H), 3.08 (m, 1H) ppMC{*H} NMR (75 MHz, CDCE) & 199.9 (d,
Jor = 14.9 Hz), 149.7, 136.4, 133.7, 128.3, 126.9, 124.4, 91.%4c 189.9 Hz), 33.2
(d, Jcr = 21.4 Hz) ppm. GC-M®&/z= 150 (M).

For 67t: *H NMR (400 MHz, CDCJ) § 8.0-7.25 (m, 4H), 5.14 (dddyr = 46.9
Hz, Juy = 12.8, 5.2 Hz, 1H), 3.12 (m, 2H), 2.56 (m, 1H), 2.34 (m, 1H) ppe{'H}
NMR (100 MHz, CDC}) & 193.6 (d,Jcr = 14.8 Hz), 143.2, 134.4, 131.4, 128.9, 128.0,
127.4, 91.2 (dJcr = 188.4 Hz), 30.4 (dJcr = 19.4 Hz), 27.1 (dJcr = 11.6 Hz) ppm.
GC-MSm/z= 164 (M).

For 67u: 'H NMR (300 MHz, CDCY)  7.95-6.72 (m, 10H), 3.85 (@,= 7.0 Hz,
2H), 3.24 (tJ = 7.0 Hz, 2H), 2.98 (s, 3H) ppr’C{*H} NMR (75 MHz, CDCk) 6 199.7,
148.8, 137.1, 133.4, 129.5, 128.8, 128.2, 116.7, 112.6, 48.1, 38.7, 35.3 ppm. BMS
=239 (M).

For 67v: 'H NMR (300 MHz, CDCY) & 7.26-6.75 (m, 5H), 3.89 (dd,= 15.1, 4.5

Hz, 1H), 3.28 (ddJ = 15.1, 8.0 Hz, 1H), 2.96 (s, 3H), 2.53-2.45 (m, 1H), 2.37-1.63 (m,
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6H) ppm.**C{*H} NMR (75 MHz, CDC}) & 220.2, 148.8, 129.3, 116.5, 112.3, 52.5,
48.4,39.2, 38.1, 29.2, 20.8 ppm. GC-M&= 203 (M).

For 67w: 'H NMR (300 MHz, CDCJ) § 7.30-6.70 (m, 5H), 3.89 (dd,= 15.1, 5.6
Hz, 1H), 3.26 (dd) = 15.3, 7.2 Hz, 1H), 3.02 (s, 3H), 2.78 (m, 1H), 2.50-1.42 (m, 8H)
ppm.*C{*H} NMR (75 MHz, CDCE)  212.5, 149.0, 129.2, 115.9, 111.7, 52.2, 49.2,

42.3, 39.6, 32.5, 27.9, 25.0 ppm. GC-M%&= 217 (M).

6.8 For Chapter 5

6.8.1General Procedure of the Hydrosilylation of Alkynes

In a glove box, alkynes (1.0 mmol), triethylsilane (2.0 mmol) and the ruthenium
catalystl (7 mg, 1 mol %) were dissolved in 3 mL of &H, in a 25 mL Schlenk tube
equipped with a Teflon stopcock and a magnetic stirring bar. The reaction tube was
brought out of the glove box, and was stirred at room temperature for 4-8 hours. The tube
was opened to the air at room temperature, and the crude product mixture waslanalyze
by GC-MS. Analytically pure organic product was isolated by a column chroraptog

on silica gel f-hexane/EtOAC).
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6.8.2General Procedure of the Hydrosilylation of Alkenes

In a glove box, alkenes (1.0 mmol), triethylsilane (2.0 mmol) and the ruthenium
catalystl (7 mg, 1 mol %) were dissolved in 3 mL of &, in a 25 mL Schlenk tube
equipped with a Teflon stopcock and a magnetic stirring bar. The reaction tube was
brought out of the glove box, and was stirred at@or 8 h. The tube was opened to the
air at room temperature, and the crude product mixture was analyzed by GC-MS.
Analytically pure organic product was isolated by a column chromatographlycangsll

(n-hexane/EtOAC).

6.8.3Hammett Study on the Hydrosilylation of Alkenes

In a glove box, gpara-substituted styreng-X-CsH,CCH (X = OMe, CH, ClI, Br)
(0.20 mmol), triethylsilane (40 mg, 0.4 mmdl)(2 mg, 1 mol %) and §Mes (2 mg,
internal standard) were dissolved in CR@.5 mL) solution in a J-Young NMR tube
with a Teflon screw cap. The tube was brought out of the glove bowasmteated in an
oil bath set at 40 °C. The reaction was monitored in 10 min intervald BR. The

kobs Was estimated from a first—order plotliofproduct] vs reaction time by measuring
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the'H integration of the product peak (=gH 5.81 ppm), which was normalized against

the internal standard peak.

6.8.4Isotope Labeling Study on the Hydrosilylation of Alkynes

In a glove box, triethylsilane (2.0 mmol) and 8CPh (102 mg, 1.0 mmol) were
added via a syringe to a 25 mL Schlenk tube equipped with a magnetic stirring bar and
Teflon stopcock. The cataly$t(7 mg, 1 mol %) and the solvent (3 mL) were added to
the reaction tube. The reaction tubes were brought out of the box was stirred at room
temperature for 4 h. The solvent was removed from a rotary evaporator, and the orga
product was isolated by a column chromatography on silicandedxanes). The
deuterium content of the product was measured by'bbMMR (CDCk with 10 mg

cyclohexane as the external standard)%&hdMR (CH,Cl, with 50 uL CDCly).

6.8.5Phosphine Inhibition Study on the Hydrosilylation of Alkynes

In a glove box, triethylsilane (0.20 mmol), phenylacetylene (0.1mm(3)mg, 2
mol %) and @Mes (2 mg, internal standard) were dissolved in 0.5 mL of GBGIution

in a J-Young NMR tube with a Teflon screw cap. A pre-dissolved; RO$DChk
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solution (5uL, 1.0 M) was added via syringe to the tube via syringe. The tube was
brought out of the glove box. The reaction was monitoretHiyMR in 30 min
intervals. The rate was measured by'tHéntegration of the product peak&®5.81
(=CHSI), and was normalized against the internal standard peakgpliv@s estimated

from the first order plot of In[product] vs reaction time.

6.8.6Kinetic Studies on the Hydrosilylation of Alkenes

In the glove-box, the mixtures of styrene (0.006-0.2 M), triethyl silane (0.3 M),
(2 mg, 1 mol %) and §es (2 mg, internal standard) were dissolved in 0.5 mL of GDCI
solution in a J-Young NMR tube with a Teflon screw cap. A pre-dissolved iRCy
CDClzsolution (5uL, 1.0M) was added via syringe to the tube via syringe. The tube was
brought out of the glove box. The reaction was monitoretHiyMR in 10 min intervals
at 40°C. The initial rate method was used to measure the rate of each reactioneThe rat
was measured by thel integration of the product peak&®5.81 ppm (=CHSi), and was
normalized against the internal standard peak . Kjh@vas estimated from the first order

plot of In[product] vs. reaction time.

6.8.7Isotope Effect Study on the Hydrosilylation of Alkenes
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In the glove-box, the mixtures of styrene (0.006-0.2 M), triethylsilane (0.2 M),
(2 mg, 1 mol %) and §es (2 mg, internal standard) were dissolved in 0.5 mL of GDCI
solution in a J-Young NMR tube with a Teflon screw cap. The tube was brought out of
the glove box. The reaction was monitored HyNMR in 10 min intervals at 48C. The
initial rate method was used to measure the rate of each reaction. Tivagateasured
by the’H integration of the product peak&5.81 ppm (=CHSi), and was normalized
against the internal standard peak. Kgwas estimated from the first order plot of
In[product] vs. reaction time. Under the similar reaction conditions, the reaction of
deuterium styrenes (0.1 mmol) and triethylsilane (0.2 mmol) was monitoredHby

NMR.

6.8.8Carbon Isotope Effect Study on the Hydrosilylation of Alkenes

In the glove box, styrene (2.0 mmol), triethylsilane (3.0 mnig}4 mg, 1 mol
%) were dissolved in 3 mL GiEl, solution in two 25 mL Schlenk tubes equipped with a
magnetic stirring bar. The tubes were brought out of the glove box. The reabionds
heated in an oil bath at 40 °C for 10 min and was opened to air at room temperature, and
the crude product mixture was analyzed by GC/MS (10 % conversion). The other

reaction tube was heated in an oil bath at 40 °C for 8 h and was opened to the air at room
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solvent was removed under a rotary aspirator, and the prisdasvinylsilane was

isolated by a column chromatograph on silica gdig¢xanes)

C# 98% conv. 18% conv. 18% conv./98% conv. change (%)
1 2.9936 (3) 2.9925 (3) 0.9996 (3) 0.04 (3)
2 2.9827 (4) 2.9823 (4) 0.9998 (4) 0.02 (4)
3 0.9314 (5) 0.9208 (5) 0.9886 (5) 1.14 (5)
4 1.0084 (3) 1.0060 (3) 0.9976 (3) 0.24 (3)
5 0.9288 (4) 0.9272 (4) 0.9983 (4) 0.17 (4)
6 2.0000 (5) 2.0000 (5) 1.0000 (5) 0.00 (5)
7 1.9892 (3) 1.9884 (3) 0.9996 (5) 0.04 (5)
8 0.9938 (3) 0.9923 (3) 0.9985 (3) 0.15 (3)

C# 98% conv. 10% conv. 10% conv./98% conv. change (%)
1 2.9936 (4) 2.9915 (4) 0.9993 (4) 0.07 (4)
2 2.9827 (4) 2.9813 (3) 0.9995 (3) 0.05 (3)
3 0.9314 (5) 0.9198 (5) 0.9875 (5) 1.25(5)
4 1.0084 (3) 1.0074 (3) 0.9990 (3) 0.10 (3)
5 0.9288 (4) 0.9266(4) 0.9976 (4) 0.24 (4)
6 2.0000 (5) 2.0000 (5) 1.0000 (5) 0.00 ()
7 1.9892 (3) 1.9879(3) 0.9993 (5) 0.07 (5)
8 0.9938 (3) 0.9953 (3) 1.0015 (3) 0.15 (3)
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6.8.9Synthesis of Carbonylchlorohydridotris(triphenyl-phosphine) Ruthenium (11)

A solution of 0.26 g (1.0 mmol) of hydrated ruthenium trichloride in 20 mL of
2-methoxyethanol and aqueous formaldehyde (20 ml, 40% w/v solution) are added
rapidly and successively to a vigorously stirred, boiling solution of 1.58 g (6 mmol) of
triphenylphosphine in 60 mL of 2-methoxyethanol. The mixture is heated under reflux
for 10 min and allowed to cool. The precipitate which forms is separated and washed

successively with ethanol, water, ethanol, and n-hexane and dried in vacuum.

6.8.10Computational Study on Hydrosilylation of Alkynes

All calculations were carried out with Gaussian 09 program. First of all, all
geometries of the reactants, transition structures and intermediagetuileoptimized
by B3LYP method. The 6-31G (d) basis set was used for H, C, O, P, Si and Cl atoms,
while the Lanl2dz basis set and ECP were used for Ru atom. The Ru atom was
augmented with f-polarization functions. The harmonic vibration frequency cabculat
was performed for each structure, from which the zero-point energy, therengl/e

entropy and free energy were derived. In order to minimize computatien ti
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RuH(PMe),CI(CO) was chose to be the catalyst, with trimethylsilane and

phenylacetylene as the reacting silane and alkyne.

6.8.11Characterization Data of Selected Organic Products of Hydrosilylation of
Alkynes

For69a *H NMR (400 MHz, CDGJ) & 7.50 (d1H, J= 15.6 Hz), 7.36-7.24 (m,
5H), 5.81 (d, 1H, = 15.6 Hz), 0.91 (t, 9H), 0.59 (q, 6HFC {*H} NMR (75 MHz,
CDCl3) 5 148.0, 140.8, 129.7, 128.1, 128.0, 127.6, 7.7, 5.0; GGiitS 218 (M).

For69b: *H NMR (400 MHz, CDCY) § 7.46 (d1H, J= 15.6 Hz), 7.36-7.24 (m,
5H), 5.81 (d, 1H,J = 15.6 Hz), 0.91 (t, 6H), 0.59 (q, 4H), 0.01 (s, 3HE {*H} NMR
(75 MHz, CDC}) & 147.7, 140.6, 130.7, 128.2, 128.1, 127.6, 7.69, 6.8, -4.1; G&@MS
=204 (M).

For69c *H NMR (300 MHz, CDCJ) § 7.82 (d1H, J= 15.6 Hz), 7.70-6.94 (m,
20H), 6.44 (d, 1HJ = 15.6Hz);**C {*H} NMR (75 MHz, CDCE) § 150.6, 138.2, 135.2,
129.6, 128.9, 128.0, 127.9, 1125.5, 127.7; GCavs= 376 (M).

For69d: *H NMR (300 MHz, CDCYJ) § 7.46 (d1H, J= 15.6 Hz), 7.18 (m, 4H),
5.74 (d, 1HJ = 15.6 Hz), 2.38 (s, 3H), 0.94 (t, 9H), 0.62 (q, 68 {*H} NMR (75
MHz, CDCk) 5 147.9, 137.8, 137.3, 128.8, 128.0, 128.6, 21.5, 7.8, 5.0; GGwMS

232 (M),
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For69e H NMR (300 MHz, CDCJ) § 7.42 (d1H, J= 15.6 Hz), 7.25 -6.86 (m,

4H), 5.67 (d, 1H, = 15.6 Hz), 3.83 (s, 3H), 0.92 (t, 9H), 0.60 (g, 6B {*H} NMR
(75M Hz, CDC}) & 147.9, 159.3, 133.3, 129.3, 113.5, 127.5, 55.4, 7.8, 5.0; GBS
= 248 (M.

For69f: '"H NMR (300 MHz, CDC}) & 7.40 (d1H, J= 15.6 Hz), 7.25 - 7.00
(m, 4H), 5.68 (d, 1HJ) = 15.6 Hz), 0.88 (t, 9H), 0.58 (g, 6HFC {*H} NMR (75 MHz,
CDCl) & 163.7, 161.3, 146.7, 136.8, 129.9, 129.7, 129.6, 115.1, 114.9, 7.7, 4.9; GC-MS
m/z= 238 (M.

For69g *H NMR (300 MHz, CDCY) & 7.58-7.39 (d, 4HJ = 8.5 Hz), 7.46 (d,
1H, J=15.4 Hz), 5.93 (d, 1H] = 15.4 Hz), 0.89 (t, 9H), 0.57 (g, 6HFC {*H} NMR
(75 MHz, CDC}) § 146.1, 144.0, 132.2, 129.3, 128.1, 124.9, 126.5, 125.6, 122.8, 120.2,

7.4, 4.6; GC-MSn/z= 288 (M).

6.8.12Characterization Data of Selected Organic Products of Hydrosilylation of
Alkenes

For70a *H NMR (400 MHz, CDCJ) & 7.52-7.24 (m, 5H), 6.96 (dH, J= 19.4
Hz), 6.48 (d, 1H,J) = 19.4 Hz), 1.06 (t, 9H), 0.73 (q, 6HJC {*H} NMR (75 MHz,

CDCly) § 145.1, 138.8, 128.7, 128.1, 126.0, 126.6, 7.7, 3.8; GGritS 218 (M).
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For 70b: *H NMR (300 MHz, CDCJ) & 7.55-7.24 (m, 5H), 6.99 (dH, J= 19.4
Hz,), 6.54 (d, 1HJ = 19.4 Hz), 1.08 (t, 9H), 0.73 (g, 6H), 0.22 (s, 3HE {*H} NMR
(75 MHz, CDC}) & 145.1, 138.7, 128.8, 128.2, 127.4, 126.6, 7.7, 5.8, 5.3; G&aMS
218 (V).

For 70c *H NMR (300 MHz, CDCJ) 87.70-6.94 (m, 20H), 7.02 (dH, J= 19.3
Hz,), 6.54 (d, 1HJ = 19.3 Hz):**C {*H} NMR (75 MHz, CDCk) & 146.3, 138.1, 135.4,
129.5, 128.9, 128.0, 127.9, 1125.5, 126.2; GC+Ms= 376 (M).

For 70d: *H NMR (400 MHz, CDC) § 7.38 (d,J = 8.3 Hz, 2H), 7.17 (d] = 8.3
Hz, 2H,), 6.91 (d1H, J= 19.3 Hz), 6.40 (d, 1H] = 19.3 Hz), 2.38 (s, 3H), 1.04 (t, 9H),
0.70 (g, 6H);"*C {*H} NMR (75 MHz, CDCk) & 145.0, 137.9, 136.2, 129.1, 124.6,
126.5, 21.1, 7.7, 3.8; GC-M8/z= 232 (M).

For 70e *H NMR (300 MHz, CDCJ) & 7.45 (d,J = 8.8 Hz, 2H), 6.92 (d, 2H},=
8.8 Hz), 6.92 (dlH, J= 19.4 Hz), 6.33 (d, 1H] = 19.4 Hz), 3.85 (s, 3H), 1.07 (t, 9H),
0.74 (q, 6H)°C {*H} NMR (75 MHz, CDCE) § 144.5, 159.8, 131.8, 127.7, 114.1,
123.1, 55.5, 7.7, 3.8; GC-M8/z= 248 (M).

For 70f: '"H NMR (400 MHz, CDCY) & 7.46 (d,J = 8.5 Hz, 2H), 7.31 (d] = 8.5
Hz, 2H), 6.83 (d1H, J= 19.4 Hz), 6.43 (d, 1H] = 19.4 Hz), 1.00 (t, 9H), 0.67 (q, 6H);
3¢ {*H} NMR (75 MHz, CDCk) & 143.7, 137.6, 131.8, 128.0, 121.9, 127.3, 7.7, 3.6;

GC-MSm/z= 311 (M).
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For70g *H NMR (400 MHz, CDGJ) 6 7.39 and 7.31 (m, 4H, Ar), 6.87 (tH, J
=19.4 Hz,), 6.44 (d, 1H = 19.4 Hz), 1.02 (t, 9H), 0.69 (q, 6HYC {*H} NMR (75
MHz, CDCk) 6 143.7, 137.2, 133.7, 128.9, 127.7, 127.1, 7.7, 3.7; GGxitS 266
(M").

For 70h: *H NMR (400 MHz, CDCJ) § 7.75 and 7.18 (m, 5H, Ar), 7.10 (tH, J
= 19.4 Hz, GI=CHSi), 6.55 (d, 1HJ = 19.4 Hz), 3.94 (OH3), 1.09 (t, 9H), 0.76 (q,
6H,); **C {*H} NMR (75 MHz, CDCE) & 145.1, 158.0, 134.7, 134.2, 126..06, 125.2,
124.1, 119.2, 106, 127.2, 55.5, 7.7, 3.8. GC+KI8= 298 (M.

For 70i: *"H NMR (300 MHz, CDC}) § 7.64-7.32 (m, 9H), 6.98 (dH, J= 19.5
Hz), 6.52 (d, 1HJ = 19.5 Hz), 1.06 (t, 9H), 0.73 (q, 6HJC {*H} NMR (75 MHz,
CDCly) & 144.6, 137.8, 129.0, 128.9, 128.5, 127.5, 127.3, 127.2, 126.4, 7.7, 3.8. GC-MS

miz= 294 (M).
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