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ABSTRACT
SYNTHETIC AND MECHANISTIC STUDIES OF COUPLING REACTION
INVOLVING C-H BOND ACTIVATION

Ki Hyeok Kwon, B.S., M.S.

Marquette University, 2011

Transition metal-catalyzed C-C bond forming reactions involving Gedd
activation have been shown to be effective methods for functionafizet unreactive
compounds. Since Murai’s pioneering work on ruthenium-catalyzed regptigel arene-
to-alkene coupling reactions, a number of well-defined, late tramametal catalysts
have been shown to mediate regioseletive C-C bond forming reaction mydlvH
bond activation. Recently, late transition metal complexes havebalso found to
catalyze the regioselective coupling reaction of nitrogen contaicémypounds with
alkenes as well as $pond insertions and oxidative coupling reaction of aimdes. The
catalytic C-C bond forming reaction involving C-H bond activation would provide simple
and atom economic pathways for making functionalized moleculesough there are
many examples of stoichiometric reaction of aromatic C-H borttzadion with
transition metal compounds, catalytic C-H bond activation reactionsatadytic system
have been rarely employed in organic synthesis.

An efficient catalytic conjugate addition reaction protocol has beesoged for the
synthesis of tetrasubstituted olefin products. The cationic ruthemygimde complex
was found to be an effective catalyst for coupling reactioh ayi-unsaturated carbonyl
compounds and simple alkenes. The kinetic and spectroscopic data astenbmgth
three different mechanistic pathways depending on substrate \@dplbhe reaction of
an a,p-unsaturated carbonyl compounds with simple olefins predominantly gave t
tetrasubstituted olefin products. The mechanistic studies suggestehalefin insertion
into ana,p-unsaturated carbonyl substrate is the rate-limiting stepofgugate addition
reaction. On the other hand, the coupling reactiom-methyl a,f-unsaturated cinnamide
with aromatic alkenes gave oxidative coupling products. The kinetic amtfagmopic
studies support the different mechanistic pathway, which involvesatédimiting vinyl
C-H activation step, in comparison with the conjugate addition reacfius synthetic
methodology promises to provide a straightforward route to the bieluarganic
compounds such as tetrasubstituted olefins which are difficult to egméh by using
traditional synthetic methods.
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Chapter |

Introduction

Over the past few decades, one of the main goals in catetigristry has been
the quest for the most economic ways to form C-C bdnktansition metal-catalyzed
cross-coupling reactions have been one of the most useful syntbelsc for the
formation of C-C bonds since Heck firstly reported his pioneering o968 Even
though a broad range of donors and acceptors are amenable forydeckotpling
reactions, these coupling reactions absolutely require an dige tar triflate) with an
alkene and a stoichiometric amount of base and palladium catalylirnmng a
substituted alkene products. To overcome these drawbacks for Heck aypkng
reaction, the formation of C-C bond involving C-H bond activation of unrea€iiH
bonds has attracted considerable interest and remains a longtialenge for the
chemical and pharmaceutical industries. The catalytic C-H bond amtivaduld provide
simple and atom economic pathways for making functionalized motecAléhough
there are many examples of stoichiometric aromatic C-H botidaion reactions with
transition metal compounds, catalytic C-H bond activation reactionsatadytic system
have been rarely employed in organic synthesis.

Generally, it is believed that the formation of C-C bond involvingcteavage of
a C-H bond was a difficult process due to its bond strength. In 1993, dtuakireported
a highly efficient, ruthenium-catalyzed addition of aromatic ®dfds to olefing.Trost
and Murai independently reported ruthenium-catalyzed C-H activatiomlkyldtion of
a,B-unsaturated carbonyl compounds with alkéh&ince then, numerous examples of

catalyzed C-H bond activation have been extended to a wide varietypmgatic and



olefinic substrates by a number of research gréupsiowever, examples of catalytic
reactions involving the $iC-H bond activation are still rare. Recently, Yu has reported a
remarkably selective and direct olefination of €§pH bonds for amides by a Pd(ll)-
catalyzed reactiof’. Ellman and Bergman have also reported a rhodium mediated
stereoselective alkylation afp-unsaturated imines via the direct C-H bond activation.
Transition-metal-catalyzed regioselective  and stereosadect C-H bond
functionalizations have attracted much attention due to their syntitdtig in organic
synthesis. This chapter provides a literature summary fotrdéingition-metal-catalyzed

formation of C-C bond via C-H activation and their applications.

1.1 C-H bond Activation of Alkanes

Alkanes are among the least reactive compounds. Because obtheedctivity
particularly at the terminal position, the direct conversion of redkento industrially
important and valuable chemicals, such as linear alcohadgfine, and amines, has
been a long-term challenge in catalytic chemistry. Controliatpctivity for desired
products containing a single functional group at the end of an alkil @haspecially
difficult because reactions of alkanes typically form a mixtafeproducts. Certain
transition metals were found to selectively react at thmital carbon of the alkane to
producen-alkyl complexes, but these transformations involve stoichiometric amounts
of expensive metal reagents. Jensen and Goldman discovered eficterselective
dehydrogenation of linear alkanes to givelefins in the presence of iridium “pincer”
complexes T'PCP)IrH, (P'PCP = 2,6-bis[di(isopropyl)phosphinomethyl]phenyl]) (eq

1).!® Isomerization limits the yield of theolefin products generated under these reaction



conditions. They suggested that preventing isomerization by modifgtadyst/acceptor
combination or efficient separation of theolefin would improve the vyields of

dehydrogenation products.

1 (1)
+
150 €
/\’< + /W<
e
WHo

||r\H R =i-Pr
PR,

1

The mechanism of (PCP)lgHcatalyzed transfer-dehydrogenation has been

disclosed for the prototypical substrate/acceptor combination, CAA(T#clooctane/
butylethylene) at 55 °C (Scheme 1). The catalytic cycle beayiewed as the sum of two
reaction: (1) hydrogenation of TBE by (PCP)rahd C-H addition of a second mole of
TBE to give (PCP)IrHtbutylvinyl) (2), and (2) dehydrogenation of COA by (PCP)kH(
butylvinyl) have been observed as resting states during datalyd the ratio of these
two complexes is found to be proportional to [TBEBased on the proportionality
constant obtained and the catalytic rate as a function of [(Bith reachs a maximum
at ca. 0.3 M), the respective rate constants for the hydrogereatd dehydrogenation
segments can be obtained. A good agreement is found between reatéisn
independently obtained from stoichiometric and catalytic runs. Forovieeall TBE-
hydrogenation reaction, labeling experiments indicate that tteelimating step is
reductive elimination of TBA (2,2-dimethylbutane) from (PCP)trbigtylethyl) @).

Based on the considerations of microscopic reversibility, it can be furtleeradfthat the

ra



rate-limiting step for alkane dehydrogenations is the oxida@nt addition to iridium

center rather than tigehydride elimination.

Scheme 1

PR /A\K PR,

Ir\l_| I|r
PR, PR,
3

Recently, our research group has reported that the tetranugteenium-p-oxo-
hydroxo-hydride complex {[(PGNCO)RuH](1s-O)(us-OH)(-OH)} (4) is a highly
effective catalyst for the transfer dehydrogenation of asnarel carbonyl compound.

For example, the initial turnover rate of the dehydrogenation met@ylindoline was
measured to be 1.9'svith TON of 7950 after 1 h at 200 °C (eq 2). From a synthetic
point of view, the ruthenium catalyéthas a number of salient features compared to other
dehydrogenation catalysts, in that it is air- and wateretabl solid state and is

compatible with a variety of heteroatom functional groups.
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Hartwig reported regiospecific functionalization of linear alkscatalyzed by the
rhodium complex Cp*Rhy-Cp*) (5) under thermal conditions, specifically the coupling
of linear alkanes with borane reagents of form primary alkylbsrgeq 3)** These
borane products are valuable synthetic precusor in organic chenfitséy can be easily

converted to amines, alcohols, alkenes, and other classes of functionalizedasolecul

IS

.
v, Q. O—
\\\(oB_BbP,,

5 O—
B IS TN

150 €

A detailed mechanism for the overall catalytic reaction hadeen deduced, but
an outline of possible mechanism is provided in Scheme 2. Oxidativéoadafitboorane
or diboron compound, depending on the boron reagent present, could form a
hydridorhodium boryl complex or a rhodium bis(boryl) complex. Afterdf borane

elimination, such complex could then react with alkane to produce drhaltyaym boryl



complex 6). Rapid B-C bond formation would then lead to product. To probe for the
presence of metal-boryl intermediates, they obtatf@dNMR spectra of reactions of the
diboron compound witim-octane at high catalyst loads. They observed a sigrialiat
ppm during the reaction, and this chemical shift, which is locateehfikld of the

organoboronate esters and pinacolborane, is characteristic of a metapborgts

Scheme 2

; Me
Y-Bpin ch; 5
[RRIH(X) \ h
H/B\\Bpin
Y X

R-Bpin \

§67M85 {67'\/'65

H/Br\]\Bpin \ /Rh\
X R X Bpin
6 R-H
Xs, XBpin T [Rh] = Cp*Rh
RH solvent T X,Y =H orBpin
[Rh]L>

Direct oxidative functionalization of tertiary amines is of cdesable importance
in organic synthesis. Propargylic amines are of considerable pbamtical interest and
are synthetic intermediates for the synthesis of various nitro@&®aining compounds as

well as carbohydrates. Li reported an oxidative cross-coupling ioiearand alkynes via



a direct sp C-H bond alkynylation in presence of CuBr as a catalyst. Thetioa of
N,N-dimethylaniline with phenylacetylene catalyzed by CuBhwiBOOH at 100 °C for
3 h was produced td-methyl-N-(3-phenylprop-2-ynyl)benzenamine in 77% isolated

yield (eq 4)%*

N + H— N
\ C t-BUOOH, 100 T, 3h %@ (4)

7%

Rhodium carbenoids derived from methyl aryldiazoacetates aceeanfficatalyst
for asymmetric C-H activation of a range of alkanes andhdrafuran through a C-H
insertion mechanism. The decomposition of methyl aryldiazoacetateedyzed by
dirhodium tetrakis®(N-dodecylbenzenesulfonyl)prolinate) (R&DOSP)) (7) in the
presence of alkenes gave an intermolecular C-H insertion having acgot! of
regioselectivity, diastereoselectivity, and enantioselectivitg 6)** The carbenoids
derived from methyl aryldiazoacetates are greatly more cbelective than those
derived from diazoacetates. They favor C-H insertions into secomtaryertiary sites
and the formation of side products which is caused by carbene dimerization isajot a m

problem with rhodium carbenoids derived from aryldiazoacetates.
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1.2 Arene C-H Bond Activation

1.2.1 Chelate-Assisted Arene C-H bond Activation Reactions

Murai pioneered chelate-assisted, regioselective, catalytico®nd activation of
arene and olefin coupling reactidfror example, acetophenone is added to vinyl silane
to yield regioselectively alkylated product at thetho position (eq 6). The ruthenium
complex RuH(CO)(PPR); (8) was found to be an efficient catalyst for this coupling
reaction. This reaction is a quite effective synthetic method, anchany cases, gave

nearly quantitative yields.



8
+ g 6
S|(0Et)3 tOern61 135 C S|(OEt)3 ( )

93 %

As shown Scheme 4, Murai proposed that the reaction involves the coordinat
of the carbonyl group of arylketones to the ruthenium center andadsdlin a favorable
position for the cleavage of the C-H bond. The ruthenium hydride corfiphes been
suggested as a key intermediate species. The rate-limépg&the coupling reaction is

the C-C bond forming step instead of C-H activation step.

Scheme 4
PPhs
OC— |u/H
8 PPh; i I
N
(0]
[Ru] \\* [::rl\l
Ru

O

©é\8i(OEtm C-H activation
7 Si(OEt),

O
Ru Ru-H
KSi(OEt)g

9

The reaction was extended to various arene and olefin coupling reaQron®f

the most important findings in elucidation of the mechanism of coupdaction is that



10

the C-H bond cleavage step is not the rate-limiting step. Inatesgoid equilibrium exists

prior to the reductive elimination step that the leads to the C-C bond formation. Murai has

established that the reductive elimination of alkylated prodctbe rate-determining
step.
The rhodium bis-olefin complex [Cp*Rh(GHCHSIMes);] (10) has also been

shown to be an effective catalyst for selective addition ofraeb theortho position of

arylketones (eq P.A main difference between eq 1 and eq 3 is that in the ruthenium

catalyzed process, a carbonyl coordination is presumed to besth&tdp, which directs

the C-H bond activation to thetho position of the aromatic substrate.

o o Messio
©)\ + 2 Si(OEY, 10 @i‘; " r=
Cele, 120 t S|Me

3
60 % 30 %

H/D exchange experiments establish tpara and meta C-H bonds are not
activated in the ruthenium system. The rhodium catalytic preses® the other hand,
are not discriminating in the C-H bond activation step and adiivati all sites @rtho,
meta,and para) of the substrate is observed. Murai has established that kthéddd
activation is fast and reversible in the ruthenium case and reglwimination of the

alkylated product is the rate-limiting step. It is believed tin& similar features are

applied to the rhodium system as well, but no conclusive evidence is available cancernin

this point. In the both systems, the energy barrier for reductimenaliion which then

forms the product is decreased by chelation of the carbonyl group to the medal cent
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Scheme 5
Meg Meg
Q|® AsiMe; o
|
Rh Rh
RN
Xy 2 siMe, \/
(@) SiM63 SiMe3
SiMes / ©/“\
/\SiMeg

The ortho position of imine substituted aromatic compounds is directly @gla
and alkenylated with organic halides in the presence of catalyizint of a ruthenium-
phosphine complex. In this reaction, the imine group acts as a dirgctnp forortho-

metallation step (eq 8.

NI'Ph Br ph NPP O Ph |\f’Ph
[RUCI,(n®-CgHe)]2, PPhs '
+ + (8)
K,CO3, NMP, 100 C Ph

85 : 15 (78 %)

Aromatic aldimines have been found to be a suitable substrate foringpupl
reaction with either vinylsilanes or styrenes in the presehoghenium(ll) complex and

phosphine ligand via C-H bond activation at ¢igho position (eq 9%*
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_Nt-Bu _Nt-Bu
[RuCl,(p-cymene)], Si(OMe);
+ g
Si(OMe); NaHCO, cat., PPh; OO ”

toluene, 140 €

Recently, Glorius has reported the selective rhodium catalyzedative
olefination of aromatic carbonyl compounds such as acetanilide, acetmghend
benzamide derivartives with olefins involvimgtho C-H activatior™ The C-H bond
activation of acetanilide and subsequent coupling to styrene was foupcbceed
smoothly at 0.2 M in tert-amyl alcohol as solvent employing only fAdi% of

[RhCp*Cl,], (11) catalyst precursor (eq 10).

Cu(OAc),
Ph 11

NH + NH
@ =~ t.AmylOH, 120 C, 16h @
“>ph

(10)

Glorius has also published the oxidative olefination of acetophenones and
electronically related benzamides with various olefins. Acetophenndebanzamide
coupled with styrene selectively to give a single product eagoad yield (eq 113° He
also proposed that the oxidative olefination reaction proceeds throulglechssisted
ortho C-H activation, followed by olefin insertion to rhodium center and esyuosntf-

hydride elimination to selectively yield tlkeselective coupling product. (Scheme 6).
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Cu(OAc),
o AgSbFg o
11
<J)L S t-AmylOH, 120 T, 16h @i; o
X = CH3, NH, Ph
Scheme 6

C-H activation

Cu oxidant

Yu has developed a new dihydrobenzofuran ring-forming process via hydroxy
directed C-H activation/C-O bond formation (eq 12)Tertiary alcohols were cyclized to
give the corresponding dihydrobenzofurans in good yield in the precenc @A&,
with PhI(OAc) as an oxidant. This reaction provides a new method for constructing
dihydrobenzofurans, including spirocyclic analogues, a process thabtentially

applicable to natural product synthesis.
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Li2CO3, Phl(OAC)2

m Pd(OAc), m 1
OH CgFs, 100 C, 36 h 0 (12)

Sanford has developed a selective catalytic coupling method fooxitative
functionalization of C-H bond€ The combination of 1 equiv of beniiguinolone with
PhlI(OAc), (2 equiv) and 2 mol% Pd(OAci CH;CN at 75 °C for 12 h produces an 1:1
ratio of the monoacetoxylated product (X = OAc) and the analogus pf€roDH) in
86% isolated yield (eq 13). They has also found that simple modfncafithe reaction
condition allows the selective installation of a variety of different functigraips at .
For example, reaction of benbdfuinolone with Phi(OAcgycatalytic Pd(ll) in alcohol
solvents produces a range of sterically and electronically diatkgearyl ethers (X =
OMe, OEt, O-Pr, OCHCF;) in good yield. Alternatively, when oxidation is carried out
in the presence of excess LiX (X = CI, Br) in £LHN, traces of mono-halogenated

products are formed.

w, o (=9
G g GO
N CH4CN or alcohol N
H 75-100 T, 12h X
X = OAc, OH, OMe, OEt,
Oi-Pr, OCH,CF3, Cl, Br

(13)

1.2.2 Nonchelate-Asssisted Reactions
Fujiwara reported the effective metalation of aromatic C-H baoatdgsoom

temperature using highly-electrophilin,situ generated, Pd(Il) and Pt(ll) cationic species
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in trifluoroacetic acid (TFA), leading to the regioselectimeer- and intramolecular

addition of simple arenes to C-C multiple bonds (egs 14 an® 15).

H
© + H—R Pd(OAC)Z ©)\( (14)
TFA, RT R
X0 Pd(OAC), X 0
\Hr TFA, RT w (15)
X =0, NH
R

R

In most cases, the addition of alkynes exclusively affords thiendaynamically
less stableis-aryl alkene. The intramolecular hydroarylation agf@Cbonds is facile and
regiospecific because of the electrophilic metalation of aier@aH bonds by the Pd(ll)
cationic species which is assisted by ethynyl coordinationadty this intramolecular
reaction combines both chelation assistance and electrophilic metalation.

Milstein’s Heck-type oxidative coupling reaction, which was foutod be
promoted by molecular oxygen, is among the most remarkable eeawmipfuthenium-
catalyzed arene C-H bond insertion reactions (eqs 16 artl Ty catalytic oxidative
coupling of arenes with alkenes to generate aryl alkenes, in whecdouble bond is
preserved, is a highly desirable goal. Since the reaction doesguire the utilization of
reactive substituent and does not form any byproducts, it has a unigametage over
other methods for the preparation of aromatic alkenes, especially vamepare to the

well-known Heck reaction for the vinylation of aryl halides.
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H xR
1 [Ru]
+ =\ + = +
[ j o202 0,, CO ©N H,0 (16)

180 C, 48 h

H R
[Ru] —
@ ¥ TR Ar, CO ©N * R (17)

180 C, 48 h

In Milstein’s Heck type coupling, dioxygen can be directly useth@oxidant,
while still retaining good catalytic activity. The reactios ¢atalyzed by ruthenium
complexes under a CO atmosphere condition. Readily available ruthenmpleses
such as RuGBH,O, [Ru(COXCl]s, [(M>-CsHe)RUCkL], Ru(NO)Ck5H,O, and
Ru(FRCCOCHCOCHE); show essentially the same catalytic activity.

Smith has described that iridium catalysts (MesH)Ir(BPitWlesH = n°
mesitylene, BPin = oxaborolanel?j are efficient for direct synthesis of arylboron
coumpounds from aromatic hydrocarbons and boranes under “solventless ocen(it
18)3' The Ir catalysts are highly selective for C-H bond activaiod do not interfere
with subsequent transformations, including Pd-mediated cross-couplimgnyithalides.
By virtue of their favorable activities and exceptional seldets, these Ir catalysts
impart the synthetic versatility of arylboron reagents to C-H bdiode aromatic and

heteroaromatic hydrocarbons.

12 B(OR),
© v OABOR: s eh @ (18)
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Scheme 7

3 BPin

| E
(PR3),I"(BPIN)(E), \ (PRs)/nIlr‘@

E
E-E
\ \_ ©/BPin
(PRg)qIrV(BPin)(E)4 — (PRa),IM(H)(E),
H, H-BPin E=H, BPin
E-E n=12

Smith proposed a reaction mechanism involving Ir(lll) and Ir(\@rimiediates as
shown in Scheme 7. The following evidence supports the mechanism praposed
Scheme 7: (a) Borylation products of iodobenzene are not obtained wheourtes are
used under stoichiometric or catalytic conditions, whereas Iqdithplexes effect both
stoichiometric and catalytic borylations. (b) Improved catalgtitivity is observed with
chelating phosphines and inhibition is observed when [phosphine]:[irididra$ requal
or exceed 3:1, strongly supporting the viability of bisphosphine inthates (Scheme 4,

n = 2), which could be generated via E-E reductive elimination (E = H, BPin) from an 18-
electron bisphosphine Ir(V) resting state. (c) The 18 electrgghtisphine compound,

IrHs(PMe;),, is an efficient precatalyst for the borylation.
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TpMe2pt(Me),(H SiEts
© + HSIEts pzoo °c( 24);() @f + Hy (19)

Hartwig discovered a highly selective, acceptorless dehydrogeraiupling of
silanes with arene C-H bonds in good vields in the presence5fPEpeH (Tp¥e? =
hydridotris(3,5-dimethylpyrazolyl)borate) and related platinum@wnplexes (eq 19¥.
The reaction of the arenes occurred selectively at thedtsagtally hindered C-H bonds
and preferentially with more electron-poor arenes. If the delggsative coupling of
simple silanes with aromatic and aliphatic C-H bonds could be develtpsd useful
reactions could result. Because of the higher stability of sileoveard disproportionation

than boranes, they could undergo tandem or sequential reactions that would be

impossible using borane or even disilane reagents.

1.3 Chelate-Assisted C-H Bond Activation ReactionfdAlkenes

Trost and Murai independently reported the ruthenium catalyzed Chkhtaunt
and alkylation of 1-acetylcyclohexene aa@-unsaturated esters with alkenes such as
silylethylenes and styred®® The reaction of 1-acetylcyclohexene arid-
methylcinnamide with triethoxyvinylsilane in presence of RWEY)(PPh); (8) gave
the coupling product involving vinyl C-H activation (eqs 20 and 21). fheposed the
plausible reaction mechanism for olefin-olefin coupling reactioshasvn in Scheme 8.
The chelation-assisted insertion of ruthenium into the C-H bond lyy @k activation

gives 13. Hydrometallation of alkene would result in the formationldf Reductive
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elimination from 14 provides coupling product, regenerating the catalytically active

species.
o @)
. 7 Si(OEY); 8 | (20)
toluene, 135 C, ,
Si(OEt);
Si(OEt);
O 8 o
sy
ph/\)J\NHMe + 77 Si(OEYs “toluene, reflux Ph™ " NHMe (21)
Scheme 8
PPhj
OC— |u/H
CI” | H H O
8 PPh3 N

S
[Ru] AN, fo
H Ru
O
T, ™
Z R
Ty
Ru Ru-H

14 R 13

C-H activation

Jun has developed a rhodium(l) cataly4edlkylation of theo,B-unsaturated
ketone with 1-alkenes employing diethylamine as a efficieniatibr-assistant toof

The B-alkylation of 4-phenyl-3-butene-2-one with 1-hexene in presence of(RPIg)s;
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(15), benzoic acid and diethylamine was found to proceed smoothly at 180 2€ h in
good yield (eq 22).

He also proposed the plausible mechanism of this reaction whidasisated in
Scheme 9. Precoordination of a rhodium species to the nitrogen funtyiarfathe
dienamide, derived from condensation of the enone with dialkylamindac#itate the
cleavage of the vinyl C-H bond to generate the stable 5-membetatlanyclic rhodium
hydride 16. Coordination of an olefin followed by migratory insertion of an aléfito
the Rh-H bond gives alkylrhodium species Reductive elimination id7 furnishes the
B-alkylated dienamine compound that equilibrates with regioisomeregeherates a
rhodium catalyst to complete the catalytic cycle. Followawidic hydrolysis of both

dienamine regioisomers leads to fhalkylated products.

R R
PhCO,H
= + Z R +
Ph sec-amine Z>ph Ph (22)

toluene
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Scheme 9
R,N—[Rh]—H
o} RoN P R
R,NH
H,O R
=
or .o 1 a o
_— R R 17
Ph
Ph RN 2. Rju
N-"ph N"Ph

Ellman and Bergman have reported the stereoselective alkylafion,f-
unsaturated imines via the directed activation of a C-H bond by rhazfitatyst* The
rhodium complex which is [RhCI(COR) has been found to be effective catalyst with
phosphine ligands for coupling reaction wiitB-unsaturated imines and a variety of

alkenes (eq 23).

N,Bn

N,Bn N,Bn
\H) + o~ IRNCICOE)] FcPCy, U |
toluene, 50 T | | (23)
CgH1z CeHi3
95 : 5 (100 %)

Imine groups are synthetically useful because they can be easierted to
many other functional groups such as ketones, alcohols, carboxgl; and amines and
the imine is sometimes utilized as a directing group in transitietal catalyzed direct

funtionalization of aryl or aliphatic compounds using alkenes and alkynes.
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1.4 C-H Bond Activation Reactions of Nitrogen Contaning Compounds

The catalytic reactions and functionalizations which involve cleavagé of sp
C-H bonds within nitrogen containing compounds, such as amines and dmames
attracted considerable attention, in part due to their prominent motaei synthetic
utilities of natural products and pharmaceutical agents. Highlypselgictive catalytic
reactions via C-H activation of nitrogen-containing compounds, espehigtiérocyclic
compounds have been reported by several research grdlipdowever, coupling
reactions of amide substrates by regioselective C-H activatith alkenes are still very

rare EI.6, 48-51, 53

1.4.1 C-H Bond Activation of Pyrrolidine Derivatives

Sames and co-workers have reported the oxidative intramolecuthzatipn
reaction of alkene-amide substrates under neutral and cataiyiiitions. This overall
transformation requires tandem®sp-H bond activation at the position adjacent to the
amide nitrogen and C-C bond formation. For example, pyrrolidine sudbsivas
converted to pyrrolizidinone and indolizidinone products in 66% and 17% yield,
respectively, in presence of [Ir(CQEJ]. with carbene ligand IPrNN'-bis(2,6-
diisopropylphenyl)imidazolyl carbene), and the hydrogen acceptor NBIEBE (NBE =

norbornene) (eq 24F.

[ ) [Ir(COE),Cl],/IPr [
N NBE = N Z ., N
o%><\ CgHyp, 150 T, 13 hrs N N 05><\ (24)
o o)

66% 17% 10%
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They proposed a reaction mechanism involvinGi activation and C-C bond
formation as shown in Scheme 10. The results presented in tlhig stiggest the
complex [IPrlr(Cl)(substrate)]1@) is key intermediate which is generated by replacing
COE ligands at the iridium center by a carbene ligand and theatebd he second step
involves rearrangement via C-H activation adjacent amide nitrgmexiding an alkyl
iridium hydride, and then undergoes new C-C bond formation by alkeemtians In the
fourth step, dihydride-alkene complex was produce@-hydride elimination (reductive
elimination would give the saturated product). To regenerater((@y(substrate)], two

hydrides were added to a hydrogen acceptor, followed by release of duetpro

Scheme 10

_Pr
Cl

O

@
Z

/

@)
|

! |
H H O)><\ .
\ / Cl
'—Ilr—IPr
Cl N
N O

They also describe the direct arylation of €pH bonds through the intermediacy

of a metal-alkoxide, formed via ketone insertion, which could undergontetakation
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with an arylboronate est&t.Importantly, Rg(CO)- as the catalyst gave the desired
product in good yield. The amidine substrates and phenylboronate esipiresence of
ruthenium catalyst and ketone produced a 3:1 raticaof andcis diastereomers (eq 25).
The trinuclear ruthenium cluster is required foarylation of amidine derivatives
because mononuclear and dinuclear ruthenium complexes were found to lbdessuc

effective (<10%).

t-BuCOMe
Ph/Q . ><QB_Ar Ru3(CO);, Ph/ql\Ar
é\ N o 150 T, 4-19 h i\ N (25)

62 - 76%
trans/cis = 3:1 to 6:1

Murai reported catalytic reactions that involve the cleavagaeosp C-H bond
adjacent to the nitrogen atom €Mi2-pyridinyl alkylamines. The use of {CO),; as the
catalyst resulted in the insertion of alkenes intbGiH bonds of the pyrrolidine to give

the coupling products (eq 28).

A N R iproH 140 T A N

£y [V r r L
Ru3(CO)1» R R N R
~ "N
S |

n=1-3 61~94%
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A variety of terminal, internal, and cyclic alkenes were foundeosuitable
substrates for the coupling reaction. The presence of a pyridgnasia directing group
on the nitrogen in cyclic amines is necessary for the reatdipnoceed, suggesting the
importance of the coordination of the pyridine nitrogen to ruthenium.

Yi has reported that the complex (RER{CO)RUHCI @9) is an effective catalyst
for dehydrogenative coupling reactions of cyclic amines and akeRee coupling
reaction of secondary cyclic amine with unactivated alkenesciefipgerminal alkenes
such as ethylene, propylene, and TBE, preferentially afforddd labnd insertion
products which were selectively activated by €pH bond adjacent nitrogen in cyclic
amines (eq 27a). In contrast, the reaction of amines with viaytsijave thél-silylation

products (eq 27b¥

R 27a
y 19 No~n (27a)
H R THF, 80 T .
O =/ n=13,4 R =H, Me, t-Bu
n 19 . n :/R
EtO)3Si—N +
. THF, 120 C (EtO)sSI (270)
CysP C n=13 R=SI(OE;s 51 ~ 88%
OC~ “PCys,
19

1.4.2 C-H Bond Activation of Indole and Quinoline derivatives
Widenhoefer has reported that the intramolecular alkylation oketgl indoles

with a catalytic amount of Pt&{CH,=CH,) in dioxane that contained a trace of HCI at

)39

60 °C for 24 h led to tetrahydrocarbazoles as cyclization prodeqt28):” Platium-

catalyzed cyclization of 2-(4-pentenyl)indoles showed good getyeratd tolerated
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substitution at each position of the 4-pentenyl chain including thenattandcis- and
transterminal position. Also, this synthetic method was applicable tsyn¢hesis of
tetrahydrop-carbolinones and was effective for cyclization of unprotected ind@k3-
Butenyl)indoles were carried out platinum-catalyzed cyclizatwith 6-endotrig
regioselectivity. Mechanistic studies established a mechawisthé platinum-catalyzed
cyclization of 2-alkenyl indoles involving a nucleophilic attack tbé indole on a

platinum-complexed olefin.

[PtCIZ(H2C:CH2)]
dioxane, 60 C, 24 h

(28)

/ 92%

In contrast, the reaction of 1-methyl-2-(4-pentenyl)indole witatalytic amount
of PdCL(CH3CN),, and a stoichiometric amount of CyGh methanol under CO
atmosphere at room temperature for 0.5 h, led to the cyclizattbnaaboalkoxylation to
form the corresponding tetrahydrocarbazole as a single regioisan83% yield (eq
29)%° Ppalladium-catalyzed cyclization/carboalkoxylation of 2-(4-peyljndoles
tolerated substitution along the alkenyl chain and at the internal androisdEpositions.
A variety of alcohols were also tolerated for palladium-gaed
cyclization/carboalkoxylation. This cyclization/carboxylation catall by palladium
complex was also effective for cyclization of 2-(3-butenyl)iredol3-(3-butenyl)indoles,

3-(4-pentenyl)indoles, and 2-(5-hexenyl)indoles.
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N/ PtCl,(CH3CN), N/
ROH, CuCl
Y ’ 2 Y
THF, 25 <, 0.5 h (29)
/ co
OR
R = Me, Et, n-Octyl, i-Pr, Cy 73~83% O

Bergman and Ellman have reported the first intermolecular aupbf
unactivated alkenes to heterocycles by using Rh(l) cataly<2qE*°® A wide range of
heterocycles were employed in the reaction, and a varietynofibnal groups could be
incorporated, including esters, nitriles, and acetals. The interatatecoupling were
found to be promoted by weak Lewis acids such as Mgrich dramatically increased
the reaction rate of both the inter- and intramolecular @agtiDifferent functional
groups can be introduced from readily available starting magerieading to the

potential use of this reaction in drug discovery and process chemistry.

H [RhCI(COE),; Y
N PCy3 N
+ Z R @:
» / 30
@[N THF,150 C, 0.5 h N>—¥R (30)
MgBr;

Aryl-rhodium(lll) complexes generatedin situ from the reaction of
[RhCI(COE}], (COE = ciscyclooctene), p-(CFs)CsHylsP, and CsOPiv efficiently
catalyzed the direct C-arylation of free (NH)-indoles and Ydd#roles in presence of
mild base in good yields and with high regioselectivity (eq*3The reaction displayed

excellent functional group compatibility and low moisture sengjtikinetics studies
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support a mechanism involving phosphine displacement by an indole in ARRh(l
pivalate complexes (resting state of catalyst), followed bwata-limiting C-H bond

metalation.

H Rh(OPiv),(L),Ar
@EN) ArX, CSOPiv
/ dioxane, 120 €

L = [p-(CF3)CgHylsP

5\ ZT
>

(31)

An Ar-Rh(lll) pivalate complex is assembled in situ and repraestrg resting
state of the catalyst. Subsequently, displacement of the phosphime higandole takes
place in a pre-equilibrium step to form indole-Rh(lll) complex, whscfollowed by the
slow C-H bond metalation step as shown Scheme 11. The resultingadiate20 then
undergoes reductive elimination, furnishing the desired coupling producthdtieim(l)
complex formed in this step is rapidly converted back to the restidbg via an oxidative
addition of iodobenzene and a halide-pivalate exchange. Thus, the oxidtitrenaof
haloarene precedes the slow C-H transformation step. The mddeher supported by
the large kinetic isotope effecky(kp = 3.0) at the 2-position of indole. Although the
intimate mechanistic details of the C-H metalation stepuacéear, they propose that the
pivalate ligand assists the C-H bond dissociation as an inters@l Bhis is consistent
with the fact that the initial rates of the reaction betweglole and Ar-Rh(lll) pivalate

complex were not affected by the addition of CsOPiv.
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Scheme 11
[Rh(coe),Cl],
Ph-X, CsOPiv
L H
N
/ L
Ph OPiv
Ph_ | \th/
/Rh_OPiV PlVO/ |
PivO \ e
L L HN

resting state

L = [p-(CF3)CeHalsP  SIOW \
/ HOPiv
Ph-X, CsOPiv

S
Rh(L),(OPiv) / ) —Rh—OPiv

N
()

As shown in eq 32, Li has developed a new type efficient C-C bond tiorma
method via a cross-dehydrogenative coupling (CDC) reaction of esdand
tetrahydroquinolines catalyzed by copper bromide in the presemceaxidizing reagent,
like t-BUOOH (eq 32f? The CDC reaction provides a simple and efficient catalytic
pathway to construct indolyl tetrahydroisoquinolines via combination®aEdp and aryl

sp? C-H bond activation followed by C-C bond formation.
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: B
Noop © /" tBuOOH, 50 T O \ (32)

N
H

1.4.3 C-H Bond Activation of Pyridine derivatives

Moore reported that R(CO), was found to be a selectively active catalyst for
the ortho positions in pyridine (eq 33¥.For instance, pyridine is used as solvent and the
reaction is conducted at 150 °C under 10 atm of carbon monoxide. Convefsl-
hexene to pyridinyl ketone mixture results in the high regioteity of the reaction. In

addition, no other pyridine containing products are observed.

X
Ru,(CO
L)+ Aoy —2 2, (COh, n-Bu +
N 150‘C (33)

13 : 1 (65%)

The cationic ruthenium vinylidene complex [CpRu(=C=CHR)#HPFs (21)
has been reported to be an effective catalyst for the direatyédken reaction of
pyridines (eq 34§* Heating the cationic ruthenium vinylidene complex in pyridine a
100-125 °C for 24 h givesEj-2-akenylpyridine. Initially, pyridine coordinates to
ruthenium center by displacement of one of the phosphine ligands. Then [2+2]
heterocycloaddition occurs to form a 4-membered ruthenacyclic eanipéprotonation
of the B-hydrogen affords a neutrat-azaallyl complex. Protonolysis produces the

product. As a result, a vinylidene group is inserted intaxtleH bond of pyridine. The
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alkenylation reaction is made catalytic in ruthenium by the afs(alkyn-1-yl)silane as
the vinylidene source. Treatment of (alkyn-lyl)trimethyls#lawith pyridine in the
presence of cationic ruthenium complex affords the correspond)r@rdlkenylpyridine

not only in a good yield but also in a regio- and stereoselective manner.

N ! N Ph (34)

Recently, Kakiuchi has reported a new method for produaiugnjugated
aromatic compounds by the ruthenium catalyzed alkenylation of antacd@ad bond in
arylpyridines and related compounds with alkenyl esters (e¢f 35)s reaction provides
a new halogen-free reaction condition that can be used in tileesis ofr-conjugated
aromatic compounds. For example, the reaction of 2-(2-tolyl)pyidiith styryl acetate
in presence of Ru(COD)(COT) (COD =1,5-cyclooctadiene, CQJ35-cyclooctatriene)

as a catalyst, provides tBeisomer as the sole product in 98% vyield.

| Ru(COD)(COT) |
N OAc toluene, 120 C,12 h N (35)

E/Z (58/42) |
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Chang has reported two new types for the oxidative C-C bond formafi
pyridine N-oxides; selective alkenylation and direct cross coupling Eactith
unactivated arenes (eq 36).For selective alkenylation, reaction proceeds highly
efficiently when of Pd(OAg)was used in combination with AQ0O; (1.5 equiv.) and
pyridine (1.0 equiv.) with pyridineN-oxides and ethyl acrylate affords highly site

selective coupling product in good yield.

| XN Ag,CO4/pyridine | N
_ Pd(OAC), (j\ﬂ
ONT T ZCOEt BN Co,E

@(.) 1,4-dioxane, 100 € @(-)

91%

(36)

Chang also discovered the direct arylation of pyridikexides with unactivated
arenes catalyzed by palladium complex. For instance, reactiyridine N-oxide or its
para derivative with benzene as unactivated arene afforded the correspamthng

phenylated products with 3:1 ratio in high yields (eq 37).

» prycsh ﬁi fi
P Ag,CO
SN + © g2C03

1,4-dioxane, 130 C, 16 h Ph Ph ®N Ph (37)

R=H, Ph 76% (Ph), 79% (H)

A cobalt-catalyzed, chelate-assisted hydroarylation atiof styrenes,

described by Yoshikai demonstrated that the chelate-assisteddhd activation at
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ortho position of phenylpyridine derivatives allowed for tuning of thenbhad/linear
regioselectivity by ligand control (eq 38)The reaction of 2-phenylpyridine with styrene
in presence of CoBr PCy, and Mg@SiCH,MgCI at 60 °C in THF for 12 h gave a
branched product in 88% yield, with high regioselectivid§ € 96:4). In contrast, when
the reaction of 2-phenylpyridine with styrene was performed uluhes-HCI (1,3-
dimesitylimidazolium chloride), a precursor of Brheterocyclic carbene (NHC) ligand,
instead of PCya near complete switch of the reioselectivity was observieds The

reaction afforded the linear product in 84% yield with a regioselectivity 8f 97:

| S CoBr, CoBr,
~N PCys IMes'HCI
. RMgX _ RMgX _ (38)
Ph 2 pp /\Ph

1.4.4 C-H Bond Activation of Amide, Amine, and Imine Derivatives

Recently, Kondo has reported the novel ruthenium-catalyzed regio- and
stereoselective codimerizationdvinylamides with alkenes or alkynes. Treatmeniof
methyl-N-vinylacetamide with ethyl acrylate in the presence aatalytic amount of
[Ru(m®-COT)(n*DMFM);] (COT = 1,3,5-cyclooctatriene, DMFM = dimethyl fumarate)
(22) in N,N-dimethylacetamide (DMA) at 160 °C for 3 h gave the linear codietayl-

5-(N-methylacetylamino)-pent-4-enoate, in 90% yield with B%electivity (eq 39§°
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[e) O

P 22 S~ CO,EL
N"= * 7 COEt bMA, 160 T, 3n N (39)

72% (95% E form)

To learn more about this reaction mechanism, they performed arideute
labeling study. The reaction ®-methylN-vinylacetamide with dimethyl fumaratg-
was carried out in the presence of [fuCOT)(n?>-DMFM),] catalyst in DMA at 160 °C
for 3 h to give the deuterium incorporated product (eq 40). The resuttsubérium
labeling studies could be explained by the formation of a ruthenyaimde species at an

early stage in the catalytic cycle.

21%D
P E / 22 b E
A — 40
N+ 4\ DMA160T.3h A (40)
92% D 15% D 64% D

They proposed a reaction mechanism for the codimerizatidd-wohylamides
with alkene (Scheme 12). The reaction starts with the removal of a C®® ligfRu’-
COT)(n*-DMFM),] by N-vinylamide through metallacycle formation 28 and reductive
elimination to generate coordinatively unsaturated zero-valent ruthdmydride species
through activation of $pC-H bonds in alkenes or a DMFM ligand. Alkenes are inserted

into a Ru-H bond, followed by the successive chelate-assistationsaf N-vinylamides
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into a Ru-C bond. Subsequdhhydride elimination gives the products with regeneration

of an active ruthenium hydride species.

Scheme 12

T

E
Reductive
elimination NR?COR?
[Ru](DMFM)L,,
R3
sp? C-H K/R“
activation R3
[Ru]-H [Ru]
Rl
)\ _R? R3
4
R e

Chatani has discovered the ruthenium-catalyzed cyclocarbonylatiarowfatic
amides leading to phthalimides through C-H bond activation. Theiaract N-(2-
pyridinylmethyl)benzamide with CO and ethylene as,aé&teptor and 0 in presence

of Rw(CO).2 in toluene at 160 °C did not give carbonylation product; instead, the
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phthalimide was formed in 77% yield (eq 41). A wide variety of fumai groups at the
para position, including methoxy, amino, ester, ketone, cyano, chloro, and even bromo

substituents, were tolerated in this cyclocarbonylation.

Q Ru3(CO)y, 0
H,O
@H Y + co ethyzlene /@QN 41
N~
R toluene, 160 C R S _N>\:\> (41)
R =H, Me, OMe, NMe,, CO,Me, 60 ~ 89% —
C(O)Me, CN, ClI, Br ')
(not formed) H |
R N~

O

The catalytic reactions which involve the cleavage 6fGgH bonds are much
more difficult than that of $pC-H bonds. It is known that the cleavage of €pH bond
is kinetically and thermodynamically unfavorable. Recently, Yu tegmorted Pd(ll)
catalyzed reaction for the direct olefination of §pH bonds. Afte-C-H olefination,
the amide products underwent 1,4-conjugate addition to give the corresptaclarng
compounds (eq 425".(5") Electron-withdrawing substitutents on thdé-aryl group
dramatically increase the reaction rate. Especially, the mbtttron-withdrawing
CONHAr, group improved the vyield further to 88%. The choice of solvent was als
critical for this reaction, with polar and strongly coordinatingicemsolvents such as

DMF, DMA and NMP giving the best reactivity.
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o)
T & Pd(OAC), X 0o
- LiCl, Cu(OAc
] 2 -
H 120 C | ,4-addition
COZB COan
F F
NO, F CF;
X= OMe Ph /@ . .
K NO> F F
0% 1% 47% Arl 71% Ar? 88%

Shibata has also found that a cationic Ir(1)-BINAP complex showggd datalytic
activity in sp C-H bond alkenylation of amide with alkynes through carbonyl-dideCte
H bond activation, which prevailed over aromati¢ €gH bond activation. Alkenylation
of amides with alkynes via carbonyl directed §pH bond activation was proceeded
with Ir(1)-BINAP.>® For example, the reaction oN,N-dimethylbenzamide with
diphenylacetylene in the presence of in situ formed catiorieBtNAP complex gave

the allylamide product as an E-isomer in good yield (eq 43).

Ph
P
o H [Ir(cod),]OTf ® "

J
N” + pp—=——ph rac-BINAP N Ph o+ N 4
©)L' ' PhCI, 135 T |/\phA | (43)

(94 : 6) 91%

Tanaka reported that cationic rhodium(l)/BIPHEP complex catalytes
pyrrolidinecarbonyl-directed regioselective alkenylations ofimiefor aromatic spC-H

bonds in good yields under mild reaction condtitriBhe reaction of crotonamide with
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diphenylacetylene catalyzed by [Rh(CQIBF./BIPHEP afforded stereoselective
coupling products in good yield (eq 44). A 1-pyrrolidinecarbonyl group dgrecting
group is essential for this transformation. Dimethylcarbanaoyl 1-piperidinecarbonyl
groups significantly decreased the reaction rate, and ester &k kaarbonyl groups
completely shut down the reaction. The reaction between benzamidekgnds also
proceeded in presence of the same rhodium catalyst (eq 45).d,nthee desired
alkenylation proceeded at ambient temperature, and the 1-pyrroAdomayl group is

also the best directing gourp.

Ph
0 [Rh(COD),IBF, oPn?
N)L¢¢\\ N . BIPHEP NN
<i) Ph—="Ph ch,cl, 25 C, 72h <i) (44)
81%
Ph
xPh
O [Rh(COD),]BF, @)
N:> + Ph——ph BIPHEP I\E>
CICH,CH,CI, 80 T (45)
78%
E/Z (>99 : 1)

PPh,
PPh,

BIPHEP

Recently, Ellman and Bergman have reported the oxidative cougfliagyl O-
methyl oximes with unactivated alkenes via C-H bond functionadizatatalyzed by
Rh(lll) complex (eq 465% A wide range of unactivated alkenes were employed in the
reaction, and a variety of functional groups could be in corporated, inclpdiewgyl,

ester, and halogen groups. The oxidative coupling of@urylethyl oximes with alkenes
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using [Cp*RhC}]. as the catalyst in the presence of Cu(QA® an oxidant and with

THF as the solvent gave their corresponding oxidative products.

R

MeO. [CP*RhCLL,  meo.
N Cu(OAc), N

| |
AGSBF;
/\
C@ + 7 R THF, 75T, 20 (46)

R = n-Bu, i-Pr, Cy, Ph, CO,Et, OAc

Li and coworkers has developed the C-H olefination of such bezantitesGx
aryl ring. When electron-poor olefins are utilized, the coupled produetg futher
undergo in situ Michael addition to giydactams (eq 47 This reaction would proceed
by the oxidative olefination of thertho C-H bond in the C-aryl ring, followed by
intramolecular hydroamination. Benzamides with electron-donating-vathdrawing

groups affords lactams in high isolated yield when electron-poor oleérenaployed.

R . [CoRhCLl, I 0
= N~ Cu(OAc N’
R H Ag(zcog)z R H R N-Ar  (47)
H  CH4CN, 110C, 12h |
+
EWG GWE
ZEWG

R! = OMe, Me, F, Br

Recently, Glorius has reported that the challenging aili€-H activation and
also an alternative vinylic $pC-H activation of enamines and the subsequent coupling

with unreactivated alkynes yielding pyrroffsThe reaction ofN-acetyl enamine
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derivatives with internal alkyens in precence of [Cp*R{Chnd AgSbk as the catalyst
together with Cu(OAg)as the oxidant in 1,2-dichloroethane resulted in the formation of
pyrroles @4) as a single regiosiomer (eq 48). On the other hand, the changeditento

a nitrile resulted in thex-functionalization of the enamine and, consequently, the
formation of a regoisomeric pyrrol@%). This important results indicate the crucial role

of the ester group to activate the allylié §pH bond.

Cp*RhClI Cp*RhCl
R COR I Ona R® R? oA R oN
R4©/kH AGSDFs A\ AgSDF, H)\@R“ (48)
o N\n1 CICH,CH,CI, 120 T, 16 h rirNH  CICH,CHCI, 120 T, 16 h Rl/N s
24 R>—=——R* RS—=—-R* 25
allylic sp® C-H activation vinyl sp? C-H activation
(R? = CO,R) (R2 = CN)
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Chapter Il

Synthetic and Mechanistic Studies of Chelate-Asset Oxidative

Coupling Reaction of Arylamides and Unactivated Allenes

Chelate-assisted catalytic coupling reactions involving C-H aictivahave
emerged as one of the most powerful C—C bond formation methods doe ar
compounds. Among the chelate-directed catalytic C—H activation and fundiiati@n
reactions, oxidative coupling methods have been found to be particulagbtivedfin
forming new C—C and carbon-to-heteroatom bonds foaspne C—H bond$:® Since
Fujiwara’s seminal reports on the oxidative coupling reactionarefie compounds,
oxidative C-N, C-O and C-halogen bond-forming reactions of arene compowsds ha
been achieved by using chelate directing grafifgagnou reported regioselective cross
coupling reactions of unactivated arene compounds by using amino anddaredti@g
groups®’ Late transition metal catalysts have been found to be mosttilersa
mediating Heck-type C—H oxidative alkenylation of heteroaremepounds, where the
regioselectivity has often been found to be dictated by both stedielectronic nature of
the arene substituents and chelate directing grfuBg.screening amino acid ligands,
Yu recently developed a remarkably selective Pd-catalyzeddlefthation of carboxy-
substituted arene compourtdsStill, most of these oxidative coupling methods either
require stoichiometric amounts of metal oxidants or reactivgerga. Thus development
of direct oxidative C—H coupling methods which do not require strongjzixg agents
or reactive substrates with increased the efficiency of tuplimg reaction would be

beneficial from both synthetic and, environmental points of view.
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Results and Discussion

The regioselective coupling reactions of nitrogen containing compounds cdtalyze
by late transition metal catalysts have been developedvieyadeesearch groups, as well
as sp and sp C-H bond activation of nitrogen heterocycles and amide derivariv&s™
%3 The selective C-H bond activation of amide compounds is a highitit synthetic
tool because organic compounds which contain amide functional groups aresgtry
materials in natural products and pharmaceutical agents. Ourcteggaup has reported
that thein-situ formed cationic ruthenium-hydride complex is a highly effectiatalyst
for the coupling reaction of arylketones and linear alkenes involviag Bond
activation®®® Recently, our research group also developed a convenient and efficient
method to  synthesize a cationic  ruthenium-hydride  complexns- [(
CsHe)(PCy)(CO)RUH]'BF4 (26) from the protonation reaction of tetrameric ruthenium
complex {[(PCy)(CO)RUH](u-O)(u-OHY} (4) which was synthesized in two steps
from ruthenium-hydride complex (P¥CO)RUHCI @9) (Scheme 135°®): 80© Thys,
the treatment of tetrameric ruthenium compleg?200 mg, 0.12 mmol) with HBFOEL
(64 pL) in Ce¢Hg at room temperature cleanly afforded the cationic rutheniumdeydri
complex26, which was isolated as an ivory-colored solid in 95% yield (ScH&neThe
ruthenium-hydride signal was observeddat10.39 (d,Jpy = 25.9 Hz) by'H NMR
spectroscopy 026 in CD.Cl,, and a single phosphine signal was detected/&t9 ppm
by **P{*H} NMR spectroscopy. The molecular structure of cationic rutimariydride
26, characterized by X-ray crystallography, showed a threeetegano-stool geometry,

which is capped by ag’-benzene moiety (Figure 1j.The Ruy-P; distance for complex
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26is 2.32 A and the average bond length of-Rusis 2.32 A. The @Ru-Hyy angles is

88° and -Ru;-Hjyy angles is 83°.

Scheme 13
CY3P\R|U/C| KOH OC- | O | _CO
u u
oc” TPCys  i-PrOH,80<C H | S07  TPCy,
19 -KCl, PCy;3 PCys
O
)J\ 'PCy3
95 C
CO CcO
CysR | | H
@ H—Ru Ru\—P &
I . o / ©OH
_RP., HBF,-OEt, OC—RU—\—RU—H
CysP™ \ "H CesH-. 20 T H/I\O/l\
Co 6He, PCysy com Y3
26 4

In an effort to extend the synthetic utility, we have begurxfdoee the coupling
reactions of arylamides and alkenes. For example, the treath€gtHsCONMe, (0.5
mmol) with cyclopentene (10 mmol) in the presence of cationic ruthehydmde
complex26 in CH,CI, at 80 °C for 5 h gave an 89 : 11 ratio of the olefination product

27aand the C-H insertion produ28ain 52% conversion (eq 49).

O o) O
©)J\NMe2 +© 26 (5 mol%) NMe, + NMe,
CH,Cl,, 80 T (49)
27a ' 28a
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The reaction of arylamide substrates with cyclic alkenes inptiesence of
cationic ruthenium-hydride comple26 proceeds via a different reaction pathway
compared to the reaction of arylketone with alkenes. This reseénsnthat C-H
activation proceeded selectively at ttho-position of the aromatic ring of arylamide.
Furthermore, the major product is olefination product, which is syrthetically useful,
compared to the C-H insertion product. To confirm the structure of the coupling products,
the hydrogenation reaction was performed on the product mixturg tiigirsame catalyst.
Thus, the treatment of a crude reaction solution witl{lHatm) at 80 °C in the presence
of cationic ruthenium-hydride comple26 in CH,Cl, led to 28a which was isolated by
column chromatography on silica gel, and its structure was cahplestablished by
spectroscopic methods. Intrigued by this initial discovery, we gadv& number of

different coupling reaction of arylamides and alkenes.

Figure 1. Molecular Structure of Cationic Ruthenium-Hydride Com#6éx
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2.1 Optimization Studies for Coupling of Arylamidewith cyclopentene

2.1.1 Catalyst Survey

Initially, the coupling reaction of a benzamide and cyclopenterseusad to screen for
catalyst activity (Table 1). Thus, the treatment gH{CONMe, (0.5 mmol) with an
excess amount of cyclopentene (2.5 mmol) in the presence of acaetight (5 mol%)
in CH.CI;, at 80 °C was analyzed by GC after 5 h of reaction time. Anleagurveyed
ruthenium catalysts, compleg6 exhibited uniquely high activity and selectivity for the
oxidative coupling produ@7aover the simpl®rtho-C—H insertion produc28a (entries

2 and 3). The addition of HBFOEL to complex26 was found to slightly decrease the
activity compared to no additive (entry 4). RUHCI(CO)(B&which is known to be an
effective catalyst for both hydrovinylation and silylation reactof alkenes and alkynes,
showed no activity for the coupling reaction (entries 5 arfd B)is noteworthy that the
reaction catalyzed by RytCO)(PPRh)s, which is well known to be highly efficient in a
similar coupling reaction of arylketones with alkenes, did not proeeed when it was
carried out in the presence of HBBEL (entries 9 and 10). Also, commonly available
ruthenium complexes such as RyEPh);, RuCk3H,O, Rw(CO), and [Rup-
cymene)Cl],, which are representative ruthenium catalysts for C-H bond #achya

showed no activity for the coupling reaction under the standard reaction cosditi
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Table 1. Catalyst Suvery on the Reaction gHgCONMe, with Cyclopentené.

O O @
©)LNMe2+ @ [cat] (5 mol%)= O NMe, , NMe,
CH,Cl,, 80 C
27a ' 28a

entry catalyst (27rglt:|028a) conversion(%)P°
1 {[(PCy3)(CO)RuUH]4(u-O)(1-OH),} (4) 0
2 4/HBF, OEt, 86:14 52
3 [(n®-CgHg)(PCy3)(CO)RUH]*BF, (26) 88 :12 52
4 26/HBF, OEt, 80:20 48
5 RUHCI(CO)(PCys), 0
6 RuHCI(CO)(PCys3),/HBF, OEt, 0
7 RUClz(PPh3)3 0
8 RuCl,(PPhs)s/HBF, OEt, 0
9 RuH,(CO)(PPh3); 0
10 RuH,(CO)(PPh3)s/HBF, OEt, 0
11 [RUH(CO)(PCy3),(CH3CN),]*BF, 0
12 RuCl;3H,0/HBF, OEt, 0
13 Ru3(CO)1,/NH4PFg 0
14 [Ru(p-cymene)Cl,],/PPhy 0
15 Re(CO)3(THF),Br/HBF, OEt, 0
16 AuCI(PPh3)s 0
17 AuCI(PPh3)s/HBF, OEt, 0
18 HBF, OEt, 0
19 CysPH'BF, 0

& Reaction conditions: gElsCONMe; (0.5 mmol), cyclopentene (2.5 mmol), catalyst (5
mol%), CHCl, (2 mL), 5 h.” The conversion of £isCONMe, as determined by GC
analysis using gMeg as an internal standard.

2.1.2 Solvent Effect

In order to find optimal solvent, the solvent effect on the activity seldctivity

was examined for the coupling reaction of arylamides and alké@ies.reaction of

CsHsCONMe (0.5 mmol) with cyclopentene (2.5 mmol) in the presence of cationic

ruthenium-hydride comple26 was performed in a variety of solvents and the yield of
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coupling products was determined by GC (Table 2). It was foundhbatature of the
solvents considerably affects the activity of the coupling reaction.

Both CHCI, and PhCI were found to be most suitable for the coupling reaction
among the screened organic solvents (entries 1 and 2). A stablect'®n complex was
formed in CHCN because of the solvent’s strong coordinating ability, whiagmately
leads to no catalytic activity (entry 4). Weakly coordinating solvents asidiHF showed
lower activity compared to non-coordinating solvents (entry 5). itblvents such as
CeHs, PhCH and E3O also were found to show moderate activity for the coupling
reaction. The formation of an equivalent amount of cyclopentane westet® in the

crude reaction mixture.

Table 2. Solvent Effect on the Coupling Reaction gHgCONMe, with Cyclopentene
Catalyzed by6.2

O O O
26 (5 mol %
NMe, @ ( ) NMe,+ NMe,
+
solvent, 80 °C, 5 h
27a |’ 28a

entry solvent (2;?? 28a) conversion(%)°

1 CH,Cl, 88:12 52
2 PhCI 89:11 51
3 CICH,CH,CI 90:11 50
4 CH5CN 0

5 THF 93:7 28
6 Et,O 93:7 33
7 CgHg 92:8 39
8 PhCHj3 88:12 33

@ Reaction conditions: gElsCONMe, (0.5 mmol), cyclopentene (2.5 mma?g (15 mg, 5
mol%), 5 h.? The conversion of 4sCONMe as determined by GC analysis using
CsMeg as an internal standard.
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2.2 Reaction Scope

The scope of the coupling reaction was explored by using thiystété (Table
3). Both secondary and tertiary arylamides were found to reaabthly with cyclic
olefins to give the oxidative coupling products predominantly, but the priargtamide
benzamide was less reactive for coupling reaction with cyclepenfentry 6). The
secondary amides witiN-electron withdrawing group were found to promote the
oxidative coupling produc27 over the insertion produ@8 (entries 10-12). Cyclic
alkenes generally give the oxidative coupling prod@@tpreferentially, but cyclohexene
resulted in a low yield of the coupling products (entry 13). Stend electronic
environments on the amide group were found to be less important with 1,litdiedbt
and terminal olefins in yielding a mixture 7 and28 for these cases (entries 17-24). In
contrast, the reaction with 1-hexene yielded a complex mixfu2& and28 that resulted
from the coupling with both terminal and internal olefins. 3-Acéiyhethylpyrrole is

also a suitable substrate for the oxidative coupling reaction (entry 26).

Table 3. Oxidative C-H Coupling Reaction of Arylamides with Alkefies.

entry substrate alkene products temp () yield (%)°
o) 0] o
X
XO)LNMGZ @ O NMe, % NMe,
Y D Y
1 X=H 27a 28a (88:12) 80 52
2 X=Me 27b 28b (82:18) 80 54
3 X=Cl 27c 28c (80:20) 80 62
e) O O
/@)LNM ‘., @ O NMe, NMe,
v D
4 Y = OMe 27d 28d (91:9) 80 76

5 Y=Cl 27e 28e (88:12) 80 73



17
18
19

20
21
22

23
24

25

26

0] O O
o O Ol o
D) )n
R=H,H n=1 27f 28f (75:25)
R =H, Me n=1 279 28g (95:5)
R = Et, Et n=1 27h 28h (87:13)
R=H, Bz n=1 27i 28 (92:8)
R =H, Ph n=1 27] 28j (100:0)
R =H, p-MeO-C¢H, n=1 27k 28k (100:0)
R=H, p-Cl-CgH; n=1 271 28l (100:0)
R = Me, Me n=2 27m 28m (90: 10)
R = Me, Me n=3 27n 28n (92:8)
R=H, Bz n=3 270 280 (87:13)
R = Me, Me n=4 27p 28p (95:5)
o] 0] 0]
NR R NR NMe
o 4o oy
R |
R
R™ R
R=R'=Me 27q 28q (40:60)
R =Me, R'=Ph 27r 28r (30:70)
R=H,R'=t-Bu 27s 28s (30:70)

150
80
80
80
80
80
80
150
150
150
150

130
150
150

(0] (0] 0]
NR2 R NRZ NMeZ
== R
R |
R
R R

R=R'=Me 27t 28t (40:60)
R=H,R =t-Bu 27u 28u (30:70)
cyclopentene 27v 28v (80 : 20)
0] 0] (0]
NHBz R NHBz NHBz
= R
R’ |

R ' R

R=R'=Me 27w 28w (40 : 60)
R=H,R =t-Bu 27x  28x (35:65)

o]

e) (0]
oYy o GO OO
)
27y 28y (85 :15)

N

:
ﬂ%‘ Q \ 7/
(@] (@]

27z 28z (70:30)

130
150

130
150

80

150

36
55
80
65
56
57
55
15
25
53
72

84
82
83

84
81
61

82
46

63

40

49

 Reaction conditions: carbonyl compound (0.5 mmol), cyclopentene (2.5 n2®@¢15
mg, 5 mol%), 5 h° Isolated yield.
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To examine the steric effect for the coupling reaction, substiaité different
size alkyl group at nitrogen site have been explored. A changenfietimyl to isopropyl
led to a decrease in the initial reaction rate, but the isojatddi of each substrate was
comparable over long reaction time (eq 50). Also we attemptedotingirng reaction
with more sterically demanding substrate such Ng8l,2trimethylbenzamide, but
exceedingly low amounts of product were formed (eq 51). Methyl gabtige 2-position
in aromatic ring inhibited the coupling reaction with alkenes duestacgepulsion. This
suggests that chelation of carbonyl group to ruthenium center is anpstép to proceed

the coupling reaction.

o) o) o)
@NRZ +@ 26 (5 mol%) NR, NR,
CH,Cl,, 80 T, 0.5 h (50)
27 |’ 28

R=Me 40%
Et 41%
i-Pr 28%
0 0 0
NMe, + @ 26 (5 mol%) NMe, . NMe; (g4
CH,Cl,, 80 T, 5 h (51)

W

< 5%
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2.3 Mechanistic Studies

2.3.1 Phosphine Inhibition

The coupling reaction was strongly inhibited by the addition of phosphihes.
amount of coupling products was determined for the coupling reactiogHzsCONE®b
with cyclopentene in presence of cationic ruthenium-hydride cond@i€s mol %) and
various amounts of PGyThe conversion dramatically decreased with increasing amount
of added PCy(0 ~ 6.3 mol %) (Figure 2). For example, addition of 5 mol % of;RQy
the reaction mixture led to <10% conversion of substrate to productatftewhile 6.3
mol % of PCy was sufficient to effect complete shutdown of the coupling readtican
effort to further gain insights of the role of additional phosphine,nvamitored the
reaction mixture o26, CGsGHsCONE®b with cyclopentene at 80 °C. A new Ru-H peak at
23.4 (t,Jpy = 17.2 Hz) and free benzene peak were observetHbyMR and a new
single phosphine signal was detected &9.3 ppm by*'P{*H} NMR spectroscopy at
80 °C. The hydride peak-23.4 ppm and the phosphine siga&9.3 ppm were assigned
to a new cationic Ru-H complex which has two phosphine ligands, by cogpghe
spectroscopic data with a similar ruthenium complex gREYO)RUHCI @9) (*H NMR
§ -24.7 (t,Ipn = 18 Hz),**P{*H} NMR & 46.6)°*° The phosphine addition study indicated
thatn’-benzene ligands are easily dissociated by substrate compauedsghine ligand

under mild reaction conditions.
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O O O

©)J\NEt2+© 26 (5 mol%) NEt, . NEt,
CH,Cl,, 80 C,5h
27h 28h
100
— ®
E’\i 80
c o
.g 60 |
‘q;) o
c 40 B
S °
20 |
)
O |

0 1 2 3 4 5 6 7
[PCy,] (mol%)

Figure 2. PCy; Inhibition Study for the Coupling Reaction o§lisCONE#® with
Cyclopentene Catalyzed 2.
2.3.2 Isotope Effect Study

A negligible deuterium isotope effect was observed for the iozacof
CsHsCONE®L versus @DsCONEb. The pseudo-first order plots for the catalytic reaction
of both GHsCONE®% and GDsCONE®b with cyclopentene at 80 °C gakgs= 5.3 x 10°
min™ andkeps = 4.9 x 16 min™, respectively, from which a negligible isotope effect of
ka/ko = 1.1 + 0.1 was derived (Figure 3). These results indicate #etate of the aryl

C-H bond is not the rate-limiting step for the coupling reaction.
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@] O 0]
26 (5 mol%)
NEt NEt NEt
©)L 2+@ CH,Cl,, 80 T 2+©f€>2

D O D/H O D/H O
D D D
NEt | @ 26 (5 mol%) O NEtz NEt,

D D D

0.20
= 016 |
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=)
E 012 1 Kylkp = 1.1 £ 0.1
=
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T 008 +
£
5,
T 004

0.00 -
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time (min)

4 CcHsCONEbL ® CsDsCONEb
Figure 3. First-Order Bots of 4n([CsHsCONEB]/[CesHsCONERL]o) vs Time for
Coupling Reaction.

The carbon isotope effects CsHsCONE®b were measured byC NMR analysis
following Singletons carbon isotope measuremdechniqueat naturalabundance (eq
52) 52 The virgin GHsCONEt, was used as the standard. Tf@ NMR signal intensitie
were compared betwewirgn and recovered starting materials ugaga-carbon signal
as an internal standard. The carbon isoeffect was observed artho carbon when the

13C ratio of recoveredCgHsCONEL at 7882% conversion was compared to that

virgin sample (average of 3 runs). As shown ir52, the relative proportions of tH*C
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isotope composition atrtho carbonwas the most significantly increased by 2.3%. No
other signals showed any significant changes in“iieésotopic composition. Using the

equations of Melander and Saunder, #€/*°C isotope effects are calculated and
summarized in eq 52 and Tabl&4These isotope effects indicate that the rate-limiting

step is the C-C bond formation with arylamides and alkenes.

o) o) o)
©)J\NEt2 +© 26 (5 mol%) NEt, + NE (52
CH,Cl,, 80 T, 5 h
27h l’ 28h
o)

_1.007
+ ©<‘\NE'[2
~.1.000

10007 7 ™1 023
1.001

(recovered at 80% conversion)

Table 4. Average™C Integration of the Recovered and Virgin Sample g¢d4CONE®.

) O 1

26 (5 mol%) &
+ + + NEt
©)LNEt2 @ CHCl,, 80 ¢ 23n+ 24 g S

5 1 3
4
C# virgin (;S%Z\lce(;ﬁs ) recovered/virgin  change (%)
1 1.034 1.041 1.007 0.70
2(ref) 1.000 1.000 1.000 0.00
3 1.975 2.020 1.023 2.27
4 1.986 1.985 0.999 -0.10

5 0.956 0.954 0.998 -0.20
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C# virgin (ég%zvgéﬁs ) recovered/virgin  change (%)
1 1.034 1.041 1.007 0.70
2(ref) 1.000 1.000 1.000 0.00
3 1.975 2.024 1.023 2.48
4 1.986 1.984 0.999 -0.10
5 0.956 0.957 1.001 0.10
C# virgin (ggﬁg"gﬁs ) recovered/virgin  change (%)
1 1.034 1.041 1.007 0.70
2(ref) 1.000 1.000 1.000 0.00
3 1.975 2.023 1.024 2.43
4 1.986 1.988 1.001 0.10
5 0.956 0.953 0.997 -0.30

2.3.3 Deuterium Labeling Study

The following deuterium labeling experiments were performedoider to
understand about the reaction mechanism. The treatmdwiNadiethyl benzamidels
(0.5 mmol) and cyclopentene (2.5 mmol) in the presen@8 b mol %) in CHCIl, was
monitored by'H and ?H NMR spectroscopy. Initially, a rapid and extensive H/D
exchange was observed on dreého-arene positions after 1 h at 20 °C. After 1 h at 80 °C,
both the coupling products (55% D) along with both unreacted cyclopentendend t
amide substrates evidenced significant deuterium incorporatidrerf&c 14). The peak
intensity atd 7.02 ppm, which corresponds to trho position of the coupling products
significantly increases due to rapid H/D exchange with cycigme (Figure 4 (a) and

(b)). The decreased deuterium signabaho position of coupling products was further

confirmed by’H NMR spectroscopy.
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Recovered starting materials showed the proton signal withgsintensities at
ortho-arene positions in its'"H NMR spectrum. Recovered cyclopentene and
cyclopentane exhibited strong deuterium signals in thgirNMR spectrum due to
intensive deuterium incorporation. Figure 5 (a) showed'th&MR spectrum ofN,N-
diethyl benzamidels and while Figure 4 (b) shows thel NMR spectrum of recovered
N,N-diethyl benzamidek, The peaks a 7.28 ppm, which are assignable to the aromatic
protons of the arylamide substrate, considerably increased camnparvirgin N,N-
diethyl benzamide@s. Rapid H/D exchange with cyclopentene in recovédgd-diethyl
benzamided, was confirmed byH NMR as indicated by the decreased intensities of
deuterium signals (Figure 5 (c) and (d)). As shown in Figure, Si@@)ificant amounts of
deuterium were observed for cyclopenteheand cyclopentand, in the °H NMR
spectrum of recovered cyclopentene and cyclopentane. These resulseiridat C-H

bond activation step is reversiblecatho position of aromatic ring in substrate.

Scheme 14
_ 18% D
@ (5 equiv) l 0
26 (5 mol%) D NEL,+ @ ' Q
CH2C|2, 20 CC, 1 h %{_J
D O (0% conversion) D 0.7% D

D NEt,
D D
55%

D . 55% D
@ (5 equiv)

D
l 0] | (@)
D D
26 (5 mol%) O NEt,, NEt,
CH2C|2, 80 CC, 1 h D:,fL. D:©£LE>
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Figure 4. (@) '"H NMR Spectrum of Mixture o23h-d, and 24h-d,, (b) °H NMR
Spectrum of Mixture o23h-d, and24h-d,, (c) '"H NMR Spectrum24h, (d) '"H NMR
Spectrum oR4h-d,.
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(@)

(b)

Figure 5. (a) *H NMR Spectrum oN N-Diethg/l Benzamides, (b) *H NMR Spectrum
of RecoveredN,N-Diethyl Benzamld&in (c) ‘H NMR Spectrum of RecovereN,N-
Diethyl Benzamided,, (d) ?H NMR Spectrum of Recovered Cyclopenteheand
Cyclopentanl,.
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2.3.4 Isolation of Catalytically Relevant Species

In an effort to gain insights into the nature of the intermedspiecies, the
reaction of tetrameric ruthenium compléxvith amide were examined. The protonation
reaction between tetrameric ruthenium comptex200 mg, 0.12 mmol) andN,N-
dimethyl-2-naphthamide (100 mg, 0.50 mmol) with HBEL (64 uL) in CH.CI, at
room temperature cleanly afforded the cationic ruthenium-hydridenplex
[RUH(PCy)(CO)(n°-N,N-dimethyl-2-naphthamide)]BF(29a), which was isolated as a
green-colored solid in 80% yield (Scheme 15). The broad rutheniundaysignal was
observed af -21.70 by*H NMR spectroscopy in CiTl,, and a broad single phosphine
signal was detected at 74.4 ppm by*'P{*H} NMR spectroscopy. Subsequently, the
cationic ruthenium-hydride compl&0awas formed by adding cyclopentene (5 equiv) to
the cationic ruthenium-hydride compl@@a in CH,Cl, at room temperature. The new
ruthenium-hydride signal appeared in theNMR of 30ain CD,Cl, atd -19.58 (d Jpn =
21.8 Hz) by and a new single phosphine signal exhibitetd6&.4 ppm in its"P{*H}
NMR spectrum.

The cationic ruthenium-hydride compl@&0a was isolated in 82% vyield from a
reaction of29a with cyclopentene in C(Ll,, and its structure was established by X-ray
crystallography (Figure 6). The molecular structure30& showed a distorted square-
pyramidal geometry with hydride ligand occupying an axial posithonide group is
trans arrangement to carbonyl and olefin group. The G, bond distance of the olefin
group is 1.39 A, which is comparable to cyclic olefin bond distanatal@ic activities
of the isolated compleg0a for the coupling reaction dfl,N-dimethyl-2-naphthamide

with cyclopentene were found to be identical to th&@feq 53).
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o) o) o)
X e O pmnn (S e (Y e,
CH,Cl,, 80 C, 5 h (53)
27v ' 28v ’

yield: 61%

Complex 30a represents a rare example of a structurally charactecatohic
ruthenium hydride species which is catalytically active tdrelate-assisted C-H
activation reactions. Thougirtho-metalated complexes have been commonly invoked as
the key species for chelate-assisted C-H activation chgrhisstructurally well-
characterized metalated ruthenium complexes were often found tcathéytically
inactive for the C-H insertion reactiofsMore recently Kakiuchi and Yu independently
reported the synthesis of catalytically actorgho-metalated Ru and Pd complexes and
their activity for both C-O and C-H bond activation and insertiontiea of arene
compounds, respectivefy.lt is also noteworthy that both Ru(0)-enone and Rh(l)-olefin
complexes were found to be active for the C-H insertion of aryl kef8mesur case, the
successful isolation @0a further suggests that the coupling reaction could be inhibited
by the products. Indeed, the coupling reactighifCONE% with cyclopentene in the
presence of 2.5 equR7ashowed virtually no activity under otherwise similar conditions

as stipulated in eq 493% conversion).
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Scheme 15
CO CO NMe
CysR ] | H 2
/
H-Ru——R{—PCy; % HBF,OEt, <©©_<o
/XD\ //OH N NMez CH,Cl,, 20 T Rl@ BFY
OC—/R|U<—/R|U\—H CysP~ "\ 'H
H 0

@ CH,Cl,, 20 C

Figure 6. Molecular Sructure of30a
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2.3.5 VT NMR Study

In an attempt to better understand the mechanism of the redbgorgaction of
complex 26 with different arylamides was monitored by NMR. The mostceatble
change was observed in the reaction Wi/N-dimethyl-2-naphthamide. In a heavy-
walled J-Young NMR tubelN,N-dimethyl-2-naphthamide (87 umol) was added into a
CD.Cl, solution containing compleX6 (50 mg, 87umol). When the mixture was
monitored at room temperature, the formation of a new specieseteget! by'P NMR
spectroscopyd(74.4), and this new species was found to exist as an equilibriunarenixt
with 26 (26:29a = 9:1) (eq 54). Since no other peak could be assigned, due to the
presence of PGysignals, the structure of new species was established fnem t
protonation reaction between the tetrameric ruthenium con®plaxd N,N-dimethyl-2-
naphthamide with HBFOEbL. Both *P NMR signals were identical and all of the
spectroscopic data were consistent with the com@Rx The equilibrium constants
between26 and29a were estimated from VP NMR spectroscopy in the temperature
range of 30 to 60 °C. The van't Hoff analysis of these data ledetahermodynamic
parameters oAH° = 0.6 + 0.1 kcal/mol andS’ = -0.5 + 0.1 eu for the equilibrium
reaction (Figure 7). These results indicate that the ligandaexe between benzene and

arylamides are very facile under the catalytic reaction condition.
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0 |

N/

l© BF{ — [0 BESC + CoH

RO ®., 4 6Ms

Cy3P l\J H K Cy3P/Rl\J "H (54)
CO AH° = 0.6 + 0.1 kcal/mol CO
26 AS° =-0.5+0.1 eu 29a
116 4 N

12 N

InK
Al
/

-1.24 \

-1.28 . . . .
0.0029 0.003 0.0031 0.0032 0.0033 0.0034

1T (K)

Figure 7. van't Hoff Plot ofln K vs 1/T.

2.4 Proposed Mechanisi

These results provii support for amechanism involving vinyl —H bond
activation as depicted in Scherl6. We propose that the initial arene exchan-
coordination of an arylamide froi26 would form the areneeordinated cationic F-H

speciex9. The equibrium constants betwee26 and29awere measured from VT NM
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experiments using phosphorus signal for both complexes in differapetature Keq =

0.3 at 30 °C). The phosphine inhibition study implicates that the reapge®es would
be formed from a reversible dissociatiombibenzene ligand. These results indicate that
the reversible ligand exchange reaction26fwith arylamides readily proceeds in the
reaction mixture, which are consistent with our proposed mechanism.

Complex 29b further undergoes chelate-directexitho-C—H activation and
dehydrogenation to form th@tho-metallated specie®l. The extensive H/D exchange at
ortho-position of arylamide as well as deuterated cyclopentene wcldpentane is
observed by bothH and?H NMR. The negligible isotope effect &f/kp = 1.1 + 0.1 is
observed for the coupling reaction ofHECONE®L and GDsCONE®b with cyclopentene.
These mechanistic features indicate that the cleavage o€ dflybond is reversible and
not the rate-limiting step for the coupling reaction. The subsequgyltC—H activation
and the turnover limiting aryl-to-vinyl reductive elimination stepsuld form the
cationic ruthenium-hydride speciB& Both carbon isotope effect study which shows the
most significantly increased ratio @ttho carbon by comparison with virgin sample. The
successful isolation of the compl&0b, which shows identical catalytic activity with
respect to the coupling reaction in comparison with cationic rutheniaimdeycomplex
26, provide the supporting evidence for the rate-limiting C—C bond faomatiep. The
cationic Ru-H comple®2 would be easily converted to cationic Ru-H com@&b by
dissociation of productfcoordination of an arylamide. On the other hand, the formation
of the insertion produd@8 can be readily explained by invoking a direct olefin insertion
and the subsequeottho C-H activation and reductive elimination subsequence #8m

One of the major reasons the oxidative C-H coupling pathwayasdd over the
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Murai-type C-H insertion pathway may be due to the catalgstibty to promote facile
vinyl C-H activation. Cyclic alkenes are favor to form the reitayl species instead of
metal-alkyl species and generate the oxidative C-H coupling @rqaiedominantly.
While the formation of metal-vinyl species has been well docusdeint the C—H bond
activation literaturé/ its synthetic utility has been rarely exploited in catalgbeipling

reactions.

Scheme 16

| s ® _H

@ H
\L
L ArCONMe, K

< 0 O ”\sz
’ \_/

@NMeZ N Me2
A pa

o ArCONMe, o o %/_L

H/ \ ”PCY3 -C6H6, -PCy3 H/ \ 'L [ H \ ' \

Co O ! Ar = phenyl ! HCO
26 | Keq=0.3at30 T 29b ! L = alkene, amide ! 31
! (Ar=naphthlyy { T
27 >
ArCONMe,
NMe
NMez NMez 2
5 L PCys %o %o

= \® e)

\@/PCy3 U /RU/_H rds IKTRU/L

—RU—H™ 7N \ <
\ (6{0) CcO
€O pcy; L
30b 32



66

Conclusions

The cationic ruthenium-hydride complég was found to be an effective catalyst
for coupling reaction with arylamides and alkenes via C-H aaivaihe C-H bonds at
ortho position of arylamides is selectively cleaved and added to aké&he olefination
products were produced in high yield and high selectivity when unasdivagclic
alkenes such as cyclopentene, cyclohexane, cycloheptene and ®y@oowere
employed. A catalytically active cationic ruthenium-hydridenplex30 was isolated and
characterized. A normal deuterium isotope efféet/kcp = 1.1 £ 0.1) and deuterium
labeling studies showed that the C-H bond activation is not thelegtemining step->C
isotope effect results indicated that the rate determinigyyg waais C-C bond formation

which was consistent with our proposed mechanism.
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Chapter Il

Stereoselective Catalytic Conjugate Addition and Oixlative Coupling

Reaction of Simple Alkenes tar,p-Unsaturated Carbonyl Compounds

Considerable research to the development of the expeditious casghytihesis of
tetrasubstituted olefins has in part been stimulated by grodengand for developing
generally applicable methods for biologically active compounds ssidamoxifen33
(drug for breast cancer) and rofecod (nonsteroidal anti-inflammatory drug) as well
as for light/electron responsive organic materials and moledelaces including sensors

and switches (Figure 85.

Figure 8. Structure of Tamoxife83 and Rofecoxit84.

Since classical olefination methods are generally not suitablihé synthesis of
highly substituted olefins, extensive research has been devotedhewesrars to develop
catalytic olefination methods that do not generate copious byprddtitts.®® °Recent
notable examples for the synthesis of tetrasubstituted olefinsitihze transition metal

catalysis include: Suzuki-type Pd-catalyzed coupling reactfoNs; and Rh-catalyzed
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exocyclization method®, Ni- and Pd-catalyzed nucleophilic coupling reactions of
silylacetylene§' and of alkyne-to-arylboronic acid$, Ti-catalyzed tandem alkyne-

epoxide-ethyl acetate couplifgand the ring-closing olefin metathesis by using Grubbs'’
t4

catalyst.” Though chelate-assisted catalytic C—H insertion method,fraunsaturated

carbonyl and imine compounds has successfully been utilized for thesynof tri- and
tetrasubstituted olefins3*34the general applicable catalytic conjugate addition of simple
olefins toa,B-unsaturated carbonyl compounds has been largely elusive due tdktbé lac
reactivity of alkene substrates and the formatiohahocoupling and other byproducts.
In this regard, the recently reported Ni-catalyzed enondkéma cross coupling reaction
and allylic substitution are a notable advance as described Below.

Jamison has reported a nickel-catalyzed reaction of enones lkethesa in the
presence of EBIOTf and E4N to give enol silyl ethers, which is more straightforward
method for introducing an alkenyl group at fheosition of enones (eq 557 He has
also described the catalytic intermolecular allylic subsbitutof unactivated, simple
alkene catalyzed by nickel complex, which can accommodate aremde of allylic
alcohol derivatives and simple terminal alkenes (ed 36{Dgoshi has developed a first
example of a direct conjugate addition of simple alkenes to enotedgzea by Ni(0)
complex (eq 57§>° This reaction is a powerful synthetic tool for the introductionrof a
alkenyl group at th@-position of enones without any pre-step, since the conventional
conjugate addition method requires the preparation of alkenyl methldsametal must
be discarded after reaction. Recently, Montgomery has reportedreb@miselective

catalytic reductive coupling of enones and terminal allenes protaepreparation of
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v.0-unsaturated carbonyls with 1,1-disubstituted alkenes, which are notaljyene

available by other reductive coupling procedures (ed%8).

Et,SiOTf
0O cat. [Ni(cod),] OSiEty OSiEty

2 2 2
Rl/\ + R R? PBus R< _~ R: 4 R _~ R3 (55)
Et3N, toluene RL
45<C
Rl

R =H, alkyl, aryl

R? = alkyl, aryl for RY = alkyl
R3=H, aryl

for Rl = aryl

Et3SiOTH, [Ni(cod),]

P(o-anisyl)3, EtzN P 4
ph/\/\x ( y)3 3 Ph X + Phw
(56)
ethylene (1 atm)

toluene, rt
X=0R, OTMS, OH,
OAc, CI, OCO,Me

0 cat. [Ni(cod),] j\)\ﬂ
PC
PhM + R Y3 Ph AR

100 € (57)
R = alkyl, aryl
Et;SiH
o) cat. [Ni(cod),] 0] ')
PPh
ch)v /,/ Cy oluens H3C)J\/\”/\Cy + chwcy (58)
50 T CHs
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Even though several research groups have reported notable advandes for t
catalytic synthesis of tetrasubstituted olefins, examples ofrgignapplicable synthetic
methods of tetrasubstituted olefins catalyzed by transition roetaplexes are relatively

rare.

Results and Discussion

Inspired by recent reports on the C-C bond forming reactions catialyy late
transition metal complexé§,we have begun to explore the synthetic utility of a well-
defined cationic ruthenium hydride complex®-[CsHs)(CO)(PCy)RUH]'BF, (26) for
the coupling reactionf a variety of carbonyl compounds with simple alkefess
describe in Chapter 2, we recently discovered that the catiorhenium hydride
complex26 is a highly effective catalyst precursor for the oxidatiwepding reaction of
arylamides with simple alkené& While studying the ruthenium-catalyzed C-C bond
forming reactions, we recently discovered that novel catalyynthesis of
tetrasubstituted olefins from the intermolecular and intramoleadajugate addition
reaction of simple olefins taw,p-unsaturated carbonyl compourfdsFor example,
propene (2.9 mmol) was added to a,CH solution of E)-CsHsCH=CHCGQEt (0.58
mmol) and a cationic ruthenium compl&$ (3 mol%) and the reaction mixture was
stirred at 70 °C for 2 h to obtain stereoselective tetrasubsititlédin product with 95%
yield (eq 59). This catalytic method efficiently produces tetrastuted olefin products
from the intermolecular coupling af,-unsaturated carbonyl compounds and simple

alkenes without generating of any byproducts.
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O 26 (3 mol% o)
/\)J\ * /\CH3 ( ) | (59)
Ph OEt CH,Cly, 70 T Ph OEt

35c

3.1 Catalyst Survey

Initial feasibility of the conjugate addition reaction was eoeal by using a
cinnamic acid derivative and anolefin. Thus, the treatment of ethyl cinnamate (0.58
mmol) with propene (2.9 mmol) in the presence of a Ru catalysto(34hin CHCl,
was stirred at 70 °C for 2 h, after which the product conversion wagzad by GC.
Among the screened ruthenium catalysts, the coneboth in isolated form anuh-
situ formed from the of the tetranuclear complex {[(BJ08O)RuH](u-O)(u-OH}} (4)
with HBF4*OEt, exhibited uniquely high activity in yielding the coupling prod86t
(Table 5). Rubk(CO)(PPh)s, which was reported by Muari and Trost for the alkylation of
a,p-unsaturated carbonyl compounds with alkenes, did not proceed even in prEsence
an additive HBE*OE®L (entry 5). Other readily available ruthenium complexes such as
RuCh(PPh)s, RuCk*3H,0, Ru(CO) 2 and [Rup-cymene)Cl], also showed no activity

for this coupling reaction under the similar conditions.
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Table 5. Catalyst Survey for the Coupling Reaction Bf-CsHsCH=CHCQGEt and
Propené.

0 0
+ ZCH Ru cat I/U\
Ph/\)J\oEt ® CH,Cl,, 70C Ph OEt

35c¢

entry catalyst additive conversion (%)°

[(n®-CgHe)(CO)(PCy3)RUH]'BF, (26) - 99
{[(PCy3)(CO)RUH]4(u-O)(u-OH)o} (4) - 0
{[(PCy3)(CO)RuUH]4(H-O)(H-OH)2} (4)  HBF4OEt,
RUHCI(CO)(PCy3)» -
RUHz(CO)(PPh3)3 -
RUClz(PPh:g)g -
RUClz(PPh3)3 HBF4OEt2
[RUH(CO)(PCy3),(S).]"'BF 4 -
RUC|33H20/HBF4OEt2 HBF4OEt2
Ru3(CO)1» -
[Ru(p-cymene)Cl,]» -

12 HBF,OEt, -

O
©

©O© 00 ~NO Ok WN PR

=
o

=
=
OO OO0 O0OO0OO0oOOo

& Reaction conditions&)-CsHsCH=CHCQEt (0.58 mmol), propene (2.9 mmol), catalyst
(3 mol%),CHCI, (2 mL), 70 °C, 2-5 h® The conversion ofH)-CeHsCH=CHCQEt as
determined by GC analysis usingM®s as an internal standardS = CHCN.

3.2 Reaction Scope

The scope of the coupling reaction of carbonyl compounds with alkenes was
examined by using the cataly. Enonesg,p-unsaturated esters and amides were found
to react smoothly with simple-olefins to give the tetrasubstituted olefin products.
Moreover, a-substituteda,-unsaturated compounds and intramolecular compounds are
also suitable substrates for the coupling reaction with high yieldeneral, cinnamic
esters and amides wigiara-electron donating group were found to promote the coupling
reaction, but neither cyclic enones nor pyrrolinones gave the coupbdggts under the

similar reaction conditions.
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3.2.1 Coupling Reactions o#,p-Unsaturated Ester and Enones with Alkenes

The scope of the coupling reaction of enones @fielinsaturated esters with
simple alkenes was examined by using the catdlgs{Table 6). Enones and,f-
unsaturated esters were found to react easily with a wideyafisimple olefins to yield
the tetrasubstituted olefin products. The reactionE)}fp(X-CsH,CH=CHCGEt (X =
OEt, Me, H, F, Cl, CeMe, CR;) with propene gave the coupling produd&in high
yields (entries 1-7). Both electron donating and withdrawiogi atpara position in
enones and,p-unsaturated esters gave corresponding tetrasubstituted olefin tgraduc
high yields under the similar reaction conditions. A mixtur&ft olefin products were
formed from the coupling reaction aff-unsaturated esters with ethylene or 1-pentene,
while the coupling reaction with 1-butene and 2-butene gave the same p8&auct
(entries 13-16). The coupling reaction with cyclopentene showed gawedyaotit poor
selectivity due to olefin isomerization (entry 17). A linedefin products35q was
produced with 4-chlorostyrene (entry 18). Heterocyclic compounds sué)-athyl N-
methyl-2-pyrroleacetate andE)¢ethyl-3-(furan-2-yl) acrylate were found to readily
undergo the coupling reaction with propene to give the stereoselpotistact35t and
35u (entries 20 and 21). A cyclic lactone with propene also gaveethastibstituted

olefin coupling product85v with a low yield (entry 22).
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Table 6. Conjugate Addition Reaction of Simple Olefinsutf-Unsaturated Ester and

Enones
entry substrate alkene product (s) t (h) temp (°C) yield (%)®
1 [ 1
CH
WOR e OR
1 X X = OEt R = Et X 35a 2 70 95
2 X = Me R = Et 35b 2 70 94
3 X =H R = Et 35¢ 2 70 95
4 X=F R = Et 35d 2 70 95
5 X = Cl R = Et 35e 2 70 93
6 X =CO,Me R=Et 35f 2 70 94
7 X = CF3 R = Et 359 2 70 93
8 X =H R =Me 35h 2 70 95
9 X =H R =Bz 35i 2 70 93
T [
Q/\/HQ — R
108 X = H R = Me X 35] 2 70 92
11 X = H R = Ph 35k 2 70 92
12 X = Me R = Me 35| 2 70 95
i [ 1
AN
WOR H>C=CH, OFt
1 C YoKE)-3BMm=31 14 s0 78
[ T
OEt
/\/
2
14 35n 14 50 92
14 50 90
15 ‘ ? ‘
OEt OEt
/\/\
cl Cl
16 350/35p = 2:1 14 50 62
17 14 50 94
18¢ Cl 35 14 50 50




75

9
19
3
N\
20
g
@Mm
\_0
21

O
2

# Reaction conditions: carbonyl compound (0.58 mmol), propene (2.9 mmol), céBalyst
mol%), CHCl, (2 mL), 70 °C, 2-14 K Isolated yield® Less than 5% of branched olefin
product is formed.

2 2 70 15

3.2.2 Coupling Reactions o#i,p-Unsaturated Amides with Alkenes

In an effort to extend the scope, we next surveyed the conjugat®maddio,-
unsaturated amides with simple olefins (Table 7). The reactidheoprimary amides
such as K)-C¢HsCH=CHCONH, with propene gave a slightly lower yield of the
coupling product compared to secondary and tertiary amides (ehitigs Steric and
electronic environments on the amide group were found to be less impatant
propene in yielding stereoselective produgsfor these cases (entries 1-11). The fact
that both 1- and 2-butenes gave the same pr@&@fasuggested that the rate of olefin
isomerization is much faster than the coupling reaction ratederit, 16). It should be
emphasized that the-olefins with sterically non-demanding group were found to give

similar (£)-selective tetrasubstituted olefins (entries 17-20), whereascaopling
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reaction with cyclopentene afforded a highly diastereoselefcimeation of the coupling
product36t (entry 21). The structure &6t was tentatively assigned on the basistbf
NMR spectroscopic data. Assignment of the signals for diastered@piproton (H)

was established by the magnitude of its vincinal coupling,t@Fdjure 9). For activated
olefins, a mixture of linear and branched olefin prod@éts and36v was produced with
styrene (entry 22), while ethyl acrylate gave an exclusuwmation of the Z)-selective

linear coupling product36w (entry 23). E)-N,N-Dimethyl-(naphthalen-2-yl)-2-
propenamide was also found to react smoothly with propene to give tlespmording

tetrasubstituted olefin produ86x (entry 24).

82091
J=9.1Hz
Ph CH,CONHMe
H,
N§2.99

Figure 9. Newman Projection of Compouét.
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Table 7. Conjugate Addition Reaction of Simple Olefinsitf-Unsaturated Amides.

entry substrate alkene product (s) t (h) temp (°C) vyield (%)
i [ 7
CH
Ph/\/‘\NRZ ﬁ 3 Ph NR2
1 R=H,H 36a 2 70 75
2 R =H, Me 36b 2 70 93
3 R = Me, Me 36¢c 2 70 94
4 R = Et, Et 36d 2 70 95
5 R =i-Pr, i-Pr 36e 2 70 95
6 R = n-Bu, n-Bu 36f 2 70 95
7 R = H, p-Me-CgH4 369 2 70 94
8 R =H, Ph 36h 2 70 96
9 R = H, p-Cl-CgH,4 36i 2 70 94
10 R=H, Bz 36 2 70 94
11 R = Me, Ph 36k 2 70 94
i [ 9
CH
Ph/\/H\Q 3 Ph N
)n In
12 n=1 36l 2 70 94
13 n=2 36m 2 70 95
i 9
Ph/\/kNHMe H,C=CH Ph NHMe
14 (2)/(E)-36n = 3:1 14 50 78
A [ 97
N Ph NHM
e
15 14 50 64
16 360 14 50 65
R 0]
17 R = (CHp),CHs 14 50 90
18 R = (CH2)4CHs 14 50 81
19 R =Cy 14 50 90
20 R = CH,Ph 14 50 85
21 14 50 89
Ph
Ph o) N o0
-~ X »
Ph NHMe Ph NHMe
22 36u/36v = 3:2 14 50 70
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EtO,C | o)

CO,Et |

=
NHMe

Ph
23 36w 14 50
i [T
NMeZJCHg, OO NMe,
24 36x 2 70
& Reaction conditions: carbonyl compound (0.58 mmol), propene (2.9 mmol), catalyst (3
mol%), CHCl, (2 mL), 70 °C, 2-14 K Isolated yield.

50

95

3.2.3 Coupling Reactions oi-Substituted a,p-Unsaturated Carbonyl Compounds
with Alkenes

The scope of the coupling reaction @fsubstituteda,-unsaturated carbonyl
compounds with simple olefins was explored by using the cationic ruthehydride
complex 26 (Table 8). Generallyp-substituteda,-unsaturated carbonyl compounds
were found to undergo the coupling reaction with simple olefins to givastibstituted
olefin products. However, the tertiary cinnamides which areicatly demanding
substrates showed no activity for the coupling reaction with alkdiesreaction ofi-
phenyl a,B-unsaturated amide with propene gave slightly lower yieldhef doupling
product in comparison with-methyl o,p-unsaturated amide substrates (entries 4-7). A
mixture ofE/Z olefin products was formed fromsubstitutedy,-unsaturated amide with
ethylene, while the coupling reaction with 1-butenes and 2-butgaes the same
product37i (entries 8-10). Sterically less demandinglefins such as 1-hexene and 4-
phenyl-1-butene were found to give tetrasubstitutealefins selectively37] and 37k,
while the coupling reaction with cyclopentene gave highly diasteeszised coupling
products which have three different chiral centers (entries 11-b8)sffuctures of the

coupling products37l and 37m were assigned from th# NMR spectroscopic data.
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Assignment of théH NMR spectra for the diastereotopic CH protons was established b
examining the coupling constants with their vicinal protons (Figure H®dterocyclic
compound such H)-ethyl-3-(furan-2-yl) 2-methylacrylate with propene yialde

tetrasubstituted olefin produ88o (entry 14).

8297 8272
J=9.9Hz Hs
_ Pth5H7
CH(CH3)CONHMe H3C CONHMe
Ha H>
Ns3.14 N 5297
§3.05
2 CONHMe
Ph CsH;
= 5276
CH(CH3)CONHMe H3C T H3
X R ) izash
§3.13 53.05

Figure 10. Newman Projection of Compoundgl and37m.



Table 8. Conjugate Addition Reaction of Simple Olefinsot&ubstituteds,-

Unsaturated Compounds.

80

entry substrate alkene product (s) t(h) temp (°C) yield (%)P
i 79
CH |
N0t =7 Ot
X X
1 =H 37a 14 70 91
2 X =Me 37b 14 70 94
3 X=Cl 37c 14 70 95
i [ 9
CHs
Ph/\)\NRIZ — Ph NR'Z
R R
4 R=Me R'=H,Me 37d 14 70 92
5 R=Me R'=H,Bz 37e 14 70 92
6 R=Ph R'=H,Me 37f 14 70 95
7 R=Me R'=Me, Me 379 14 70 <5
i 0
_ |
Ph/ﬁ)\NHMe MC=Ch, Ph NHMe
8 (2)/(E)-37h = 2:1 14 50 80
0
P .
I Ph NHMe
9 - 14 50 38
10 37 14 50 37
[
/\/\/
~ Ph NHMe
1 37j 14 50 80
Ph
| o]
Nph |
Ph NHMe
12 37k 14 50 80
O .
NHMe Ph NHMe
13 371/37Tm =7:2 14 20 89
i
NN
Cyy o =
o]
14 37n 14 70 95

& Reaction conditions: carbonyl compound (0.58 mmol), propene (2.9 matl3
mol%), CHCl, (2 mL), 70 °C, 2-14 . Isolated vyield.
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3.2.4 Oxidative Coupling Reactions o&-Substituted a,p-Unsaturated Carbonyl
Compounds with Aromatic Alkenes

The scope of the coupling reaction @fsubstituteda,-unsaturated carbonyl
compounds with aromatic alkenes was further extended by usingicatighenium
hydride complex 26 (Table 9). a-Methyl ao,p-unsaturated esters (e.g. (&EX-
CeH4sCH=C(CH;)CO.Et, X = Me, H, Cl) anda-methyl a,p-unsaturated amides with
sterically demanding group were found to give <5% of the coupliodugts. In contrast,
a-methyl a,f-unsaturated amide with less bulky alkyl group with styrenthé presence
of 26 was found to easily afford oxidative coupling products under sirndadition
(entries 1-5). Styrene derivartives with electron donating graugre found to readily
undergo the oxidative coupling reaction with)-CsHsCH=C(CH;)CONHCH; to give
tetrasubstituted diene products (entries 7 and 8). In contrast, aroohefilts with
electron withdrawing group gave low yields for the coupling reactoth (E)-
CsHsCH=C(CH;)CONHCH; (entries 6 and 9). 2-Vinylnaphthalene derivatives were
also suitable substrates for the oxidative coupling reaction wif)- (

CeHsCH=C(CH;)CONHCH; to give oxidative coupling products (entries 10 and 11).
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Table 9. Oxidative Coupling Reaction of Aromatic OlefinscteSubstituted.3-
Unsaturated Amides.

entry substrate alkene product (s) t(h) temp (°C) vyield (%)®
Ph
N 0
I |
X X

1 X=H Z = OEt 38a 14 50 <5
2 X=Me Z=OEt 38b 14 50 <5
3 X=Cl Z = OEt 38c 14 50 <5
4 X=H Z = NMe, 38d 14 50 <5
5 X=H Z = NHMe 38e 14 50 51

C6H4'p'Y

O X o)

! = U
Ph™ ™" "NHMe Ph NHMe
Y
6 Y =Cl 38f 14 50 14
7 Y = OMe 38g 14 50 62
8 Y = Me 38h 14 50 56
9 Y =Ph 38i 14 50 29
Ar
O
| A e
Ph™ ™ NHMe = . |
Ph NHMe
Y

10 Y=H 38j 14 50 70
11 Y = OMe 38k 14 50 71

% Reaction conditions: carbonyl compound (0.58 mmol), propene (2.9 mmol), catalyst (3
mol%), CHCl, (2 mL), 70 °C, 2-14 K Isolated vyield.
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3.4.5 Intramolecular Coupling Reaction ofa,f-Unsaturated Esters with Simple
Olefins

To further extend the synthetic applicability of the coupling treac we next
explored the intramolecular coupling reaction catalyzed by catiethenium hydride
complex26 (Table 10). Thus, the treatment &){methyl 3-(2-allylphenyl)acrylate with
5 mol% of26 in CH,CI, at 80 °C led to the formation of 1,2-disubstitued indene product
39ain 78% isolated yield (entry 1). Both intramolecular substrateghahave 1-butenyl
and 2-butenyl-substituted appendages gave the same 1,2-disubstituegpnodect39b
respectively(entries 2 and 3). The result indicates that the olefin isomienzes faster
than the cyclization reaction. On the other hand, cyclic olefin stbstreere found to
readily undergo the oxidative cyclization reaction to form fulvenadycts 39¢39h
(entries 4-9). Both seven- to eight-membered cyclic olefin satbstishowed the similar
activity for cyclization (entries 5, 6, 8 and 9), but six-memberaticylefin substrates
with olefin group exhibited relatively low yield (entries 4 afid Even though reaction
temperature was increased up to 100 °C, five-membered cyclic slgfstrates exhibited

no activity for cyclization.
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Table 10. Intramolecular Coupling Reaction ef3-Unsaturated Esters with Simple
Olefins Catalyzed b26.%

entry substrate product yield (%)
OMe
O
1 39a OMe 78
2 3% ome 6
3 39b 75
OEt
/"o
n
4 39¢c 51
5 3d 71
6 39e OEt 83
X l [ ©
| D OEt Ph
n Ph n
7 n=1 39f 70
8 n=2 39 82
9 n=3 39h 88

# Reaction conditions: carbonyl compound (0.58 mmol), catalyst (5 mol%ice
mL), 80 °C, 24 h® Isolated yield.

In order to investigate steric effects, we employed a seoie cinnamide
derivatives with sterically demanding alkyl groups (R =3C{Hs),, (i-Prk) as the

substrates for the coupling reaction. Increasing the diaticof amide nitrogen position
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from methyl to isopropyl led to dramatically decreased yiélker &.5 h, but the coupling
reactions with different alkyl groups at nitrogen site gave thepeoable yield at 70 °C
for 2 h (Eq 60). A sterically more demanding substrate)-ethyl-3-(2,6-

dimethylphenyl)acrylate showed no activity under the similactten condition. 2,6-
Dimethyl group inhibited the coupling reaction with propene due to s&pigdsion by

strongly blocking the substrate to coordinate to ruthenium cemje6Xe From these
results, a steric effect toward active ruthenium species shoaydapl important role in

the coupling reaction.

o) o) o)
| CH 26 (3 mol%) \//i/k +
Ph/\)\NRZ + =77 Ph NR, Ph NR,
CH,Cl,, 50 T, 0.5 h 20 36 (60)
(40 : 36)
R =H, Me 87% (15 : 85)
R = Me, Me 69% (40 : 60)
R =i-Pr, i-Pr 19% (94 : 4)
D 26 (3 mol%) 9
N CH 0 (61)
OEt +—"7"1
@i\)L CH,Cl,, 70 C, 14 h OFt
< 5%

We next compared the reactivity pattern betwians and cis conformation of
a,p-unsaturated carbonyl compounds. We hypothesized that the couplingprreac
proceeds througlrans conformation for theu,f-unsaturated carbonyl compound and
complexation of cationic ruthenium hydride complsyn to the ene group on the
carbonyl double bond. On the other hand, t® conformation of substrate would

disfavor for coupling reaction because chelation of ruthenium to oxgtgemin carbonyl
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substrates is key step for coupling reaction. This seems to bbdcaese the coupling
reaction of ethylcis-2-furanacrylate with propene in presence cationic ruthenium
complex at 20 °C for 0.5 h led to a fast transition frmsto trans conformation without
forming the coupling product (Eq 62). We rationalized thatcteeonformation would
disfavor the the coupling reaction because the sterically crogidiean substrate would

be difficult to coordinate ruthenium center. These results indibatehe chelate-assisted
insertion of the ruthenium into the carbonyl substrate is an important step taughieng

reaction.

o]
26 (3 mol%) [

NN
CH,Cl5, 20 C,0.5h \\ OEt (62)
(@]

(E)-41

As mentioned above, we found that the cationic ruthenium con2glisxa highly
effective catalyst for the intermolecular conjugate additi@ctien of simple olefins to
a,p-unsaturated carbonyl compourld®. The coupling reaction easily generates
tetrasubstituted olefins after olefin isomerization step. We hgsated that the coupling
reaction ofa,p-unsaturated carbonyl compounds with simple alkenes can easily produce
1,1-disubstituted olefin products. This reaction would be syntheticallylude¢cause
chiral compounds which can be easily generated from the cougaugion and 1,1-
disubstituted alkenes derived from the conjugate addition reactienpawerful
intermediates in synthesis of a diverse range of important compolnedsment of )-

p-CICsH,CH=CHCQEt with propene in the presence of a catalytic amount obraati
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ruthenium hydride comple26 (3 mol%) in CHCI, at 0 °C for 48 h gave the coupling
products in 80% vyield with high diastereoselectivity in the foromatf 1,1-disubstituted
olefin product 4235a= 9:1) (eq 63). (Ep-CICsH,CH=C(CH;)CO,Et was found to react
with propene in the presence 86 at 0 °C for 48 h. The reaction showed high
stereoselectivity for 1,1-disubstituted olefin product albeit withaerate yield (30%)

(eq 64).

—O

o}
| 26 (3 mol%
N0kt + = ( ) OEt +
CH,Cl,, 0 C, 48 h (63)
cl 35e

yleld.80% (9: 1)

T 9
CH; 26 (3 mol%)
N — OEt
moa ¥ CH,Cl,, 0 T, 48 h
cl cl (64)

43
yield: 30%

3.3 Mechanistic Studies

3.3.1 Reaction Profile

In order to probe the reaction mechanism of the coupling reaction, the
disappearance of starting material as well as the appeavapceducts was monitored
by 'H NMR for the reaction ofH)-p-CFCsHsCH=CHCQEt (44) with propene in the
presence o026 (2 mg, 3.5 umol) at 60 °C. The compouddiwas rapidly converted to
compound45 within 5 min along with the insertion of propene. The signals due to the
tetrasubstituted olefin produ8bg gradually appeared at the expense of the compébind
by isomerization. Eventually, the formation of the tetrasubstitutefthgiroduct35gwas

observed after heating at 60 °C for 3 h (Figure 11).
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The kineticsof the conversion c45 to the tetrasubstitute olefin prodi35g was
followed by *H NMR. In a -Young NMR tube,44 (28 mg,0.12 mmol), proene (5
equiv), and26(2.0 mg, 3.5 pmol) were dissolved in ,Cl, (0.5 mL). The appearance
45 and35gwas monitored b*H NMR at60 °C in 5 min intervals. The experimental d
were successfully fitted to the kinetic equation iwo consecutive reaction kinetics
using nanlinear regression techniques for the conversior44 to 35g (Sigma-plot
Version 10). The rate constark; = 0.042 mift andk, = 0.011 mift were calculated

from this analysis.

o k; = 0.042 mint o k, = 0.011 min*
CH3; 26 (3 mol%) 26 (3 mol%)
X OEt — 3 2w 7 -~ 4
J@M * CH,Cl,, 60 T OBt CH,Cl,, 60 °C OFt
FsC
3 4 FsC 45 FsC 35g
0.32
0.28
—
= 024
[
c
S o2
2
T 0.16
=
S 042
2 0.0
S o.
© 0.04
0
0 50 100 150
time (min)

Figure 11. Kinetic Profile of theConversion o#d4to 35g Notations44 (e), 45 (m), 359
(A).
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3.3.2 Hammett Study

To discern the electronic effects on tproduct formation, Hammetp values
were measured for trewupling reactions with different carbonyl composrahd alkenes
Thus, he correlation of relative rates witly, for series ofpara-substitutedp-X-
CsH4,CH=CHCQEt (X = OCk3, CHg, H, F, Cl, CQMe, CF) with profene in presence

of 26(3 mol%) at 20 °C led to positivp value p =+1.1 + 0.1) (Figurd.2).

9 0 9
CH 0
CD,Cl,, 20 T
X X 45 X 35

(X = OMe, Me, H, F, CI, CO,Me, CFj3)

1

0.8 -

0.6 -

0.4 -

0.2

log (ky/k,)

-0.4 -0.2 0 0.2 0.4 0.6

Figure 12. Hammett Plol of the Coupling Reaction opara-Substituted (E)-p-X-
CeH4CH=CHCQEL (X = OCt3, CHs, H, F, Cl, CQMe, CFk) with Propene

An analogous correlation of the reaction rates E)-CgHsCH=CHCGC,Et with
series ofpara-substituted styret p-Y-CgH,CH=CH, (Y = OCHs, CHs, H, CI, CF3) also

resulted in the positivp value p = +1.5 £ 0.1) in presence @6(5 mol%) at 50 °C it
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CH.CI, (Figure 13. The reaction rates were found to be stroiaccelerated by electr-

withdrawing group of both cinnamate and styrenavdéves. The similar Hammeft

values indicate thesame mechanistic pathway for the coupling reactwna,p-

unsaturated carbonyl compounds and alkenes. Thiévpop values indiate that an
excesselectron densityon the transition state imfluenced by coordination of bo
substrates to theithenium center. The Hammetvalue observed from the correlation
para-substituted p-X-CgH4sCH=CHCQELt in CD,Cl, matches wellwith the chelate-
directed regioselective alkene insertion, whichdistated by the nucleophilicity of

developing negative charge on $-carbon of cinnamate derivative®

P-Y-CgH,

o p-Y-CgHy o X 0
| . | |
N~ OBt p-Y-CeH, 28.(5mol%) OEt + OEt
= CH,Cl,, 50 C
46 47

(Y = OMe, Me, H, CI, CF3)

1.1
0.9 -
0.7 -
0.5 -

0.3 -
D 0.1

(kx/ k)

lo

-0.1
0.3 A

-0-5 T T T T
-0.4 -0.2 0 0.2 0.4 0.6

Figure 13. HammettPloi of the Coupling Reaction oE}-CsH,CH=CHCGC,Et with
para-Substituted §renep-Y-CgH4,CH=CH, (Y = OCH;, CHs, H, CI, CF).
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For the coupling reaction of Ef-CsHsCH=C(CH;)CONHCH; with para
substituted styrengsY-C¢H,CH=CH, (Y = OCH;, CHs, H, F, CI, CE), a difference in
the selectivity pattern was observed depending on the substituttbeni® 16). The
coupling reactions of H)-CsHsCH=C(CH;) CONHCH; with styrene derivatives with
para-electron donating group (OGHCHs, H) gave the oxidative coupling produ@3
predominantly (70 ~ 85 %). In contrast, the coupling reactions Bf (
CsHsCH=C(CH;) CONHCH; with p-Y-CegH4sCH=CH, (Y = F, ClI, CE) with para-electron
withdrawing group were found to give a mixture of the branched lmeadr olefin
productsA8 and49 as the major products (75 ~ 85%).

To understand the electronic effects on the product formatigrafarsubstituted
group of styrene derivatives, the Hammpttvalue was measured for the coupling
reaction of E)-CgHsCH=C(CH;)CONHCH; with styrene derivatives in GBl,. The
correlation of the relative rates with for (E)-CeHsCH=C(CH;)CONHCH; with a series
of para-substituted styren@-Y-Ce¢H4sCH=CH, (Y = OCHs;, CH;, H, F, Cl, CE) in
presence26 ( 5 mol %) at 40 °C in CyCl, led to the positivep values both electron
donation and electron withdrawing groups (for electron donating grpups:1.1 + 0.1,
for electron withdrawing groupgy = +0.9 + 0.1) (Scheme 16 and Figure 14). The
reaction rate was found to be strongly accelerated by elesitbdrawing group of
styrene derivatives, which is consistent with conjugate additiaxnamésm. The positive
value ofp indicates that there must be an excess of electron densitypuatttransition
state which can be influenced by the substituent on the areneThage results also

imply that the rate-limiting step is facilitated by dlfea withdrawing groups, but the
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coupling reactions wereperated by different mechanistic pathway dependingstrate

employed.
Scheme 16
P-Y-CgHy
N
26 (5 mol%) - o
CH,Cl,, 40 T Ph NHMe
o (Y = OMe, Me, H) 38
|
Ph/ﬁ)\NHMe + __p-Y-CgHy D-Y-CqH,
P-Y-CgHy o X O
26 (5 mol%) ' .\ I
CH,Cly, 40 T Ph NHMe + Ph NHMe
(Y =F, Cl, CFy) 48 49
0.2
oq P=+1.1101 p=+09 £ 0.1
CaHpY p-H
0 - L\‘l ?
- T T
S:'k 0.1 -
= 02-
8’_0 . p-OCH
- p-F I, CHrpYo
N 5
0.4 - * 3h’l\|//‘\NHMe+ Ph ’ET’H“NHMe
0.5 T T | — T T
-0.5 -0.3 0.1 0.1 0.3 0.5 0.7
Op

Figure 14. HammettPlot of the Coupling Reaction oE}-C¢H4,CH=C(CF3;)CONHCH;
with para-Substituted §renep-Y-CgH,CH=CH, (Y = OCH;, CHs, H, F, CI, Ck).
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3.3.3 Isotope Effect Studies

The following kinetic experiments were performed in order to gietailed
mechanistic insights on the coupling reaction. The carbon isotape effthe coupling
reaction was measured by employing Singleton’s NMR technigpataral abundanc@.
The ®*C NMR signal intensities were compared between the recoveigd (
CeHsCH=CHCONMe at 75 ~ 80% conversions and virgin sample by using aromatic
CcH signal as an internal standard. As shown in Scheme 17, the pmorsiunced
carbon isotope effect was observed on fflearbon atom of&)-CsHsCH=CHCONMe
when the'*C ratio of recovered substrate at 78% conversion was compared o6 theit
virgin sample ¥*C(recovered§?C(virgin) at G = 1.019, average of three runs). Using the
equations developed by Melander and Saufilehe “C/*°C isotope effects are
calculated as summarized in Table 11. The results indicatééhatgfin insertion ta, -

unsaturated carbonyl substrate is the rate-limiting step for the coudicigpre

Scheme 17
O O | O
A 26 (3 mol%)
NM62 + o CH3 NMez + NI\/|62
— CH,Cl,, 70 T
50 36¢

1.019
0999, |+ 9_0.999
AN
" (>/\%\L1I\lol\c/l>i2
e AN )
1.000 \ 0.999
1.001

(recovered at 78% conversion)
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In contrast, a negligible isotope effectlefko was observed from ethylene and
ethylened, with (E)-CsHsCH=CHCQGQEt at 60 °C in CBCl,. The pseudo-first-order plots
of the catalytic reaction from both ethylene and ethyl#nled tokys = 8.3 x 10f min™
andkops = 7.3 x 10" min™, respectively, which translated tdsa@ko = 1.1 + 0.1 (Figure
15). These results indicate that the C-C bond formation step ist#imiting step of
coupling reaction ofa,B-unsaturated carbonyl compounds with simple olefins and

subsequerfi-hydride elimination and isomerization steps are relatively fatile.

Table 11. Average'®C Integration of the Recovered and Virgin Sample<€pf (
CeHsCH=CHCONE?.

3
& 26 (3 mol%) X" NMe
©/\)‘\NMe2 + _ CHs 50 + 36c + ©/\<L2 2
CH,CI,, 70 C 7/ | AN 5
6

C# virgin (;g%zvféﬁs_) recovered/virgin  change (%)

1 1.089 1.084 0.9952 -0.48

2 0.928 0.929 1.0011 0.11

3 1.035 1.054 1.0182 1.82

4 1.047 1.046 0.9990 -0.10

5 2.138 2.134 0.9980 -0.20

6 2.119 2.121 1.0010 0.10

7(ref) 1.000 1.000 1.0000 0.00
C# virgin (;g%z\/g(;ﬁs.) recovered/virgin  change (%)

1 1.089 1.090 1.0005 0.05
2 0.928 0.929 1.0009 0.09
3 1.035 1.054 1.0186 1.86
4 1.047 1.047 0.9990 -0.10
5 2.138 2.139 1.0003 0.03
6 2.119 2.119 0.9999 -0.01

7(ref) 1.000 1.000 1.0000 0.00
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recovered

C# virgin (80 % conv.) recovered/virgin  change (%)
1 1.089 1.090 1.0010 0.10
2 0.928 0.929 1.0011 0.11
3 1.035 1.055 1.0192 1.92
4 1.047 1.045 0.9984 -0.16
5 2.138 2.140 1.0010 0.10
6 2.119 2.121 1.0010 0.10
7(ref) 1.000 1.000 1.0000 0.00
O 0 | @)
S 26 (3 mol%)
OEt + H,C=CH, OEt + OFEt
CD,Cl,, 60 T
(2)-35m (E)-35m
D.__CD D._.CHD
o) o] o 2
X 26 (3 mol%)
OEt + D,C=CD, OEt + OEt
CD,Cl,, 60 €
(2)-51 (E)-51

= 003

[¢})

whd

g 0.025 -

[y

S o002-

5

S 0015

2

® 001 -

=

[1+]

S 0005 -

IE
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time (h)

Figure 15. First-OrderPlots of 4n[cinnamate}[cinnamate] vs Time for the Coupling
Reaction of )-CsHsCH=CHCGC,Et with Ethylene ¢) or Ethylened, (®).
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To discern the rate-limiting step of the coupling reaction d&)- (
CsHsCH=C(CH;) CONHCH; with styrene derivatives which can give different selectivity
depending onpara-substituted styrene derivatives, the carbon isotope effect of the
coupling reactions of E)-C¢HsCH=C(CH;)CONHCH; with 4-chlorostyrene were
measured by employing Singleton’s NMR technique at natural abeeddn this case,
the most pronounced carbon isotope effect was observed ¢hctrdon atom ofE)-
CsHsCH=C(CH;)CONHCH; when the**C ratio of recovered substrate at 81% conversion
was compared to that of the virgin samplC(recoveredjC(virgin) at G = 1.039,
average of two runs). These results indicate that the olefiniors@mto ano-substituted
a,p-unsaturated carbonyl compounds is the rate-limiting step of the egumaction
which is consistent with previous cd<®.On the other hand, the negligible carbon
isotope effect for coupling reaction ofE){CsHsCH=C(CH;) CONHCH; with styrene in
yielding the oxidative coupling produ@8e was observed ofi-carbon atom of K)-
CsHsCH=C(CH;)CONHCH;. The °C ratio of recovered substrate to that of the virgin
samplef®C(recovered§fC(virgin)] was G = 0.998 (average of 2 runs, at 70%
conversion). These results BE isotope effect studies are calculated and summarized in
Table 12 and Table 13. These observations indicate that the C-C bond fetemng not
the rate-limiting step for the coupling reaction ofHgCH=C(CH;)CONHCH; with

styrene derivatives in forming oxidative prod38e
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Scheme 18
p-Cl-CgH,4
p-Cl-CgH,4
0 o} N 0
26 (3 mol%)
;" "NHMe +__ p-CI-CgH, NHMe + NHMe
= CgHsCl, 100 T
52 53
1.039

0.999, | ©O_0.995

\
- @fﬁ“ﬁ;ﬁf °
e AN )
1.000 } 1.001
1.001

(recovered at 81% conversion)

Table 12. Average **C Integration of the Recovered and Virgin Samples B)f (
CsHsCH=C(CH;) CONHCH;.

3
O 4 O 1
26 (3 mol%) \ *\ »
A NHMe +  p-CI-CgH 52 + 53 + NHMe
= ® CeHsCl, 100 T ™5
v AN
7+ 5
6
C# virgin (égcozvgﬁsl) recovered/virgin  change (%)
1 1.014 1.014 1.0000 0.00
2 0.969 0.967 1.0010 0.10
3 0.970 1.038 1.0381 3.81
4 0.955 0.958 1.0030 0.30
5 2.066 2.069 1.0015 0.15
6 1.992 1.996 1.0020 0.20
7(ref) 1.000 1.000 1.0000 0.00
C# virgin (ggiz"fgﬁe_) recovered/virgin  change (%)
1 1.014 1.013 0.9990 -0.10
2 0.969 0.968 0.9990 -0.10
3 0.970 1.009 1.0402 4.02
4 0.955 0.950 0.9950 -0.50
5 2.066 2.068 1.0010 0.10
6 1.992 1.991 0.9990 -0.10

7(ref) 1.000 1.000 1.0000 0.00
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Scheme 19

Ph 0.998
o N 0o 1.001, + 9Q,_0.999

26 (3 mol%) « WNHMG
N NHMe + Ph NHMe + AN
W =" CgHsCl, 100 T ~ 1000

~
38f 1.000° y  1.000
1.000

(recovered at 70% conversion)

Table 13. Average *C Integration of the Recovered and Virgin Samples B} (
CeHsCH=C(CH;) CONHCH;.

3
e} 4 O
26 (3 mol%) \ * w1
WNHM(& + __Ph 38+ Y. NHMe
C6H5C|, 100 € ” ~ 2
7 A 5
6
(recovered at 70% conversion)
C# virgin (éggzvféﬁs_) recovered/virgin  change (%)
1 1.014 1.015 1.0009 0.09
2 0.969 0.969 0.9990 -0.10
3 0.970 0.975 1.0020 0.20
4 0.955 0.953 0.9980 -0.20
5 2.066 2.068 1.0010 0.10
6 1.992 1.991 0.9995 -0.05
7(ref) 1.000 1.000 1.0000 0.00
C# virgin (gs%zvforﬁs_) recovered/virgin  change (%)
1 1.014 1.013 0.9990 -0.10
2 0.969 0.970 1.0010 0.10
3 0.970 0.967 0.9970 -0.30
4 0.955 0.958 1.0030 0.30
5 2.066 2.067 0.9995 -0.05
6 1.992 0.993 1.0005 0.05
7(ref) 1.000 1.000 1.0000 0.00

A normal deuterium isotope effekt/kp = 1.7 + 0.1 was observed for coupling

reaction of styrene and styredg-with (E)-CsHsCH=C(CH)CONHCH; at 40 °C in
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CH.CI,. Also, a negligible isotope effect ky/kp = 1.1 £ 0.1 was observed frorE)-
CsHsCH=C(CH;) CONHCH; and E)-CsHsCD=C(CH;) CONHCH; with styreneunder the
similar reaction conditics. This result indicates that the cleavage of vi@-H bond of
styrene is the ratlmiting step for oxidative coupling reactignwhich means that th
coupling reaction of K)-CsHsCH=C(CH;)CONHCH; with styrene derivatives whic
have electron donating groups has different masharpathway in comparison wi

previous case.

26 (5 mol%)

O
X NHMe + A NHMe
CH,Cl,, 50 €
38g
O
W

CeDs
H/D
D DIH Y "o
D 26 (5 mol%) N
NHMe + (7S NHMe
PN D CH2C|2, 50 C
2 54
0.300
"5 0250 |
=
£ 0200 kilkp = 1.7 £ 0.1
= 0.150 -
5
£ 0100 |
S,
£ 0.060 -
0.000 :
0 06 1 15 2 26 3
time (h)

Figure 16. First-OrderPlots of 4n([cinnamidej[cinnamide}) vs Time forthe Coupling
Reaction of )-C¢HsCH=C(CF3) CONHCH; with Styrene €) or Styren-dg(e).
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Figure 17. First-OrderPlots of -In([cinnamide}/[cinnamide}) vs Time forthe Coupling
Reaction of E)-CgHsCH=C(CF;)CONHMe @) or (E)-CsHsCD=C(CF3)CONHMe (o)
with Styrene.
3.3.4 Deuterium Labeling Studie

The following deuterium labeling studies were perfed to learn more about t
reaction mechanisnilo examine H/D exchange pattern on the carbonystsate, the
reaction mixture ofE)-C¢DsCD=CDCONMe (0.58 mmol) with propene2.9 mmol) in

the presence &6 (3 mol %) in CFCl, (2 mL) was stirred at 78C for 2 h. The isolate

product36cwas found to contain ~55% D on ta-methylene position, but with only 6
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of D on thes-methyl positions (eq 65). Also, a significant deuterium incorpmravas

observed on unreacted propene.

1% D 6%D

o 3% D
D O o —— (65)
©)\)LNM82 . _CHs 26 (3mol%) NMe, + — CHaxx
b CH,Cl,, 70 C, 2 h }
55% D

Figure 18(a) shows théH NMR spectrum of the compound6cd,. The
intensities of the peaks at3.37 and 1.81 ppm which were assigned to methylene and
methyl resonances, respectively, significantly decreasedtaluextensive deuterium
incorporation. As shown in Figure 18(b), the existence of deuteatusach position was
further confirmed by’H NMR. The recovered propene also observed an extensive

deuterium incorporation on both vinyl and methyl positions (Figure 18(c)).
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Figure 18. (a)'H NMR Spectrum oB6c-d,, (b)?H NMR Spectrum o86¢-d,, (c)*H
NMR Spectrum of Recovered Propene.




103

To examine the H/D exchange pattern ondfsubstituted carbonyl substrate, the
treatment of E)-CsHsCD=C(CH;) CONHCH; (0.07 mmol)and styrene (5 equiv) in the
presence o026 (5 mol%) in CBCl, was monitored byH and’H NMR (eq 66). Initially,
extensive H/D exchange was observed on botlghesition of carbonyl compound and
vinyl position of styrene after 15 h at 20 °C without forming product. Such extendive H/
scrambling pattern is consistent with reversible C-H bond aictivaf $-position of E)-
CsHsCD=C(CH;) CONHCH;. These results indicate that vinyl C-H bond activation-of
substituted cinnamide substrates is not the rate limiting stepugling reaction with

styrene, for the styrenes with electron donating groyyauat-position.

75% D

{
o) D/H O ?% D 4% D
. (66)

D
26 (3 mol%) X
X X NHMe X

Figure 19(b) shows thtH NMR spectrum of the coupling reaction mixture of
(E)-CsHsCD=C(CH;) CONHCH; with styrene in presence 86 after 15 h at 20 °C. The
intensity of the peak &t 7.32 assigned to two vinyl resonance noticeably decreased due
to extensive deuterium incorporation. As shown in Figure 19(b), new peaksodue t

styrene signals were observed’syNMR spectrum.
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Figure 19. (a)’H NMR Spectrum off)-CgHsCD=C(CH)CONHCH;, (b) °H NMR
Spectrum of the Coupling Reaction Mixture BjCsHsCD=C(CH;) CONHCH; with
Styrene.
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3.3.5 Isolation of Catalytically Relevant Species

In an effort to trap/isolate catalytically relevant specithe reaction mixture of
complex 26 (10 pumol) with a naphthyl-substituted amide (10 pumol), cyclopentgne (
equiv) and HO (10 equiv) in CRCl, was followed by NMR (Scheme 20). The formation
of the Ru-allyl complex66 was detected after 5 h at room temperature. In a preparatory
scale reaction, the compl&®6 was most conveniently isolated from the reaction mixture
of the tetrameric ruthenium complex {[(PO{CO)RuHL(1-O)(u-OHY} (4) with the
amide (0.1 mmol), HBFFOEL (4 equiv) and cyclopentene (20 equiv) in wet,CH, and
its structure was unequivocally established by X-ray crgsgjedphy (Figure 20). The X-
ray crystal structure ob6 showed that ruthenium atom has a distorted octahedral
coordination. The cation complex is totally disordered (in a 2:1 rai@r non-
crystallographic mirror plane. The RQG:;, Rwu-Ci; and Ry-C;; distances for the
complex56 are 2.22 A, 2.17 A and 2.14 A, respectively. The bond lengths eORare
1.98 A. The Q,-Rw-O; angles are 87° and,@®u;-Cy; angles are 83°.

The complex56 was found to exhibit virtually identical activity &6 in
mediating the coupling reaction dE)f(CsHsCD=CHCONHCH and propene under the
conditions stipulated in eq 59; the reaction ga@bin > 90% yield after 2 h. When this
reaction was performed in the presence of 1.5 equivwOf H substantially lower product
conversion (75% after 2 h) was observed. To further establish digticatelevance of
the complexs6, the exchange reaction 56 with (E)-PhCH=CHCONHMe (1 equiv) was
monitored by'H NMR. The reversible coordination of the amide substrate wasvetuser
at room temperature to form a 2:1 ratio5&fand carbonyl-coordinated complex, but no

new Ru-H species has been detected even after heating at 8@d@h more careful
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study is needed to establish the reaction step for covertinlytwatity active species,
these results suggest that the Ru-allyl com@éxwvould be converted to catalytically

active Ru-H species by ligand exchange with substrate gd H

Scheme 20
CO CcO
H
CVSE\F{'U R|u/_ poy,  AICH=CHCONMe,
\O/ \OH s CsHg (5 equiv)
AN :
OC;Ru<—/RuéH HBF4 OEL
H | >0 | \pc H,O (10 equiv)
PCysH co' -3 2
CD,Cl,, 20 T
4
@ ArCH=CHCONMe,
,(D CsHg (5 equiv)
/Ru""I//H
CysP™ '\ H,O (10 equiv)
co CD,Cl,, 20 T
26

(Ar = naphthlyl)

Figure 20. Molecular Structure d56.
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3.4 Empirical Rate Law Derivation

The kinetics ofthe catalytic coupling reaction ofE)-ethyl cinnamate witl
propene was merasuredhe treatment of H)-CsHsCH=CHCGQEt (0.07 mmol and
propeng(5 equiv) in the presence 26 (5 mol%) in CBCI, at 20 °Cwas monitored b’
'H NMR. Initially, the rate was merasured by monitoring H integration of (E)-
CeHsCH=CHCGEt (OCH,CH3 (1.21 ppm)) and the product (Og@EH;s (1.16 ppm))
signals, and these were normalized agé¢he solvent resonancéhe kinetic plot for the
reaction rate as a function of catalyst concemmnatndicates that reaction rate is 1
order (Figure 21) The kinetic data revealed that the rate of couplingctiea is
independent of the propene concentre (Figure 22) In contrast, the plot of kinetic de
indicates that the rate of coupling reaction ien$e firs-orderof substrate concentrati
(Figure 23) The empirical rate law is given in 67.

v =k[26]'[propenef[cinnamate™ (67)

0.005

0.004

0.003 -

0.002 -

Kobs (Min)

0.001

0 b 10 16
26 (mol%)

Figure 21. Plot of Observed Reaction Rate vs Catalyst Conatotr for the Coupling
Reaction.
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Figure 22. Plot of Observed Reaction Rate vs Propene Condiemtrfar the Coupling
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Figure 23. Plot of Observed Reaction Rate(E)-CsHsCH=CHCGEt Concentation for
the Coupling Reaction.

3.5 Thermodynamic Parameter

The temperature dependeron the coupling reaction oEf-CsH,CH=CHCQEt

with propene mediated k26 was monitored byH NMR. Both catalyst concentratit
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and the cinnamate molar rawerefixed as the coupling reaction conditic The excess
propene concentration not only maintains approx@hgatzerc-order condition:
throughout the reaction but also minimizes cinn& inhibition. Standard Eyring (Figui
24) and Arrhenius analysis (Figur25) derived from the kinetic datresulted the
following activation parameterAH ' = 20.3 kcal/molAS = -42.1 eu, ancE, = 20.9
kcal/mol. A large, negativeAS' value suggests that the transition state is hi

organized.

In(k/T)
L

'16.5 T T T T
0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

1IT (K)

Figure 24. Eyring Rot for theCoupling Reaction off)-CsHsCH=CHCGC,Et with
Propene.
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Figure 25. Arrhenius Bot for theCoupling Reaction off)-CsHsCH=CHCC,Et with
Propene.

3.6 Proposed Mechanisr

We propose three different mechanistic pathwito explair the coupling
reactions ofy,B-unsaturated carbonyl compounds with alk. The plausible mechanis
of the conjugate addition react involves the cationic Rt species57, which is
initially formed from the ligand exchange step26 with the carbonyl sbstrate (Scheme
21)™9 The key features of this mechanistic pathway are thelat-directed
regioselective alkene insertion amfi-hydride elimination steps to form the catio
Ru/alkene/hydride speci’8.”7% Both the observation of the carbon isotoffect on p-
carbon ¥°C ratio of recovered sample/virgin samplg = 1.019)and a negligible isotor.
effect ofkuy/kp = 1.1 + 0.1 with ethylene and ethyl-d, support the ra-limiting olefin
insertion steTable 14. The positive Hammeii values for bdt carbonyl compounc

and alkenes are also consistent with the formatiothe carbony-chelated specie58
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followed by the regioselective olefin insertion gwhydride elimination. The insertion
step is dictated by the nucleophilicity of a developing negaheege on th@-carbon of
cinnamate derivatives. In light of the recent deuterium lapedtudy on the alkene
dimerization and isomerization reactidithe subsequent olefin isomerization step is
expected to be facile in forming the tetrasubstituted olefin preduth the regeneration
of 57. The successful isolation of the catalytically relevant spéiesuggests complex
57 as a possible intermediate, which can undergo dehydrogenatitimeanapping by a
water moleculé’® The catalytically relevant species6 would be converted to

catalytically active speci€s/ by ligand exchange with hydrogen form water.

Table 14. Kinetics and Isotope Effects for the Coupling Reactioa,@fUnsaturated
Carbonyl Compounds with Alkene.

Conjugate Addition Reaction Oxidative Coupling Reaction
Hammett p value p=+1122 p=+112°
p = +1.47P p=+0.88"
13C Isotope Effect Cp = 1.018° Cp = 0.998f
Deuterium Kinetic kn/kp = 1.1 +0.19 kn/kp = 1.7 £ 0.1
Isotope Effect
Rate Limiting Step Alkene Insertion Vinyl C-H Activation

& Hammettp value (E)-p-X-CeHsCH=CHCQE with propene)? Hammettp value (E)-
CeH4,CH=CHCQEt with Y-p-C¢H4sCH=CH,). ¢ Hammett p value (E)-
CsHsCH=CH(CH;) CONHMewith Y-p-C¢H4,CH=CH, (Y=0OCHzs, CH; H)). d Hammettp
value (E)-CsHsCH=CH(CH;)CONHMewith Y-p-C¢H4sCH=CH, (Y=F, Cl, CR)). © *°C
ratio (recovered/virgin) H)-C¢HsCH=CHCON(CH), with propene).’ *C ratio
(recovered/virgin) @ )-CsHsCH=CH(CH)CONHMe with styrene).? Kinetic isotope
effect (€)-CsH.CH=CHCQEt with ethylene/ethylends). " Kinetic isotope effect -
CeH4CH=CH(CH;)CONHCH; with styrene/styrends).
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The formation of oxidative coupling produc®3 can be explained by a
mechanistic pathway involving vinyl C-H bond activation of arylalkef@sheme 22).
The insertion of arylalkenes to the electrophilic ruthenium centlemfed by the ligand
exchange reaction &6 with carbonyl substrate and tfieC-H bond activation ofE)-
CsHsCH=C(CH;) CONHCH; would form the ruthenium hydride speci&d Subsequent
vinyl C-H activation of arylalkenes and reductive elimination wayil’e E selectivity for
oxidative coupling products.

We performed a variety of kinetic experiments to elucidatertbehanism of the
coupling reaction. Both the normal deuterium kinetic isotope effekt/kf = 1.7 £ 0.1
with styrene and styrerdy-and negligible isotope effect &fi/kp = 1.1 + 0.1 with E)-
CsHsCH=C(CH;)CONHCH; and E)-CsHsCD=C(CH;)CONHCH; are consistent with
the vinyl C-H bond cleavage rate-limiting step. These resultgatelithat the different
rate-limiting step compared to the conjugate addition reactionéTah)l Both negligible
carbon isotope effect from the coupling reaction with styrene aotemen labeling
study also provide supporting evidences for the rate-limitingl Al bond activation
step. The reaction rate and product selectivity were found to beasecteby styrene
containing electron donating groups, depending on electron donating alufitEesa
functional group.

In contrast, the coupling reaction &){CsHsCH=C(CH;)CONHCH; with styrene
containing electron withdrawing groups gave a mixture of the branchedaad dlefin
insertion products predominantly which were similar fashions wikena insertion
pathway%ld This phenomenon indicates that the coupling reaction depending on the

substrate used exhibits different product selectivity. The most proadwacbon isotope
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effect was observed on tifecarbon atom ofK)-C¢HsCH=C(CH;)CONHCH; with 4-
chlorostyrene. These results also indicate that the formatidd-©f bond via olefin
insertion into a carbonyl substrate is the rate-limiting stad,are consistent with alkene
insertion pathway instead of the oxidative coupling pathway. Thes#tgesuggest that
two different reaction mechanisms are competing operational dependém substrate

employed due to electron effect.

Scheme 22

© @ H—RU®
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CcO CeHe
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Ar Arﬁ)L NHMe AN
N o
A" N7 NHMe A

—R(D
H Rl\J\L rds Ar \/Ru@\l_
S T\-: H\
Ar co ' CO

In case of the coupling reaction of cyclic cinnamic acid daviga with propene,

we observed the formation of tetrasubstituted olefin products viaeatdd-H bond
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cleavage (eq 68). Initially, the cationic Ru-H compkk is formed form the ligand
exchange reaction @6 with cyclic o,p-unsaturated compounds. The chelate-assisted
insertion of the ruthenium center irfieposition by C-H bond cleavage gives the cationic
Ru-H specie$?2 after hydrometallation 061. Reductive elimination fron2 provides
products 60a and 60b, regenerating the catalytically active specié The
stereochemistry around the double bond is retained in each step.afid Murai also
reported that the Ru-catalyzed coupling reactions of 1l-acelytesxene anda,f-
unsaturated esters with alkenes such as silylethylenestyedes by direct C-H bond
cleavagé. The apparent lack of the formation of conjugate addition products aatwe
products can be readily explained by the rigidity of the cyelmeties, which would
prohibit the insertion of the,p-unsaturated ester by hydride migration or vinyl C-H

activation of alkenes.

O

0
0,
DCE __CHs __ 26(3 mol%) N COEt  (68)
) CH,Cl,, 70 T )

1 60a 26%
2 60b 28%

n
n
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Conclusions

An effective catalytic conjugate addition reaction protocolldesen developed for
the synthesis for tetrasubstituted olefin products. The kinetispectroscopic data are
consistent with three different mechanistic pathways dependinghstrate employed.
The reaction of ana,p-unsaturated carbonyl compounds with simple olefins
predominantly gives the tetrasubstituted olefin products. The mechastigies suggest
that the olefin insertion into anp-unsaturated carbonyl substrate is the rate-limiting step
for conjugate addition reaction. In contrast, the coupling reaction Ef (
CeHsCH=C(CH;)CONHCH; with aromatic alkenes gives oxidative coupling products.
The mechanistic results support the different mechanistic pathwiagh involves the
rate-limiting vinyl C-H activation step, in comparison with thenjugate addition
reaction. This synthetic methodology promises to provide a straigfatfdrroute to the
valuable organic compounds such as tetrasubstituted olefins which faceltdio

synthesize by using traditional synthetic methods.
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Chapter IV

Aqueous Phase C-H Bond Oxidation Reaction of Aryl&anes Catalyzed

by a Water-Soluble Cationic Ru(lll) Pymox Complex

C-H oxidation reactions play an important role in organic cheyngstd there is
an increasing demand for selective and mild oxidation methods in modemicorga
synthesis. Saturated hydrocarbon compounds account for the largess swiunegural
petroleum feedstock materials, which traditionally have been asddels, lubricants,
and solvents. During the past few decades, there has been an exteseaveh devoted
on the catalytic oxidation of inexpensive hydrocarbons to more conaihgncaluable
products such as pharmaceuticals, flavors, fragrances, plasticeeds,polymer
precursors® Many methods for catalytic oxidations with transition megthlysts have
been investigated extensively because of their particular importangawv of synthetic,
mechanistic, and industrial aspettsA number of transition metal catalyzed reaction
have been extensively investigated including iron-catalyzed osidati alkanes called
Gif systems.

The ruthenium catalysts have been used to be oxidation of hydrocaritloris w
BuOOH to give corresponding ketones and alcohols efficiently. JeRlk); (63) was
reported to be effective catalyst for oxidation of the benzyligtipasof hydrocarbons.

For example, the catalytic oxidation of fluorine gives fluorenone in 87% (€4 69).
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‘ t-BUOOH ‘
O O CgHg, 25 T O O (69)

The mechanism of this reaction has been studied by Murahashi. étggnmlue

showed -1.39 which was similar to those obtain for the oxidation witickkssome P450
(-1.6f* and Fe(TPP)CI-PhIO (-1.6%)but the observed value (-1.39) is quite different
from thet-BuOs radical (-0.4% and the-BuOOe radicals (-0.6} (Table 1). These kinetic
data implicate the existence of a metal-dependent spembsas oxo-ruthenium, which
is similar to F&=0 of cytochrome P450, rather theBuOs andt-BuOOe- intermediates.
The intramolecular deuterium isotope effdg/Kp) was examined. Thiky/kp value was
determined to be 9.0 and this value was similar to that obtained fdatmx with
cytochrome P450k(/kp = 11)%° This data indicates that the C-H bond breaking is the
rate determining step. Furthermore, the intermolecular isafipet of the oxidation of
cyclohexanes was determined to be 9.2. This is contrast to theersmsaliope effect
(ka/ko = 4.2) which was obtained from the reaction v#BuO«(Table 15)*°

The kinetic results, isotope effects, and other studies indicadtéhthaxidation is
not due ta-BuOe ort-BuOO- radical but due to the oxo ruthenium species derived from
low valent ruthenium anttBuOOH (Scheme 24). The ruthenium(ll) compkexreacts
with t-BuOOH to give the alkylperoxoruthenium(ll) compl& which subsequently
undergoes heterolytic cleavage of the O-O bond to give oxo-rutheniustiesC.
The reaction witht-BuOe or t-BuOOe- is unlikely, because the oxidation of alkanes

proceeds efficiently even in the presence of radical scaveageinsas 2,6-diert-butyl-
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4-methylphenol. Abstraction of a hydrogen atom from an alkane leymediateC
would form the caged compldX, bearing an alkyl radical and a hydroxo-ruthenium(lil)
species. Transfer of the hydroxyl ligand to the caged alkytad¢ipathA) would afford

an alcohol and the Ru(ll) intermediateé to complete the catalytic cycle. Further
oxidation of secondary alcohol formed the corresponding ketones underatiiomre
conditions. When the alkyl radic® has low oxidation potential, fast single-electron
transfer would take place to give catiBn(path B), which undergoes reaction with the
second molecule afBuOOH to give the corresponditdputylperoxy product and water.
From all data such gs values,ky/kp ratios, and relative oxidation rates in the various
substrates, they proposed mechanism for KBE€h)s/t-BuOOH system which was

containing the oxo-ruthenium species (Scheme 24).

Table 15. Kinetics, Intra- and Intermolecular Deuterium Isotope Effectsher
Ruthenium Catalyzed Oxidation of Hydrocarbons wiBuOOH.

system p ky/kp?  Kylkp®
RUCI,(PPhg)4/t-BUOOH® -1.39 9.0 9.2
cytochrome P450 -1.64 11¢
[Ru(dmp)2(OH2),][[PFglo/H20, 4.0'
[RuU(6,6'-Cl,bpy),(OH,),][CF3SO3],/t-BUOOHSY 4.8
t-BuOe -0.4" 4.2
t-BuOQO- -0.6'

& Intramolecular isotope effect for the oxidation of 1,1-dideuterio-1,3-diphepape.
P Intermolecular isotope effect for the oxidation of cyclohexane/cyclohekane

¢ Reference 80! Reference 81° Reference 85.Reference 8. Reference 87.

" Reference 83.Reference 84.
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Scheme 24
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In contrast, Che reported that the ruthenium(ll) complas[Ru(6,6'-
Clobpy)y(OH,),][CF3SGs), (64) is a robust catalyst for C-H bond oxidations of
hydrocarbons. They proposed different mechanism in the reaction waghballed to be
a free radical systenf’ cis-[Ru(6,6'-Chbpy)(OH.)-][SF:SOs],, (64) was found to
efficient catalyst for oxidation of the alkanes, including Imalkanes such ashexane.
Typically, the catalytic oxidation of cyclohexane gives ofeixanol and cyclohexanone

in 85% vyield (ratio = 1:1.6) (eq 70).

OH O

64
O =222 0O .
Acetone, 25 C (70)

A smaller kinetic isotope effeck{/kp = 4.8) and tertiary to secondary C-H bond

relative reactivitesker/ksec = 7.4) have been observed in the catalytic cyclohexane and
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adamantine oxidations, respectively. Also Drago and coworkers foundsiveitgr data
for the catalytic [Ru(dmpjOH,),][PFs]o/H2.0, system Ky/kp = 4.0 for cyclohexane;
kerfksec = 7.1 for adamantane; dmp = 2,9-dimethyl-1,10-phenanthrdfinéjom the
results of cyclohexane oxidation, they suggested that the apeaes has substantial
radical character: (a) addition of 2,6idrt-butyl-4-methylphenol as a radical trap
suppressed the catalytic oxidation; (b) a substantial amount afheystl chloride was
produced in the presence of GClc) when the terminal oxidant was changed fitem
BuOOH to cumene hydroperoxide, the product profile is dominated bgphemone,
which is generated by-scission of cumyloxy radicals. Following these kinetic and
mechanistic data, they proposed a free-radical process meunhahish generates active
alkyl radical from metal-oxo intermediate.

It is remarkable that the allylic positions of hydrocarbons ewexidized
selectively by dirhodium caprolactamate §Rap)), (65) with t-BuUOOH (eq 71§ Most
of cyclohexene and their derivatives were rapidly converted to enodds with 0.1 mol%

65.
65
t-BuOOH (71)
K,COs3
CH,Cl,
<QO>4

Rh—Rh
65

Mechanistically65 undergoes a I-electron oxidation in the presenteBafOOH

to form a RR* species66 which can be converted under the reaction conditions to
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dirhodium alkylperoxo specié (Scheme25). Furthermore, evolution of oxygen during
the course of the reaction was observed and is consistentheitbrtnation ot-BuOO»
radical which is known to diert-butyltetraoxidé® and it is able for selective hydrogen
atom abstraction to produce radié@ Ligand transfer of the metal-bound peroxide to
the carbon-centered radical forms the mixed perog@@nd regenerates the catalyst.
This proposed sequence thus constitutes a redox chain catalyac cimnally, rapid

decomposition 055 yields products.

Scheme 25
t-BuOO-
{-BuO*+ t-BUOOH J_\
t-BUOH
Q > t-BUOOH /
N" O
Rh— Rh
Il?h Rh "OH
o) OOt Bu
/@ t-BUOOH
R
tBuOO
R
68 N o
Rh-Rh-0O0t-Bu
67

Recently, White and coworkers have reported that an iron-lcasggst ([FefS
PDP)(CHCN),][SbF]2), (70) that reacts selectively with C-H bonds which has
traditionally used to add directing groups, require extra Stepke iron-based catalyst

makes it possible to oxidize the unreactive aliphatic C—H bontsrtary carbons in
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complex molecules without the need for directing or activating groBpsdictable
selectivity is achieved solely based on the electronic and gimperties of the C-H
bonds, without the need for directing groups. Three modes of selectivatlyle the
predictable oxidation of complex natural products and their derivatiwels as (+)-
aremisinin at specific C-H bonds with preparatively usefuldgi€eq 72). This type of
general and predictable reactivity stands to enable aliphatico&idation to streamline

the process of complex molecule synthesis.

70
H,0,

AcOH

(72)

” N//"F ‘\‘\\\NCCHg H H
e steric
N | “NCCH, >LM>L
| n BG
| _ directed I—>LE)>L
70 nPe

EWG : electronic withdrawing group
BG : bulky group
DG : directing group

Figure 26. Selectivity for catalyzed C-H bond oxidation by [6&
PDP)(CHCN),]J[SbF]2, 70.
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The use of transition metals for catalyzing reactions is of gigpwnportance in
modern organic chemistry. From economic and environmental points of view, the
development of novel organic transformation systems in aqueous solutidre¢@se
one of the most attractive research topics in modern cherfiisBgnerally, transition
metal catalysis is carried out under an inert gas atmospherda exclusion of moisture
has been essential. The reason could be that water as a ligandaaitgmes metals’
coordination sites. On the other hand, metal-carbon bonds are a&ssdyed by water
either via proton transfer or via the oxygen (nucleophilic reactidoyvever, recent
studies have shown that, in water, such catalysts are bothatadland can be operated
in open air’®> Another predictable advantage of these water soluble catalystbe
reused after separation from water insoluble organic products.

In the 1970s Shilov et al. developed a catalytic oxidation in whichane was
converted to methanol and chloromethane in acidic aqueous solution (&qSi3je
Shilov’s pioneering report on methane oxidation catalyzed by.,Pt@hder mild
conditions, a number of well-defined, transition metal catalystesns have been shown
to catalyze methane functionalization. Notable recent examphetbfane oxidation have
been reported by Periana using (bpym)Pt®pym = 2,2'-bipyrimidine}’ Periana
system converts methane to methyl bisulfate in concentsatiégric acid, a potential
precursor for methanol (eq 74). The conversion of methane to methiyatase greater
than 70% based on methane and the selectivity is also over 90%. Ttes sys
accomplishes C-H activation, oxidation, and functionalization in thé Wwag so far

achieved for a homogeneous system (Schem&'26).
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PtClg?", PtCl, % cat
: ROH + RCI (73)
H,O (CI), 120 T
(bpym)PtCl,
CH,4 + H,SO, CH30SO3H + H,0 + SO
H,S0,, 220 T $os 2 2 (74)
Scheme 26
(\ Sol
| AN 2+
NN, «Cl Y
I "'Pt"‘\ H2804 N:EN ,,,,, “\\\C|
sy N @ Pt 2HSO,
NN cl -HCl HN SN sol
2 L
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\\ H,SO,
X CI + X +
l\}(f\l | Cl Oxidation r\m «Cl
® Pt HSO, o J Pt RS04
i N | CH, ) /_\ HI\fIN/ “CH;
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SOZ + 2H20 H2804

Muzart reported an efficient and recyclable water-solubleesysb promote the

allylic oxidation of olefins with organic peroxyesters in watefThe mixture of the
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hydrophilic nitrogen donor ligand with Cu(GEN),BF, in water led to an efficient and
reusable catalytic system for the allylic oxidation of @lefwithtert-butyl perbenzoate
(eq 75). The aqueous phase recovered after extraction of th@mgactducts remained
catalytically active, and oxidation of cyclohexene was repdatadtimes with the same

agueous phase without a drop in the yield.

R.~_R
Cu(CH3CN),BF R.._~_ _O.__Ph
+ 3 4BbFg
75 H‘/\R/ \fg (75)
@)
)J\ H,O, 80 C
Ph™ "OOt-Bu
O @)
N\ I~
N/Z& /kN
H N/ \N H
H H
Ny NN
O 75 O

Xia found that Mn(salen) compleX®) was effective catalysts for the oxidation of
secondary alcohols to ketones in the presence of the co-oxidanryaoebbenzene
(PhI(OAc)) under aqueous condition (eq 78)To increase the substrate and catalyst’s
solubility in water, the phase-transfer catalyst (B{§)+Br) was included in the aqueous

system and the product was formed with an high 84.1% ee in 62.5% yield.
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OH
L PhI(OAc)2
R R N(C,Hs),Br ©/\ (76)
H,0, 20 T
Ph Ph
H=>—H
=N.® N=
MnA
t-Bu o} O t-Bu
PF6
t-Bu t-Bu
76

Recently, Li and coworkers reported a efficient asymmetaiehgide-alkyne-
amine coupling reaction in water (eq 77.Use of the tridentate bis(oxazolinyl)
pyridines, 77 with Cu(OTf) afforded the product with both high yield (48-93%) and
enantioselectivity in organic solvent (up to 99.6% ee) and in water (8g%oee). In
most cases, imines were formedsitu and the addition was very simple: mixing an

aldehyde, aniline, and alkyne with the catalyst in one pot.

~Ar
HN
RICHO + Ar-NH,+ R*—= Cu(oTh)/77 1
PhCH3 or Hzo R % (77)
RZ
| X
0] ~
N
| l
Ph 77 Bn

Fukuzumi have recently reported that the formation of novel rutheniurfy)-

complex and its reactivity toward efficient and selectivealgt oxygenation and
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oxidation reaction of various hydrocarbons in water, which can be ase@th oxygen
source'™ In this system, water is not only the solvent but also the sgigea source in
the efficient oxidation of organic compounds catalyzed by a Ruftipiglamine-aqua
complex,78 with Ce(lV) as the oxidant. An intermediate-spin Ru(lV)-oxo carpl9is
formed as the reactive spect®5This catalytic system has been shown high turnover
numbers for various substrates: cyclohexane is converted into thespoording
dicarboxylic acid and the water soluble sodium 4-sulfonate-1-etggime forms the

corresponding acetophenone derivative selectivity (eqs 78-79).

0
78
HO)MOH 78)
CAN, H,0 0
0
O — @A
79
NaO5S CAN, H20  Nao,s (79)
2+ —|2+

17 2 celV 2 cel A
Q OH, U Q\L /9
OO OIS
L s G
2 substrate-O substrate
78 79

Doyle reported that Rfcap), 65 with t-BuOOH can effectively catalyze allyl,
benzylic oxidation® They have recently reported the oxidation of alkynes,po
acetylenic ketones biyBuOOH, catalyzed b5 with water as the reaction solvefit.

The catalytic oxidation of 4-octyne b§5 with t-BuOOH in water afforded the



130

corresponding ynone with high yield (89%) and short reaction time (&chBQ). The
aqueous phase recovered after extraction of the reaction produdis cged to another
reaction, and oxidation of other substrate was repeated threenithdbe same aqueous

phase without decreasing catalytic activity.

O

65
/\/v LBUOOH /\/J\/ (73)

H,0, 40 °C

Results and Discussion

The catalytic C-H bond oxidation of alkanes under mild conditions ceofral
importance in view of synthetic and industrial aspét@enerally, catalytic oxidation of
alkanes under mild conditions is quite difficult, because of the latkeofeactivity of
alkanes, which stems from their high C-H bond dissociation enerdigieBt metal
catalysts are required for unactivated C-H bond oxidation imargynthesis. Recently,
transition metal catalyzed oxidations have been reported; ruthemidnmos complexes
with chelating nitrogen ligands have been shown to exhibit highitgcand selectivity
for oxidative reactions under organic and aqueous condftiri’'*but selective
catalytic oxidation of alkane under mild condition are relatively rare.

From environmental and economic points of view, the development of organic
transformations in agueous media has become one of the major adgaimtagodern
chemistry'® Following the general trend, the design of novel transition-matalysts

for organic reaction in water has arisen a growing interest in reearg,ydisclosing up to
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date a wide variety of highly efficient and selective symthapproache®> Recently,
Fukuzumi and co-workers has reported highly efficient and seledatalytic
oxygenation and oxidation reaction by [Ru(tpaf0h](PFs). which contain tetradentate
nitrogen based ligand under aqueous condifibiEven though catalytic reaction under
aqueous condition has a lot of advantages, it is difficult to use asteolvent in metal
catalyzed chemical reactions because the majority ofsittan metal catalysts are
unstable and insoluble in aqueous condition.

Since the first reports of the use of chiral oxazoline-baseaadi in asymmetric
catalysis:”® a diverse range of oxazoline ring-based ligands with transitetalsnhave
been developed as catalysts in a wide range of chemieatiaes, such as
cyclopropanation, epoxidation, alcohol oxidation. Initially we thought thatzaee
ligands are suitable candidates for highly active and selexdiatytic oxidation because
of their readily accessibility, modular nature, and applicabititg wide range of metal

catalyzed transformatiort§>%’

We have recently developed cationic ruthenium (lII)
complex [(pymox-Mg),RuCh]'BF, (80) (pymox-Me = 4,4-dimethyl-2-(2-
pyridyl)oxazoline). We have decovered tBtwas found to be efficient catalyst for C-H
oxidation reaction of arylalkanes in water. In this chapter, weritbesthe synthesis and

characterization oBO and their applications for C-H oxidation reactions in aqueous

condition.

4.1 Synthesis of Water-Soluble Ruthenium Pymox Contgxes

As part of an ongoing effort to develop ruthenium-catalyzedi lind activation

reactions, we initially screened several chelating nitrdggands to synthesize water
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soluble ruthenium catalysts. Thus, the treatment of [(COD)Ru®ith 1.2 equivalents

of pymox-Me ligand in 1,2-dichloroethane at 50 °C produced an orange-yellow colored
complex (pymox-Mg@Ru(COD)C} (81), which was isolated in 65% vyield after
recrystallization im-hexanes/ChkCl, (Scheme 27). The treatment&% (0.4 mmol) with
pymox-Me (1.9 mmol) in 1,2-dichloroethane at 100 °C led to the isolation of a deep
blue-purple colored complex (pymox-MeRuCkL (82) in 55% vyield. Alternatively, the
complex82 could be directly produced from the treatment of [(COD)R}y@ilith excess
amount of pymox-Mgin 1,2-dichloroethane at 100 °C with 65% yield.

The subsequent treatment &2 with NaBF, andt-BuOOH in CHCI, led to the
cationic Ru(lll) complex [(pymox-Mg,RUChL]'BFs; (80) in 73% isolated yield. The
structure of these ruthenium complexes was completely estabbghgoth spectroscopic
and X-ray crystallographic methods. The molecular structure of8®#nd80 showed
an octahedral geometry withs coordination of the chloride and anti-pyridine ligands.
The average Ru-Cl bond distance of the cationic Ru(lll) con0g®.33 A) was found
to be considerably shorter than the neutral com@(2.41 A). The magnetic moment of
80 (Uest = 1.55 By) as determined by using the Evans NMR method was also consiste

with a paramagnetic Ru(lll) complex.

O

+
(3 equiv) H,0,20 C

In a strikingly different reactivity pattern, only compl8f was found to exhibit

high catalytic activity for C-H bond oxidation reaction in aguesaistion, even though
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both 82 and80 are soluble in water. Thus, the treatment of ethylbenzene (1.0) witiol
t-BuOOH (3 mmol, 70 wt% in aqueous solution) in the presence of 1 mol8o of
water (3 mL) cleanly produced acetophenone in >95% conversion within 16obnat

temperature (eq 81).

Scheme 27

O

pymox-Me, R
a
CICH,CH,CI @
50 C
81
pymox-Me,
[(COD)RUCyly cich,chcl| 10
ayal
pymox-Me, _N\Rlu/N
CICH,CH,CI CI N
NS

100 €
O 82

t-BuOOH/NaBF, 20 C
CH,Cl,
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Figure 27. Molecular Structure of Comple80.

Figure 28. Molecular Structure of CompleXl.
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Figure 29. Molecular Structure of Comple82.

4.2 Optimization Studies for C-H Oxidation Reactionof Arylalkanes

4.2.1 Catalyst Survey

Initially, we used the reaction of ethylbenznene wBUOOH as an oxidizing
agent to survey the catalytic activity of ruthenium complexéswever, commonly
available ruthenium complexes such as R(RRh)s;, RuQ, RuCke3HO, (p-
cymene)RuGl and BuN'RuQ; were not soluble in aqueous solution. Thus, catalytic
activity could not be directly compared to the comp8&under the similar reaction
condition.

Ethylbenzene was readily oxidized to acetophenon8gt 20 °C in aqueous
condition giving 71% yield in 5 h at 20 °C and over 95% yield in 16 h. Oottlex hand,

oxidation of ethylbenzene with 1.0 mol% Rw@Ph);(83) andt-BuOOH in benzene at
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20 °C for 2 h afforded acetophenone in only 53% yil@he reported that the reaction
was performed at 20 °C for 24 h in the presence ofcis[Ru(6,6'-
Clobpy)(OH,)2][SFsSGs)2 (bpy = 2,2’-bipyridine) 84) (0.1 mol%) witht-BuOOH in
acetone and obtained in 71% yiéfdDoyle and coworker obtained that ethylbenzene is
reacted with dirhodium caprolactamate {ghp),) (65), t-BuOOH and NaBfin DMF at

40 °C for 16 h and gave its corresponding product in 20% 3filelHven though our
catalytic system could not be directly compared with thetdytia systems, our system

was comparable to or better than the reported catalytic systems (Table 16).

Table 16. Catalyst Survey for Oxidation Reaction of Ethylbenzene iBhOOH.

O
©/\ ,  t-BUOOH [cat] Ej)K
(3 equiv) H,0,20 T

entry cat solvent t (h) yield (%)
18 none H,O 5 0

2b 80 H,0 5 71

3¢ 83 CeHs 2 53

44 84 acetone 24 71

5¢ 65 DMF 16 20

Reaction Conditions® t-BuOOH (3.0 equiv)® 80 (1 mol%),t-BuOOH (3.0 equiv)® 83
(1 mol%),t-BUOOH (4.0 equiv), reference 1884 (0.1 mol%),t-BUOOH (3.2 equiv),
reference 25. 65 (1.0 mol%),t-BuOOH (3.2 equiv), NaBF0.5 equiv), reference 31.
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4.2.2 Survey of Oxidizing Agents

A variety of oxidizing agents was examined in order to optimizerdaetion
condition. The reaction of ethylbenzene (1.0 mmol) with an oxidizingtag@0 mmol)
in the presence of the compl8R was performed in a variety of oxidizing agents and the
yield of oxidizing products was determined by GC. It was found thatn@ature of

oxidizing agents significantly affected the efficiency of the oxidatioargilkanes.

Table 17. Oxidizing Agent and Additive Effects on Oxidation of Ethylbenz&ne.
O

80 (1 mol%)
©/\ .\ [0X] additive (3 mol%) ©)J\
(3 equiv) H,0, 20 C, 16 h
entry [ox] additive(s) conversion® (%)

1 0, none 9
5 0, NaBF, 10
3¢ 0, CH5;CHO 18
4 o, CHsCHO + NaBF, 20
5 NalO, none 0
6 NalO, NaBF, 2
7 m-CPBA none 18
8 m-CPBA NaBF, 22
9 H,0, none 21
10 H,0, NaBF, 23
11 CH3CO3H none 35
12 CHCO3H NaBF, 38
13 t-BuOOH none >95
14 t-BuOOH NaBF, >95

 Reaction conditions: ethylbenzene (1 mmol), [ox] (3.0 equiv), additive (3 m8@4),
mol%), HO (3 mL), 20 °C, 16 i Determined by GC Acetaldehyde (0.1 equiv).
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t-BUOOH was found to be the best oxidizing agent for this reactiabl€T17).
As in the case of molecular oxygen, low yields were obtained (entry 1). In thaqgeede
additives such as NaBFacetaldehyde which generates peracetic atigitu with
molecular oxygen, or both NaBRnd acetaldehyde, product yield was increased to a
little bit higher compared with no additive (entry 2-4). Sodium peteo@dalQ,) showed
no reaction with complexXd80 under the similar reaction condition (entry 5-6). 3-
Chloroperoxybenzoic acid(CPBA) only or with NaBE as additive also led to low
yields (entry 7-8). Hydrogen peroxide fBt) gave low yields. Addition of NaBFto
H,0, reaction gave similar yield (entry 9 and 10). Peracetic @itCOs;H) was found
to be slightly increase activity compared to other oxidants, but in loeter gpmpared to
t-BuOOH (entry 11-12). WhenRBuOOH was used as oxidizing agent in this reaction, it
exhibited highest activity with comple80 under similar reaction condition. When NaBF
was added as additive, product yield was not changed compared to éhef casalyst
only. From these result$;BuOOH was the best oxidizing agent with comp&in
agueous solution and oxidation reaction witBuOOH in presence 080 was not

affected from NaBE

4.2.3 Reusability of the Cationic Ruthenium Complex in Aqueous Solution

Salient features of water-soluble catalyBtare that it retains significant activity
after repeated runs, and it can be readily separated from tt®meaixture by simple
extraction. In this series of oxidations, ethylbenzene wasetteahder standard
conditions (1.0 mol% 080, 3.0 mol% NaBFE, 3.0 equiv oft-BuOOH, in 3.0 mL water)

to afford their corresponding oxidizing products in 90% vyield (eq 8Epllowing
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extraction of products with diethyl ether, the aqueous layer tr@first reaction was
reused with additional substrate and oxidizing agent. The second ance#atidns were
performed with the similar reaction condition and these reaction gawparable yields
(2" 71%, 3 61%). Subsequently, we found that resultant aqueous layer from the
second reaction was able to catalyze another oxidation. Even thougkltiseof second
and third time were diminished, the oxidation of ethylbenzene by ex8plin aqueous

condition showed reusability of the catalyst.

O
0,
©/\ + t-BuOOH 80 (1 mol%) ©)‘\ (82)
H,O (2 mL)
(2 mmol) (3 equiv) 20 C
GC Yield (%)

1st 90
2nd 71
3rd 61

4.3 Reaction Scope

The scope of the oxidation of alkanes was explored in order to deatentte
synthetic utility of complex80. We examined various benzylic compounds and cyclic
alkanes by using these optimized conditions. In general, the C-H boddtion of
benzylic compounds occurred smoothly at room temperature to givettre kgoducts
(Table 18).

Ethylbenzene and its derivatives are oxidized at the benzycbGnds to give

acetophenone and its derivatives selectively (entry 1-3). Rrepzgne was converted to
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its corresponding-position ketone85d with good vyield (entry 4). The formation of C-C
bond cleavage product for isobutylbenzene is reminiscent of the oxidaactiore
promoted by transition metal complexes (entry 5), where benzybuigal species has
been implicated for the C-C bond cleavage reactions of alkylbenZehee oxidation of
tertiary benzylic C-H bond is favored over the primary oneswe tfie alcohol products
(entry 6). 2-Ethylnaphthalene produced to their corresponding ketonghier lyiield than
ethylbenzene and their derivatives (entry 7). Indan was oxidizédhigh conversion
and converted selectively to their corresponding ketones, whichiadaidene and 2,3-
dihydro-3-hydroxyindan-1-one, with moderate yield in 2 h (entry 8lofene and
diphenylmethane can be readily converted into the correspondimuekan high yield in
short reaction time (entries 9 and 11).

In contrast, the dehydrogenation prod@&& was favored over the oxidation
product85m for the 9,10-anthracene case (entry 10). Functionalized aléydaéme such
as xanthene was also oxidized with 95% yield (entry 12). Thdabtan of cyclic alkenes
was found to be sluggish, giving only modest conversions under the rsrealetion

conditions (entries 13-15).
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Table 18. Aqueous Phase C-H Bond Oxidation of Arylalkahes.

entry substrate products t(h) convn (%) yield (%)°
o)
1 85a X =H 16 95 83(90)
2 O/\ 86b X=OMe 16 97 87(95)
3 X X o 85c X=Cl 16 87 77(83)
4 ©/v ©)\/ 85d 16 88 72(80)
o)
) ©)v @J\ 85e 24 56 41(47)
OH OH
6 16 920 74(80)°
85f 85g = (3:1)
0,C
7 85h 16 94 89(90)
o) o]
8 ©ﬁ @ﬁ @i 5i:85j = (8.5:1) 2 >99 80(90)¢
o) OH
” caeh AL
o)
oD 2w
(0] O 851:85fm = (4:1)
1 85n 2 9 82(88)
o)
10 850 2 >99  87(95)
¢) o)
o) OH
13 O @ @ 24 33 -(29)f
85p:85q = (3:1)
Q OH
14 O/ 6/ O/ 31 (28
HO 85r:85s = (1:1)
15 O O 24 66 54(62)

85t:85u = (15:1)

@ Reaction conditions: substrate (1.0 mmsBuOOH (3.0 mmol, 70 wt% in water$0
(1.0 mol%), HO (3 mL), 20-22 °C" Isolated product yields. The GC product yields are
listed in parenthesi$.Less than 5% of benzaldehyde derivative is forfiédve present

of 1,3-indandione is formed. Substrate was dissolved in 1 mL of &H. " Products
were not isolated due to low conversion and difficulty in separation.
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4.4 Mechanistic Studies

4.4.11sotope Effect Study

As mention in above, th&y/kp value between radical-caged and free radical
mechanism showed different feature (Table 15). The radical-cagmdhanism was
usually obtained by higher isotope effeki/kp) than free radical mechanism. But, both
mechanisms indicate that the C-H bond breaking is the rate detagnsiteip. To learn
more about the isotope effect of our system, the oxidation of ethylbenzirteBuMOOH
and ethylbenzendr, with t-BuOOH were performed separately, and the reaction rates
were determined by GC. A significant isotope effect was obdefwethe C-H bond
oxidation reaction of ethylbenzene and ethylbenzkpefhe pseudo-first order plots of
the catalytic reaction of both ethylbenzene and ethylbendgneith t-BuOOH, at room
temperature led to ks = 2.1 x 10 ht andkys = 1.5 x 1G h?, respectively, from
which aku/kp = 14 £ 0.1 was obtained (Figure 30). This result indicateshbatléavage
of the C-H bond is the rate-limiting step in the overall ieacmechanism and this value

is similar with radical caged mechanism.
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HH o
©)<CH3+ t-BUOOH 80 (1 mol%) ©)J\CH3
(3 equiv) H,0,20 C 85a
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Figure 30. First-OrderPlots of 4n([ethylbenzene]ethylbenzeng) vs Time for C-H
Bond Oxidation Ractior of Ethylbenzened| or Ethylbenzeneh, (o) with t-BuOOH.
4.4.2 Hammett Study

Hammett studies cpara-substituted ethylbenzene substrates were perfotm
determine the electronic effects on arylalkane tates during (-H bond oxidatior
reaction. The reaction rate was found to be corslde accelerated by etlbenzene
containing electron donating groups. The Hammetiretation of para-substituted
ethylbenzene substratpsX-CgH,CH,CH3; (X = OMe, CH, H, F, CI) led top =-1.1 +
0.1 (Figure 31). The negative value pfindicates considerable cationic charact« the
transitionstate. The observadvalue is substantially higher than the oxidatieaation

catalyzed by free radical species sucht-BuOe andt-BuOQOe ( = -0.4 to -0.6), but
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somewhat lower than the ones catalyzed by 3)RuChL/t-BuOOH andcytochrome P-
450 and their synthetic model systemps=(-1.3 to -1.6):* A relatively high-p value
suggested of a substantial charge transfer froreta-oxo species to the substrate dur

the CH bond cleavage ste¢
O
+
X (3 equiv) H,O,20C x

(X = OMe, CHs, H, F, C)

© o5 o
w B~
1
;

o
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+—t
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log (k,/k,)
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Figure 31. Hammett plc of the C-H Bond Oxidation &ction ofpara-Substituted
Ethylbenzene SubstratpsX-CgH4CH,CH3; (X = OMe, CH;, H, F, Cl)with t-BuOOH.
4.4.3Detection of Catalytically Active Specie

The initially inactive neutral ruthenium compl@82 became an active catal
upon addition of NaB, for the oxidation reaction. This fact and a relelyv low

Ru(ID/Ru(lll) redox potential (o = +0.22 V) clearly indicate that the cat
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ionic Ru(lll) complex 80 is catalytically active species for the oxidatioeaction

(Figure.30)'®

1 08 06 04 02 0 02 04 -06 -08 -1
E(

Figure 32. Cyclic Voltammogram 080 in CH,Cl,.

The observation of a strong meto-ligand charge transfer (MLCT) band at &
nm (dt-7*) from the reaction mixture ¢82 with t-BuOOH and NaBFalso supports the
formation of a Ru(lll) spcecies which gives simitaeta-to-ligand charge transfer bal
at 360 nm (d-7*) (Figure 33). The data are most consistent witfs@ven-carged”
oxygen rebound mechanism of Klimiting C-H oxidation step from a Ru(l*-oxo
specie$®®"1%From U\Lvis spectra and relatively low redox potentiae expected th:
when complex82 was added in the reaction solution wt-BuOOHand NaBl,;, complex
80 was generateth situ from 82 and cationic Ru(lll) comple80 acted as catalyst

precursoiin oxidation of alkane
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Figure 33. UV-vis spectra 082 (20 uM), 82 (20 uM)/t-BuOOH @0 equiv/NaBF,;, and
80 (20 uM) in water.

4.5Proposed Mechanisr

Regarding ongoing controversy surrounding the reaanechanism of Gtype
oxidations, pathways involving me-oxo specie®r oxygenated free radicals have b
proposed. It isifficult to differentiate these two mechanispiossibilities partly because
many reports describing the relatireactivity of discrete metalxo complexes towar
different saturated € bonds. For our catalytic system, we proposed riiiaieniun-oxo
species87 which is similar with Gi-type metal oxo speciggenerated from alkylpero-
Ru(lll) complex86 by heterolytic cleavage of the-O bond, is the active species fc-H
bond oxidation of alkanes. This mechanism is simiAtdh Murahast’s RuCh(PPh)s’'s
mechanisnt® Another possibility is concerted mechaniwithout formation of radice

intermediate based on proton tunneling. But, formechanism is widely accepted in

literature.
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While the detailed reaction mechanism for the oxidation of alkeaetyzed by
80 still remains unclear at this stage, a plausible mechanistongplied as shown in
Scheme 28. Initially, the reaction of Ru(ll) compEXwith t-BuOOH and NaBFled to
generation of catalytically active cationic Ru(lll) compl@0. We were able to isolate
cationic Ru(lll) complex80 from the oxidation reaction and confirmed their molecular
structure by X-ray diffraction analysis. These results saeicthat cationic Ru(lll)
complex80is an active catalyst for the C-H bond oxidation reaction.

We propose that the Ru(lll) compl&0 would react witht-BuOOH to give the
alkylperoxo-Ru(lll) complex86. This is consistent with previous cases containing
alkylperoxo-metals which can promote oxidation of hydrocarbons aadvable
intermediate in catalytic oxidation of hydrocarbons with RO®H Alkylperoxo-Ru(lll)
complex 86 subsequently undergoes heterolytic cleavage of the O-O bond to give
Ru(IV)-oxo speciesB7. The deuterium isotope effect was examined for oxidation of
ethylbenzene and ethylbenzemhg-catalyzed by80. The ky/kp value was determined to
be 14 £ 0.1 by means of GC analysis and this value indicates tHdtddd breaking is
the rate-determining step. This larggg/kp value is similar to that obtained for the
oxidation with cytochrome P450 and Murahashi system (Table 15). Haweahee p = -

1.1) is slightly lower than the ones catalyzed by @fRICL/t-BUuOOH and cytochrome
P-450 and their synthetic model systems=(-1.3 to -1.6), but substantially higher than
the oxidation reaction catalyzed by free radical species sueBwO* andt-BuOC (p =
-0.4 to -0.6) (Table 15¥ A relatively high p value suggested of a substantial charge
transfer from a metal-oxo species to the substrate during theb@aHl cleavage step.

These proposed mechanisms invoked metal-oxo complexes as reaetiueedates in
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oxidation of hydrocarbons. Abstraction of a hydrogen atom from an alkgnine
intermediate87 would form the caged comple&8, bearing an alkyl radical and a
hydroxo-Ru(1V) intermediat®&8. The fact that a radical scavenger TEMPO (10 mol%)
did not significantly affected the rate of the oxidation reactlea supports the notion of

a solvent-caged mechanism (eq 83).

O
3 80 (1 mol%)
©/\ , BUOOH ©)\ 3
(3 equiv)  H,O/n-hexanes
20C, 24 h
Yield (%)

TEMPO 0 mol% 40
TEMPO 5 mol% 34
TEMPO 10 mol% 34

ROO-Bu which is usually generated at free radical mechanismneidetected
from oxidation of alkanes catalyzed 89.*° Transfer of the hydroxyl ligand to the caged
alkyl radical would afford an alcohol and the ruthenium(ll) spe8&s complete the
catalytic cycle. Further oxidation of secondary alcohol thus forngegks the
corresponding ketones under the reaction condition. From these data, wst shggthe
active species of th80/t-BuOOH system is oxo-ruthenium species, not free radical
species.

The detailed reaction mechanism for the oxidation of alkanelyzadaby80 still
remains to be established. Detailed mechanistic studies of thasBons study are

currently underway.
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Scheme 28
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5. Conclusions

We have successfully synthesized ruthenium complexes containing ingazol
ligands which have been fully characterized both spectroscgopéaradl analytically. The
cationic Ru(lll) complex80 was found to be an effective catalyst for the oxidation of
saturated C-H bonds in aqueous condition. While high valent metal-oxo spesie
been invoked in both nonheme and Gif-type oxidation, catalytic C-H bond axidati
reactions mediated by well-defined cationic Ru(lll) complexesehaeen rarely
reported-® Efforts to extend the scope of oxidation reaction as well asatuge of active

species are currently underway.
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Chapter V
Experimental Section

General Information. All operations were carried out in an inert-atmosphere glove box
or by using standard high vacuum and Schlenk techniques unleswsis¢h@oted.
Tetrahydrofuran, benzene, hexanes angDBEwere distilled from purple solutions of
sodium and benzophenone immediately prior to use. The NMR solvents neerdérdm
activated molecular sieves (4 A). All organic substrate® weeived from commercial
sources and used without further purification. THe?H, **C and*P NMR spectra were
recorded on a Varian 300 or 400 MHz FT-NMR spectrometer. Massrapeete
recorded from a Agilent 6850 GC/MS spectrometer. The conversion afiorgroducts
was measured from a Hewlett-Packard HP 6890 GC spectrom@&téR $pectra were
recorded on Perkin EImer Spectrum 100. High resolution El massgpests obtained
at the Center of Mass Spectrometry, Washington Universityl dsiis, MO. Elemental

analysis was performed at the Midwest Microlab, Indianapolis, IN.

For Chapter 2

Representative Procedure of theCatalytic Reaction. In a glove box, comple26 (15
mg, 25umol), an arylamide (0.5 mmol) and an alkene (2.5 mmol) were dissotved
CH.CI, (2 mL) in a 25 mL Schlenk tube equipped with a Teflon screw capatb@nd

a magnetic stirring bar. The tube was brought out of the box, asdtimed for 5 h in an
oil bath set at 80 °C. After the tube was cooled to room temperahe solution was
filtered through a short silica plug (hexanes/EtOAc = 2:1)iinamd the filtrate was
analyzed by GC. Typically, the product mixture 2f and 28 was not separable by
column chromatography, and was subjected to the hydrogenation retotastain
isolated yield of the products. The treatment of the crude produtirewith H, (1 atm)

in the presence d6 (15 mg, 5 mol %) in chlorobenzene at 110 °C for 2 h led to the
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clean formation of the hydrogenated prodB8t Analytically pure organic product was

isolated after a column chromatography on silica gel (hexanes/EtOACc).

Synthesis of 29. In a glove box, the tetrameric ruthenium complex
{[(PCy3)(CO)RUH](u-O)(u-OH}} (4) (200 mg, 0.12 mmol) andN,N-dimethyl-2-
naphthamide were dissolved in & (5 mL) in a 25 mL Schlenk tube equipped with a
Teflon screw cap stopcock and a magnetic stirring bar. Thewabdrought out of the
box, and HBE-OE% (64 uL, 0.48 mmol) was added under Stream. The color of the
solution was changed from dark red to green immediately. Atiteng for 1 h at room
temperature, the solvent was removed under vacuum, and the resideeasiae] by
adding hexanes (10 mL). Filtering the resulting solid throughiteedr funnel and
recrystallization from CkCl,/hexanes yielded the product as a light green powder (210
mg, ca. 60% yield, estimated purity iy NMR ~80%; contained 2 other minor isomers
(~20%)).

Spectroscopic data for the major isomer2éf *H NMR (CD.Cl,, 400 MHz)$ 7.9-7.4

(m, 7H, Ar), 3.18 and 3.02 (s, 3H, N(@h, 2.0-1.2 (m, PGy, -21.2 (br, Ru-H);
¥c{*H} NMR (CD.Cl,, 100.5 MHz)$ 197.6 (d,Jcp = 18.2 Hz, Ru-CO), 178.7
(CON(CHy),), 134.8, 132.9, 129.6, 129.2, 128.9, 128.4, 128.0 and 123.9 (Ar), 38.9
(N(CHg)y), 38.6 (CH), 35.1 (N(CH)2), 32.1, 30.9, 30.4, 29.9, 28.0, 26.8, 26.2 {CH
31p{'H} NMR (CD.Cl, 161.8 MHz)s 74.4 (PCy); IR (CD:Cly) veo = 1930, 1585 cih

Synthesis of 30aln a glove box, comple9 (100 mg, 0.14 mmol) and cyclopentene
(100 mg, 1.5 mmol) were dissolved in &H, (5 mL) in a 25 mL Schlenk tube equipped
with a Teflon screw cap stopcock and a magnetic stirringTdae color of the solution
was changed from green to orange immediately. After stirrmmg If h at room
temperature, the solvent was removed under vacuunm-aeganes (10 mL) was added

to the residue. The resulting solid was filtered through a frittedel and recrystallized
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from CH,Cly/hexanes to yield the product as a pale yellow powder (90 mg, 828}. yie
Single crystals oB0a suitable for X-ray crystallography were obtained from,CkIn-
pentane solution.

For 30a *H NMR (CD.Cl,, 400.0 MHz)$ 8.45 (s, 1H, Ar), 8.06 (m, 1H, Ar), 7.94 (m,
2H, Ar), 7.72 (m, 2H, Ar), 5.46 (s, G€CH,) 3.38 (s, 3H, N(CH)), 3.31 (m, 1H, CH),

3.17 (s, 3H, N(Ch),), 3.08 (m, 1H, Ch), 2.81 (m, 2H, Ch), 2.0-1.8 (br, 6H, PGy,

1.82 (m, 2H, CH), 1.8-0.6 (br, 27H, PGy, -19.6 (d,Jpy = 21.8 Hz, Ru-H)*C{*H}

NMR (CD.Cl,, 100.5 MHz)& 201.2 (d,Jcp = 15.4 Hz, Ru-CO), 174.3CON(CHb)y),
136.4, 135.2, 132.4, 130.7, 130.5, 130.3, 129.4, 129.2, 128.3 and 117.8 (Ar), 115.5 (d,
Jep = 5.1 Hz, Ru-C), 104.7 (dlcp = 11.6 Hz, Ru-C), 42.4 (N(GH), 37.6 and 37.5
(CH,), 37.3(N(CH),), 34.6 and 34.4 (CH), 30.4, 30.0, 28.1, 28.0, 27.9, 27.8, 26.4 and
21.0 (CH); **P{*H} NMR (CD.Cl,, 161.8 MHz)5 65.4 (PCy); IR (CD,Cl,) vco = 1948,

1600 cnt; Anal. Calcd for GsHssBClL.FsNO,PRu: C, 53.85; H, 6.54. Found: C, 53.51;
H, 6.48.

Phosphine Inhibition Study. In a glove box, compleX6 (15 mg, 25umol), an
CeHsCONE® (0.5 mmol) and an alkene (2.5 mmol) were dissolved igGH2.0 mL) in

a 25 mL Schlenk tube equipped with a Teflon screw cap stopcock aagreetic stirring
bar. For phosphine inhibition study, PC{ ~ 6.3 mol%) was added to the reaction
mixture. The tube was brought out of the box, and was stirred for 5 hoiih [zath set at
80 °C. After the tube was cooled to room temperature, the solutionligesdf through a

short silica plug (hexanes/EtOAc = 2:1) in air, and the filtrate wayzathby GC.

Deuterium Isotope Effect Study.In a glove box, compleX6 (17 mg, 30umol),
CeHsCONERL (177 mg, 1.0 mmol) or fDsCONE® (182 mg, 1.0 mmol) and cyclopentene
(0.09 g, 5 mmol) were dissolved in gEl, (5.0 mL) in a 25 mL Schlenk tube equipped

with a Teflon screw cap stopcock and a magnetic stirring baer Alfie solution was
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stirred at room temperature for 10 min, an equal amount of thécsol1.4 mL) was
divided and placed in 5 different Schlenk tubes. The tubes were brougbit thet box,
and were stirred for 25 min in an oil bath set at 80 °C. Egattion tube was taken out
from the oil bath in 5 min intervals, and was immediately cooled iy &dfacetone bath.
After filtering through a small silica gel column (hexan¢®/&c = 2:1), the solution was
analyzed by GC. Thie,,swas determined from a first-order plotinf27h + 28h] vs time

as measured by the appearance of the pro@udbtand28h by GC.

Deuterium Labeling Study. In a glove box, comple26 (15 mg, 25umol), N,N-diethyl
benzamideds (CsHsCONEb, 91 mg, 0.50 mmol) and cyclopentene (0.17 g, 2.5 mmol)
were dissolved in C¥Cl, (2 mL) in a 25 mL Schlenk tube equipped with a Teflon screw
cap stopcock and a magnetic stirring bar. The tube was brought ¢t lobx, and was
stirred for 1 h in an oil bath set at 80 °C. The tube was olratedy cooled and was open
to air. After filtering through a short silica gel column (hess/EtOAc = 2:1), the
conversion was determined by GC. Both unreacted cyclopedieared cyclopentands
were collected separately via a vacuum transfer. The produairenck27h-d, and28h-

d, and unreactedtll,N-diethyl benzamidek, was separated by a column chromatography

on silica gel (hexanes/EtOAc), and each was analyzed by#athd’H NMR.

Carbon Isotope Effect Study.In a glove box, complexX6 (0.23 g, 0.4 mmol),
CsHsCONE®L (1.4 g, 8.0 mmol) and cyclopentene (2.72 g, 0.04 mol) were dissolved in
CH.Cl> (32 mL) in a 100 mL Schlenk tube equipped with a Teflon screw ootk

and a magnetic stirring bar. The tube was brought out of the boweamnstirred in an oil
bath at 80 °C for 5 h. The tube was cooled to room temperature and was open terair. Af
filtering through a small silica column (hexanes/EtOAc = 2the conversion was
determined by GC (78%, 80% and 82% conversion). UnreacteiCONEL was

separated by a column chromatography on silica gel (hexanés/Et@ “*C{'H} NMR
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analysis.

The °C NMR analysis of the recovered and virgin samples gflsCONEbL was
performed by following Singleton’C NMR method (ref. 9 in the main text). The NMR
sample of virgin and recoveredsHzCONEL was prepared identically by dissolving
CsHsCONERL (100 mg) in DMSQOdg (0.5 mL) in a 5 mm high precision NMR tube. The
3c{*H} NMR spectra were recorded with H-decoupling and 45 degree p#isé8.s
delay between pulses was imposed to miniriizeariations (d1 =60 s, at=5.0s, np =

245098, nt = 706).

VT NMR Study for the Reaction of 26 withN,N-dimethyl-2-naphthamide. In a glove
box, complex26 (50 mg, 87umol) andN,N-dimethyl-2-naphthamide (17 mg, 8mol)
were dissolved in CECl, (0.5 mL) in a thich wall J-Young NMR tube. The tube was
allowed to equilibrate for 30 min before the NMR analysis. Thepkatbe was inserted
into the NMR probe. The equilibrium constants were determined fronphtbsphorus
integration of26 and 29 by *P NMR in the temperature range 30 to 60 °C (10 °C
intervals). The sample was allowed to equilibrate for 10-15 min éefioe data

acquisition at each temperature.

Characterization Data of Organic Products

For28a *H NMR (400 MHz, CDGJ) & 7.2-7.0 (m, 4H, Ar), 3.04 (s, 3H, N(GH), 2.90

(m, 1H, ArCH), 2.72 (s, 3H, N(C§b), 2.0-1.4 (br, 8H, Ch); **C{*H} NMR (100 MHz,
CDCly) & 171.7 (CO), 142.8, 136.4, 128.9, 126.3, 125.7 and 125.4 (Ar), 42.3 (ArCH),
38.9 (N(CHy),), 35.4 (CH), 34.5 (CH), 34.4 (N(CH),), 25.7 (CH); GC-MSm/z= 217
(M™); Anal. Calcd for G4H19NO: C, 77.38; H, 8.81. Found: C, 77.49; H, 8.70.
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For 28b: *H NMR (400 MHz, CDCY) & 7.2-6.9 (m, 3H, Ar), 3.08 (s, 3H, N(G}), 2.91

(m, 1H, CHCHCH,), 2.78 (s, 3H, N(CH),), 2.25 (s, 3H, Ch), 1.7-1.3 (br, 8H, Cb);
3c{*H} NMR (100 MHz, CDC}) & 171.9 (CO), 139.6, 136.4, 135.3, 129.7, 126.3 and
125.9 (Ar), 42.1 (CHCHCH,), 38.9 (N(CH),), 35.5 (CH), 34.5 (CH), 34.4 (N(CH)2),
25.6 (CH), 20.8 (CH); GC-MSm/z= 231 (M); Anal. Calcd for G4sH1gCINO: C, 77.88;

H, 9.15. Found: C, 78.57; H, 9.32.

For 28c 'H NMR (400 MHz, CDCJ) & 7.2-7.0 (m, 3H, Ar), 3.03 (s, 3H, N(GH), 2.85

(m, 1H, CHCHCHy), 2.75 (s, 3H, N(CH),), 2.1-1.4 (br, 8H, Ch; **C{*H} NMR (100
MHz, CDCk) & 170.1 (CO), 141.5, 138.0, 134.4, 129.0, 128.1 and 125.4 (Ar), 41.9
(CH,CHCHy), 38.9 (N(CH),), 35.5 (CH), 34.6 (N(CH),), 34.5 (CH), 25.7 (CH); GC-

MS m/z= 251 (M); Anal. Calcd for GsH1gCINO: C, 66.79; H, 7.21. Found: C, 67.20; H,
7.34.

For 28d: *H NMR (400 MHz, CDC}) § 7.0-6.6 (m, 3H, Ar), 3.70 (s, 3H, OGH3.02 (s,
3H, N(CH)2), 2.92 (m, 1H, ArCH), 2.74 (s, 3H, N(GH), 1.9-1.4 (br, 8H, Ch;
3c{*H} NMR (100 MHz, CDC}) & 171.6 (CO), 159.8, 144.8, 129.0, 126.8, 112.0 and
110.6 (Ar), 55.0 (OCHh), 42.3 (ArCH), 38.9 (N(CH),), 35.0 (CH), 34.5 (N(CH),), 34.4
(CHy), 25.6 (CH); GC-MS m/z= 247 (M); Anal. Calcd for GsH2:NO,: C, 72.84; H,
8.56. Found: C, 72.68; H, 8.55.

For 28e 'H NMR (400 MHz, CDC}) 6 7.2-7.0 (m, 3H, Ar), 3.02 (s, 3H, N(GH), 2.91

(m, 1H, ArCH), 2.72 (s, 3H, N(C§b), 2.0-1.4 (br, 8H, Ch); **C{*H} NMR (100 MHz,
CDCl;) & 170.5 (CO), 145.5, 134.8, 134.6, 126.9, 126.6 and 125.8 (Ar), 42.1 (ArCH),
38.7 (N(CH)2, 35.2 (CH), 34.4 (N(CH),), 34.3 (CH), 25.6 (CH); GC-MSm/z= 251
(M™); Anal. Calcd for G4H1sCINO: C, 66.79; H, 7.21. Found: C, 66.83; H, 7.30.
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For 28f: 'H NMR (400 MHz, CDCJ) & 7.2-7.0 (m, 4H, Ar), 6.73 and 5.98 (s, NH3.32
(m, 1H, CHCHCH,), 2.0-1.4 (br, 8H, Cb); **C{*H} NMR (100 MHz, CDC}) & 173.6
(CO), 144.4, 136.2, 130.1, 126.7, 126.5 and 125.5 (Ar), 41.8,GBEH,), 35.3
(CHCH,), 25.9 (CH); GC-MSm/z= 189 (M); Anal. Calcd for G,H1sNO: C, 76.16; H,
7.99. Found: C, 76.31; H, 7.88.

For 28g 'H NMR (400 MHz, CDCJ) & 7.2-7.0 (m, 4H, Ar), 6.28 (d] = 3.9 Hz, 1H,
NH), 3.18 (m, 1H, ArCH), 2.71 (d} = 4.9, Hz, NH®5), 2.0-1.4 (br, 8H, Ch); **C{*H}

NMR (100 MHz, CDC}) & 171.5 (CO), 144.3, 140.0, 129.7, 126.41, 126.40 and 125.4
(Ar), 41.8 (ArCH), 35.1 (CigH.), 26.5 (NCH), 25.8 (CH); GC-MSm/z = 203 (M));
Anal. Calcd for GsH1/NO: C, 76.81; H, 8.43. Found: C, 76.58; H, 8.18.

For 28h: *H NMR (400 MHz, CDCY) & 7.2-7.0 (m, 4H, Ar), 3.68 (m, 1H, NKGCHs).),

3.37 (M, 1H, N(&1,CHs),), 3.03 (m, 2H, N(€l,CHs)2), 2.92 (m, 1H, ArCH), 2.0-1.4 (br,
8H, CHb), 1.15 (t,J = 6.8 Hz, 3H, CHCHS3), 0.93 (t,J = 6.8 Hz, 3H, CHICH3); “°*C{H}

NMR (100 MHz, CDC}) & 170.9 (CO), 142.6, 136.8, 128.7, 126.1, 125.5, and 125.1
(Ar), 42.7 (NCH.CHs),), 42.2 (ArCH), 38.4 (NTH,CHs),), 35.5 (CH), 34.4 (CH),

25.8 (CH), 25.6 (CH), 13.8 (N(CHCHa),), 12.6 (N(CHCHs),); GC-MS m/z = 245
(M™); Anal. Calcd for GeH2:NO: C, 78.32; H, 9.45. Found: C, 78.10; H, 9.23.

For 28i: '"H NMR (400 MHz, CDCY) § 7.3-7.1 (Ar), 6.97 (m, 1H, Ar), 6.35 (br, 1H, NH),
4.38 (m, 2H, NHE,Ar), 3.17 (m, ArCH), 1.9-1.3 (br, 8H, G} *C{*H} NMR (100

MHz, CDCk) & 170.5 (CO), 144.2, 138.3, 136.8, 129.8, 128.6, 127.7, 127.4, 126.5, 126.4
and 125.4 (Ar), 43.6QH.Ar), 41.8 (ArCH), 35.1 (Ch), 25.7 (CH); GC-MSm/z= 279

(M™); Anal. Calcd for GgH,:NO: C, 81.68; H, 7.58. Found: C, 81.72; H, 7.38.
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For 28j: 'H NMR (400 MHz, CDC}) & 7.66 (s, 1H, NH), 7.4-7.0 (m, 10H, Ar), 3.30 (m,

1H, ArCH), 1.98 (br, 2H, CbJ, 1.7-1.5 (br, 6H, Ch); **C{*H} NMR (100 MHz, CDC})

8 168.8 (CO), 144.8, 138.2, 137.1, 130.4, 129.2, 126.9, 126.5, 125.7, 124.5 and 119.9
(Ar), 42.0 (ArCH), 35.3 (CH), 25.9 (CH); GC-MS m/z = 265 (M); Anal. Calcd for
C1eH10NO,: C, 81.47; H, 7.22. Found: C, 81.61; H, 7.11.

For 28k: *H NMR (400 MHz, CDCJ) & 7.4-6.8 (m, 9H, Ar), 7.35 (br, 1H, NH), 3.73 (s,
3H, OCH), 3.34 (m, 1H, ArCH), 2.05 (br, 2H, GH 1.78-1.5 (br, 6H, Ch; “*C{*H}
NMR (100 MHz, CDC}) § 168.7 (CO), 156.7, 144.9, 137.2, 131.3, 130.4, 127.0, 126.5,
125.8, 121.8 and 114.4 (Ar), 55.5 (O§H42.0 (ArCH), 35.4 (Ch), 26.0 (CH); GC-MS
m/z= 295 (M); Anal. Calcd for GgH»1NO,: C, 77.26; H, 7.17. Found: C, 77.05; H, 7.02.

For 28l: '"H NMR (400 MHz, CDCJ) § 7.87 (s, 1H, NH), 7.4-7.2 (m, 9H, Ar), 7.05 (m,
1H, Ar), 3.25 (m, 1H, ArCH), 1.94 (br, 2H, GH1,72-1.5 (br, 6H, CH; **C{*H} NMR

(100 MHz, CDC}) & 169.1 (CO), 144.7, 136.8, 136.6, 130.4, 129.3, 129.0, 126.9, 126.4,
125.7 and 121.3 (Ar), 42.0 (ArCH), 35.2 (§H25.9 (CH); GC-MS m/z= 299 (M);

Anal. Calcd for GgH1gCINO: C, 72.11; H, 6.05. Found: C, 71.84; H, 6.10.

For 28m: 'H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 4H, Ar), 3.11 (s, 3H, N(GH), 2.79

(s, 3H, N(CH)-), 2.47 (m, 1H, CHCHCH,), 1.9-1.2 (br, 10H, Ch; “*C{*H} NMR (100
MHz, CDCkL) & 171.7 (CO), 144.1, 136.1, 128.9, 126.7, 126.0 and 125.8 (Ar), 41.5
(CH,CHCH,), 39.0 (N(CH)), 34.8 (CH), 34.7 (N(CH),), 34.0 (CH), 27.1 (CH), 26.9
(CHy), 26.2 (CH); GC-MSm/z= 231 (M)"); Anal. Calcd for GsH»NO: C, 77.88; H,
9.15. Found: C, 77.84; H, 9.01.

For28n: *H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 4H, Ar), 3.11 (s, 3H, N(GH), 2.77
(s, 3H, N(CH),), 2.58 (m, 1H, CHCHCH,), 1.9-1.4 (br, 12H, CH; “*C{*H} NMR (100
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MHz, CDCk) 6 171.7 (CO), 146.0, 135.3, 129.1, 126.7, 125.7 and 125.6 (Ar), 43.3
(CH,CHCH,), 38.9 (N(CH),), 37.1 (CH), 36.0 (CH), 34.6 (N(CH),), 28.2 (CH), 27.7
(CHy), 27.3 (CH); GC-MSm/z= 245 (M); Anal. Calcd for GgH2aNO: C, 78.32; H, 9.45.
Found: C, 78.10; H, 9.23.

For 280 *H NMR (400 MHz, CDGJ) & 7.2-7.0 (m, 10H, Ar), 6.17 (br, 1H, NH), 4.45 (d,
J = 6.0 Hz, 2H, NH®Ar), 2.95 (m, 1H, ArCH), 1.73 (m, 2H, G} 1.6-1.3 (m, 10H,
CH,); *C{*H} NMR (100 MHz, CDC}) § 170.5 (CO), 147.6, 138.5, 135.5, 130.0, 128.8,
128.0, 127.6, 126.9, 126.4 and 125.4 (Ar), 4&BAAr), 42.3 (ArCH), 36.9 (Ch), 27.8
(CHyp), 27.4 (CH); GC-MS m/z = 307 (M); Anal. Calcd for GgH-1NO: C, 82.04; H,
8.20. Found: C, 82.01; H, 7.99.

For 28p: 'H NMR (400 MHz, CDCY) § 7.3-7.0 (m, 4H, Ar), 3.07 (s, 3H, N(GH), 2.77

(s, 3H, N(CH),), 2.74 (m, 1H, ArCH), 1.8-1.5 (br, 14H, GH"*C{*H} NMR (100 MHz,
CDCly) & 171.7 (CO), 146.4, 135.3, 128.9, 126.9, 125.6 and 125.4 (Ar), 40.0 (ArCH),
38.8 (N(CH)), 35.3 (CH), 34.5 (N(CH),), 26.8 (CH), 26.7 (CH), 26.6 (CH), 26.5
(CHy), 25.6 (CH); GC-MS m/z = 259 (M); Anal. Calcd for G;H.sNO: C, 78.72; H,
9.71. Found: C, 78.67; H, 9.67.

For28g: *H NMR (400 MHz, CDCY) & 7.3-7.0 (m, 4H, Ar), 3.02 (s, 3H, N(Gl), 2.71
(s, 3H, N(CH)2), 2.41 (br, 2H, EI,CH(CH),), 1.81 (m, 1H, CHCH(CHs;),), 0.80 (dJ =
6.7 Hz, 6H, CH); **C{*H} NMR (100 MHz, CDC}) & 171.4 (CO), 138.0, 136.6, 130.1,
128.5, 126.0, and 125.8 (Ar), 42QH,CH(CHs),), 38.7 (N(CH),), 34.5 (N(CH),), 29.3
(CH,CH(CHs),), 22.6 (CHCH(CHs),); GC-MS m/z = 205 (M); Anal. Calcd for
C13H1NO: C, 76.06; H, 9.33. Found: C, 75.82; H, 9.34.
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For 28r: '"H NMR (400 MHz, CDC)) & 7.3-7.0 (m, 9H, Ar), 3.12 (br, 2H,
CH,CH(CHs)Ph), 3.01 (br, 3H, N(CH},), 2.77 (t,J = 6.5 Hz, 1H, CHCH(CHs)Ph), 2.65

(br, 3H, N(CH),), 1.21 (d,J = 6.5 Hz, 3H, CHCHCH3(Ph)); *C{*H} NMR (100 MHz,
CDCl3) 6 171.0 (CO), 146.6, 137.2, 136.3, 130.2, 128.3, 128.1, 126.8, 126.0, 125.9 and
125.8 (Ar), 41.9 CH,CHCHg(Ph)), 40.8 (CHCHCHj;(Ph)), 38.3 (N(CH),), 343
(N(CHs),), 21.4 (CH); GC-MSm/z= 267 (M); Anal. Calcd for GgH,:NO: C, 80.86; H,

7.92. Found: C, 80.57; H, 7.90.

For 28s 'H NMR (400 MHz, CDCY)  7.2-7.0 (m, 4H, Ar), 3.04 (s, 3H, N(GH), 2.73

(s, 3H, N(CH),), 2.47 (br, 2H, Ch), 1.5-1.3 (br, 2H, Cb), 0.82 (s, 9H, C(CH>);
13c{*H} NMR (100 MHz, CDC}) & 171.4 (CO), 139.6, 136.4, 129.5, 128.8, 125.9, and
125.8 (Ar), 45.7 (CHCH,C(CHs)z), 38.8 (N(CH),), 34.5 (N(CH)y), 30.5
(CH,CH2C(CHg)s), 29.2 (CHCH2C(CHs)3), 28.4 CHoCH,C(CHs)2); GC-MSm/z = 233
(M™); Anal. Calcd for GsH23NO: C, 77.21; H, 9.93. Found: C, 76.97; H, 10.08.

For 28t *H NMR (400 MHz, CDGJ) & 7.6-7.3 (m, 6H, Ar), 3.04 (s, 3H, N(GH), 2.68

(s, 3H, N(CR)2), 2.47 (br, 2H, €1,CH(CH;)2), 1.86 (M, 1H, CRHCH(CHs),), 0.81 (d, J =

6.6 Hz, 6H, CHCH(CHs),); *C{*H} NMR (100 MHz, CDC}) & 170.9 (CO), 135.4,
135.0, 132.9, 131.1, 128.4, 127.3, 127.0, 126.3, 1255 and 125.2 (Ar), 42.3
(CH,CH(CHs),), 38.5 (N(CH),), 34.3 (N(CH)2), 28.8 (CH), 22.4 (CH); GC-MSm/z=

257 (M"); Anal. Calcd for G;H21NO: C, 79.96; H, 8.29. Found: C, 79.41; H, 8.11.

For 28u: *H NMR (400 MHz, CDCY) & 7.6-7.3 (m, 6H, Ar), 2.99 (s, 3H, N(G}), 2.66
(s, 3H, N(CH)), 2.57 (br, 2H, Ch), 1.5-1.3 (br, 2H, Ch), 0.84 (s, 9H, C(CH3);
13c{*H} NMR (100 MHz, CDC}) & 171.0 (CO), 137.2, 135.2, 133.4, 131.1, 127.7, 127.5,
127.1, 126.4, 125.6 and 125.2 (Ar), 45.6 ¢CH,C(CHs)s), 38.7 (N(CH).), 34.4
(N(CHa)2), 29.1 (CHCH,C(CHs)s), 28.3 (CHCH,C(CHs)s), 28.4 CH2CH,C(CHy));
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GC-MSm/z= 283 (M); Anal. Calcd for GgHosNO: C, 80.52; H, 8.89. Found: C, 79.92;
H, 8.63.

For 28v: *H NMR (400 MHz, CDGJ) & 7.6-7.4 (m, 6H, Ar), 3.09 (s, 3H, N(GH), 3.05

(m, 1H, ArCH), 2.77 (s, 3H, N(Chb), 2.2-1.6 (br, 8H, Ch; “*C{*H} NMR (100 MHz,
CDCl) & 171.8 (CO), 140.9, 135.7, 133.7, 131.5, 127.7, 127.6, 126.6, 125.9, 125.1 and
125.0 (Ar), 42.5 (ArCH), 39.3 (N(C#b), 34.9 (CH), 34.8 (N(CH),), 34.7 (CH), 25.7

(CHa); GC-MSm/z= 267 (M); Anal. Calcd for GgH»:NO: C, 80.86; H, 7.92. Found: C,
79.90; H, 7.90.

For 28w: *H NMR (400 MHz, CDCJ) § 7.4-7.0 (m, 10H, Ar), 6.22 (] = 5.6 Hz, 1H,

NH), 4.52 (d,J = 6.0 Hz, 2H, NHE®,Ar), 2.44 (d,J = 7.8 Hz, 2H, E,CH(CHs)y), 1.89

(m, 1H, CHCH(CHs),), 0.84 (d, J = 6.4 Hz, 6H, GBH(CHs),); “*C{*H} NMR (100

MHz, CDCk) & 169.9 (CO), 138.3, 138.0, 137.8, 128.7, 128.5, 128.1, 127.6 and 127.3
(Ar), 43.8 CH,AT), 42.4 (CHCHCH,), 29.7 (CH), 22.6 (CH); GC-MSm/z= 267 (M);

Anal. Calcd for GgH»;NO: C, 80.86; H, 7.92. Found: C, 80.72; H, 8.08.

For 28x *H NMR (400 MHz, CDCJ) & 7.3-7.1 (m, 10H, Ar), 6.33 (f] = 4.9 Hz, 1H,

NH), 4.54 (d,J = 5.9 Hz, 2H, NHE,Ar), 2.71 (m, 2H, ®,CH,C(CHy)s), 1.42 (m, 2H,
CH,CH,C(CHs)3), 0.94 (s, 9H, CHCH,C(CHa3)3); **C{*H} NMR (100 MHz, CDC}) &

170.1 (CO), 141.7, 138.4, 136.4, 130.2, 129.9, 128.8, 128.0, 127.6, 126.9 and 125.7 (Ar),
46.6 (CHCH,C(CHs)3) 43.9 CH.Ar), 30.7 (CHCH,C(CHs)s), 29.3 (CHCH,C(CH3)a),

28.7 CH2CH,C(CHg)s); GC-MSm/z= 295 (M); Anal. Calcd for GoH2sNO: C, 81.31;

H, 8.53. Found: C, 81.09; H, 8.26.

For 28y: '"H NMR (400 MHz, CDCJ) § 7.3-7.0 (m, 4H, Ar), 3.78 (m, 1H, NGCH)),
3.56 (M, 1H, N&,CH,), 3.05 (m, 2H, Ck), 2.93 (m, 1H, CHCHCH,), 2.0-1.7 (br, 4H,
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CH,), 1.64 (m, 6H, Ch), 1.39 (m, 2H, Ch); **C{*H} NMR (100 MHz, CDC}) & 170.0
(CO), 142.9, 136.5, 128.8, 126.4, 125.7, and 125.3 (Ar), 48.2QBEH,), 42.3
(N(CHy),), 35.5 (CH), 34.9 (CH), 28.4 (CH), 25.9 (CH), 25.8 (CH), 25.7 (CH), 24.5
(CH,); GC-MSm/z= 257 (M); Anal. Calcd for G/H23NO: C, 79.33; H, 9.01. Found: C,
78.99; H, 9.01.

For 28z *H NMR (400 MHz, CDCJ) & 6.4-6.3 (m, 2H, Ar), 3.73 (m, 1H, GAHCH,),
3.58 (s, 3H, NCH), 2.36 (s, 3H, COCH, 1.9-1.6 (br, 8H, Ch); “C{*H} NMR (100
MHz, CDCk) & 194.4 (CO), 142.1, 121.4, 121.0 and 110.8 (Ar), 36.2 (NCB6.1
(COCH3), 30.5 (CH), 28.9 (CH), 26.7 (Cb); GC-MSm/z= 295 (M); Anal. Calcd for
C12H17/NO: C, 75.35; H, 8.96. Found: C, 75.35; H, 8.87.

For Chapter 3

Representative Procedure of th€atalytic Reaction. In a glove box, compleR6 (10.0

mg, 17.4umol), carbonyl compound (0.58 mmol) and alkene (2.90 mmol) were dissolved
in CHxCI, (2.0 mL) in a 25 mL Schlenk tube equipped with a Teflon stopcock and a
magnetic stirring bar. The tube was brought out of the box, asdstiveed for 2 h in an

oil bath which was preset at 70 °C. Reaction tube was taken cue ofltbath, and was
immediately cooled in a dry ice/acetone bath. After filtetimgpugh a small silica gel
column (hexanes/EtOAc = 2:1), the solution was analyzed by GCythaadly pure
products were isolated after a simple column chromatography bea syel

(hexanes/EtOAc = from 20:1 to 4:1).

Synthesis 0f56. In a glove box, tetrameric ruthenium complex, {[(RIC$O)RuH} (-
O)(us-OH)(u2-OH)} (4) (200 mg, 0.09 mmol) andE)-N,N-dimethyl-3-(naphthalene-2-
yl)-2-propenamide (80 mg, 3.5 mmol) were dissolved in dichloromethané&)tm 25

mL Schlenk tube equipped with a Teflon screw cap stopcock and a megjimatg bar.
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The tube was brought out of the box, and @HBEDL (48 uL, 0.36 mmol) was added and
then cyclopentene (250 mg, 3.6 mmol) and water (66 mg, 3.6 mmol)addesl under

N, stream. The color of the solution was changed from dark red tgeorAfter stirring

for 24 h at room temperature, the solvent was removed under vacuum, aedidoe
was crashed by adding hexanes (10 mL). Filtering the reswdahg through a fritted
funnel and recrystallization from GBI,/hexanes yielded the product as a orange powder
(260 mg, 82% yield). Single crystals 66 suitable for X-ray crystallography were

obtained from CHCl,/pentane solution.

For56: *H NMR (CD.Cl,, 400.0 MHz)5 8.0-7.5 (m, 7H, Ar), 3.57 (d, = 18.3 Hz, CH)),

3.25 (dd,J = 18.3, 4.7 Hz, Cb}, 3.02 (s, 3H, N(CH)), 3.01 (s, 3H, N(Ch).), 2.68 (m,
CCHCHy), 2.54 (s, CCHCO), 2.51 (s, KO), 2.37 (br m, 3H, PGy, 2.16 (ddJ = 16.0,

8.0 Hz, CH), 2.1-1.9 (m, 8H, PGy, 1.88 (dd,J = 16.0, 8.0 Hz, CHH,), 1.7-1.3 (m,
21H, PCy), 1.27 (br, CH); **C{*H} NMR (CD.Cl,, 100.5 MHz),5 207.1 (d,Jcp = 15.6

Hz, Ru-CO), 185.4 (djcp = 7.8 Hz,CON(CHs),), 143.5 (dJcp = 2.7 Hz, AC(CH,)C),
133.9, 133.7, 128.8, 128.4, 128.0, 127.6, 127.5, 127.4, 126.9 and 126.5 (Ar) 115.6
(ArCCCH), 59.3 (ArC@H), 41.2 and 41.1 (CH, 40.0 (N(CH)2), 37.5 (N(CH),), 36.2

and 36.1 (CH), 35.1, 33.8, 29.7, 29.4, 28.9, 28.8, 28.3, 28.2, 26.8 and 223); (PCy
31p{’H} NMR (CD,Cl,, 161.8 MHz) 37.3 (s, PCy); IR (CD.,Cl,) vco = 1931, 1603 cin

! Anal. Calcd for GoHseBClL.FsNOsPRu: C, 53.88; H, 6.67. Found: C, 53.58; H, 6.60.

Kinetic Profile Experiment. In a glove box,26 (2 mg, 3.5 umol) andEj-p-CFs-
CsH4,CH=CHCQEt (28 mg, 0.12 mmol) were dissolved in £ (0.4 mL) in a thick
wall J-Young NMR tube with a Teflon screw cap. The tube was dowiea liquid
nitrogen bath, and excess propene (0.6 mmol) was condensed via a vamitrankfer.
The tube was gradually warmed to room temperature. The samplesea®d into the

NMR probe which was preset at 60 °C. The appearance and disappeairéme proton
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signals for44 (6 6.55, CH),45 (6 2.88, CH), and35g (6 3.37 CH) were monitored by
1H NMR at 60 °C in 5 min intervals. The rate of the product faonavas determined
by measuring the integration of the product peaks against the disappeaf44. By
using a nonlinear regression technique (Sigmaplot Version 10), theiregpt&l data
were globally fitted to the kinetic equation. The rate constants0.042 mifit andk, =

0.011 min* were obtained from this analysis

Derivation of the Kinetic Equation of the Conversiordfto 359

(0] kl o) k2 I o
) 0,
/@/\/KOB . CH; 26 (3 mol%) OEt 26 (3 mol%) OEt
CD,Cl,, 60 T CD,Cl,, 60 T

FsC FsC
44 8 45 3 359

The derivation for two consecutive first-order reaction wasowadd the method
described in: Moore, J. W.; Pearson, R. G. Kinetics and MecharlfsEd.3Wiley: New
York, 1981, pp290-296.

d[44)/dt = k,[44]

d[45]/dt = ky[44] — k,[45]

d[35d/dt = k;[45]

[44] = [44]e™"

d[45)/dt = ki[44]0e™" — k;[44]

[45] = [44]oka(€"" — €'Y/ (ko — k1) — [45]oe™
d[44]/dt + d[45)/dt + d[35¢|dt = 0

Since

[44] + [45] +[35d] = [44]0

[35d = [44]o — [44] - [45]
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= BAlo(1 + (a€"'— ko™ (ka— ka)) + [45]o(1 — €%) + [35d],
d[35d/dt = [44]okako(€ — €Y/ (ke — ko) — [45] okoe™

The experimental data was globally fitted to the kinetic equatyomsing non-linear
regression techniques (Sigmaplot V. 10). The rate constants).042 mift andk, =

0.011 min* were obtained and from this analysis.

d[35d/dt = [44]ox 0.042 x 0.011 x (&°*'—e°94%)/(0.042-0.011) —45]ox 0.011 x &1
=44Jox 0.015 x (&M% _[45,x 0.011 x &

Hammett Study: Reaction in CDCl,. In a glove box, para-substituted p-X-
CsH4,CH=CHCQEt (X = OCH;, CH;, H, F, Cl, CQMe, CF) (0.12 mmol) and complex
26 (2 mg, 3.5 pmol) were dissolved in I}, (0.4 mL) in a thick wall J-Young NMR
tube with a Teflon screw cap. The tube was cooled in a liquid nitrbgth, and excess
propene (0.6 mmol) was condensed via a vacuum line transfer. The tslgradaally
warmed to room temperature. The sample was inserted into the pidtie which was
preset at 20 °C. The rate was measured by monitoringHt¢MR in 5 min intervals.
The kops was estimated from a first-order plot ofn@{E)-CsHsCH=CHCQEL]/[(E)-
CsHsCH=CHCQGET],) vs time by measuring thtH integration of starting materiab (
1.24, OCHCHj3) and productd 1.12, OCHCHyg) signals, which was normalized against
and internal standard (solvent resonance).

Reaction in CHCl,. In a glove box, complex26 (20 mg, 35 pmol), H)-
CeHsCH=C(CH;)CONHCH; (122 mg, 0.7 mmol) orH)-CsHsCH=CHCGELt (0.7 mmol)
and para-substitutedp-Y-CgH,CH=CH, (X = OCHs, CHs, H, F, Cl, CE) (3.5 mmol)

were dissolved in C¥Cl, (8.0 mL) in a 25 mL Schlenk tube equipped with a Teflon
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screw cap stopcock and a magnetic stirring bar. After the solwas stirred at room
temperature for 10 min, an equal amount of the solution (1.0 mL) wiaediand placed
in 5 different Schlenk tubes. The tubes were brought out of the box, aadtiveed for
150 min in an oil bath set at 50 °C. Each reaction tube was takerowutte oil bath in
30 min intervals, and was immediately cooled in a dry ice/acdiatie After filtering
through a small silica gel column (hexanes/EtOAc = 2:1), thetisnlwas analyzed by
GC with internal standard. Thg,swas determined from a first-order plot dh@starting

material}/[starting material) vs time.

Deuterium Isotope Effect Study: Reaction in CRCl,. In a glove box, comple26 (2
mg, 3.5 umol) and H)-CgHsCH=CHCQEt (20 mg, 0.12 mmol) were dissolved in
CD.Cl; (0.4 mL) in a thick wall J-Young NMR tube with a Teflon screap. The tube
was cooled in a liquid nitrogen bath, and excess ethylene andretlyl(0.6 mmol) was
condensed via a vacuum line transfer. The tube was gradually edatan room
temperature. The sample was inserted into the NMR probe whiglpreaet at 60 °C.
The rate was measured by monitoring theintegration of starting materiab (1. 22
OCH,CH3) and productd 1.16, OCHCHg) signals in 5 min intervals, and these were
normalized against and internal standard (solvent resonance)k,gEh&as estimated
from a first-order plot of K([(E)-CeHsCH=CHCQEL]/[(E)-CsHsCH=CHCGQEL],) vs
time.

Reaction in CHCl,. In a glove box, complex26 (20 mg, 35 pmol), H)-
CsHsCH=C(CH;) CONHCH; (122 mg, 0.7 mmol) or fHsCD=C(CH;)CONHCH; (122
mg, 0.7 mmol) and styrene or styrethg-(0.36 g, 35 mmol) were dissolved in &,

(8.0 mL) in a 25 mL Schlenk tube equipped with a Teflon screw agratk and a
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magnetic stirring bar. After the solution was stirred at raemperature for 10 min, an
equal amount of the solution (1.0 mL) was divided and placed in 5 diffectherk
tubes. The tubes were brought out of the box, and were stirred for b56 am oil bath
set at 50 °C. Each reaction tube was taken out from the oil b&hnmn intervals, and
was immediately cooled in a dry ice/acetone bath. Afteeriilg through a small silica
gel column (hexanes/EtOAc = 2:1), the solution was analyzed byw®C internal
standard. The kos was determined from a first-order plot of —

In([cinnamide}/[cinnamide}) vs time.

Carbon Isotope Effect Study.In a glove box, compleX6 (164 mg, 0.28 mmol),
carbonyl compound (5.7 mmol) and alkene (5~10 equiv) were dissolved @lI.CHO
mL) in two or three separate 100 mL Schlenk tubes equipped withlan Berew cap
stopcock and a magnetic stirring bar. The tubes were brought the bbx, and stirred
for 14 h, respectively, in an oil bath which was preset at 50 °C. tiece@arbonyl
compoundwas collected separately after filtering through a smiéttasgel column
(hexanes/EtOAc = 2:1), and the solution was analyzed by GC (60-82% conversion).
The **c{*H} NMR analysis of the recovered and virgin samples of carboogipound
was performed by following Singleton’s NMR method (ref. in the main text). The
NMR sample of virgin and recovered carbonyl compound was prepaneticaly by
dissolving carbonyl compound (100 mg) in CR@.5 mL) in a 5 mm high precision
NMR tube. The™C{*H} NMR spectra were recorded with H-decoupling and 45 degree
pulses. A 60 s delay between pulses was imposed to minimizgiations (d1 = 60 s, at

=5.0s, np = 245098, nt = 704).
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Deuterium Labeling Study: In a glove box, comple26 (10.0 mg, 17.4umol) and E)-
CsDsCD=CDCON(CH), (106 mg, 0.58 mmol) were dissolved in £Hp (2.0 mL) in a
25 mL Schlenk tube equipped with a Teflon screw cap stopcock arafjmetic stirring
bar. The tube was brought out of the box, and was stirred for 2 haih laath set at 70
°C. The tube was immediately cooled and was open to ain. #lfexing through a small
silica column (hexanes/EtOAc = 2:1), the conversion was deterrbn&iC. Unreacted
propylened, was collected separately via vacuum transfer. The productepasated by
column chromatography on silica gel (hexanes/EtOAc), and eashanalyzed by both

'H and®H NMR.

In a glove box, comple®6 (4 mg, 6.0 pmol), §)-CsHsCD=C(CH;)CONHMe (20 mg,
0.12 mmol) and styrene (63 mg, 0.60 mmol) were dissolved yCGBnd CHCI, (0.4
mL) in a thick wall J-Young NMR tube with a Teflon screw capeThick wall J-Young
NMR tubes were brought out of the box. The reaction mixture wastonediby botHH

and?H NMR in 5 h intervals for 15 h, and these were normalizeéhagand internal
standard (solvent resonance). The deuterium incorporation of eachratubsts

estimated by botfH and’H NMR spectrum.

General Procedure for Empirical Rate Law Derivation.In a glove box, compleR6 (2
mg, 3.5 umol) and B)-CeHsCH=CHCQEt (20 mg, 0.12 mmol) were dissolved in
CD.Cl; (0.4 mL) in a thick wall J-Young NMR tube with a Teflon screap. The tube
was cooled in a liquid nitrogen bath, and excess propylene (0.6 mmaotpowasnsed via

a vacuum line transfer. The tube was gradually warmed to roopetatare. The sample
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was inserted into the NMR probe which was preset at 20-40 °C. #h&as measured

by monitoring the'H integration of starting materiad (.24, OCHCHs) and product

1.16 OCHCHgs) signals in 5 min intervals, and these were normalized against and
internal standard (solvent resonance). kfsggewas estimated from a first-order plot of —

In([(E)-CeHsCH=CHCOE]/[(E)-CsHsCH=CHCOE],) vs time.

Characterization Data of Organic Products

For35a *H NMR (400 MHz, CDC}) § 7.1-7.0 (m, 2H, Ar), 6.9-6.8 (m, 2H, Ar), 4.07 (q,
J = 7.2 Hz, O®1,CHy)), 3.98 (g,J = 7.0 Hz, ArOG1,CHs)), 3.34 (s, CH), 1.82 (s, 3H,
=C(CH),), 1.62 (s, 3H, =C(CHJ,), 1.38 (t,J = 7.0 Hz, ArOCHCH3)), 1.16 (t,J = 7.2 Hz,
OCH,CH3); “C{*H} NMR (100 MHz, CDC}) & 169.9 (CO), 155.4 (Ar), 133.4
(=C(CHs3)2), 130.0 and 127.9 (Ar), 125.€£C(CHg),), 111.9 (Ar), 61.9 (Ar@H,CHz)),
58.4 (QCH,CHs), 38.3 (CH), 20.3 and 18.7 (=@Hs),), 12.9 (ArOCHCHs), 12.2
(OCH,CH3); GC-MS m/z = 262 (M); Anal. Calcd for GeH,,0s: C, 73.25; H, 8.45.
Found: C, 73.40; H, 8.33.

For 35b: 'H NMR (400 MHz, CDCY) & 7.1-7.0 (m, 4H, Ar), 4.07 () = 7.3 Hz,
OCH,CHs)), 3.37 (s, CH), 2.33 (s, ArCH), 1.85 (s, 3H, =C(Ck),), 1.65 (s, 3H,
=C(CHs)2), 1.18 (t,J = 7.2 Hz, OCHCHs); *C{*H} NMR (100 MHz, CDC}) 5 171.8
(CO), 140.2 (€(CHy),), 135.7, 132.1 and 128.7 (Ar), 127.8=C(CH),), 60.4
(OCH,CHg), 40.3 (CH), 22.3 (ArCH), 21.1 and 20.7 (=@QH3),), 14.2 (OCHCHy);
GC-MSm/z= 232 (M); The'H and**C NMR spectral data are in good agreement with

the literature dat&®
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For 35¢ 'H NMR (400 MHz, CDCY) § 7.3-7.1 (m, 4H, Ar), 4.07 (q] = 7.1 Hz, 2H,
OCH,CH), 3.39 (s, 2H, Ch), 1.85 (s, 3H, =C(CH)), 1.64 (s, 3H, =C(CH>), 1.16 (t,J

= 7.1 Hz, 3H, OCHCHs); **C{*H} NMR (100 MHz, CDC}) & 171.2 (CO), 143.2
(=C(CHs)), 132.1, 128.8 and 127.9 (Ar), 127.&=C(CHs)2), 126.2 (Ar), 60.3
(OCH,CHs), 40.1 (CH), 22.2 and 20.6 (=QHs),), 14.1 (OCHCHs): GC-MSm/z= 218
(M*); The 'H and **C NMR spectral data are in good agreement with the literatur

data*®

For 35d: *H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 4H, Ar), 4.06 (q] = 7.2 Hz, 2H,
OCH,CHs)), 3.33 (s, 2H, Ch), 1.81 (s, 3H, =C(Ch)), 1.58 (s, 3H, =C(CH},), 1.14 (t,J

= 7.2 Hz, 3H, OCKCH3); *C{*H} NMR (100 MHz, CDC}) § 162.5 (CO), 160.1 (Ar),
139.0 (€(CHa),), 132.8 and 130.4 (Ar), 126.8C£C(CHs).), 114.9 (Ar), 60.4
(OCH2CHj), 40.1 (CH), 22.1 and 20.6 (=@Hs)), 14.1 (OCHCH3); GC-MSm/z= 252
(M™); Anal. Calcd for G4H.7FO,: C, 71.16; H, 7.25. Found: C, 70.99; H, 7.21.

For 35e 'H NMR (400 MHz, CDG}) § 7.3-7.0 (m, 4H, Ar), 4.06 (q] = 7.2 Hz, 2H,
OCH,CHs), 3.34 (s, 2H, Ch), 1.83 (s, 3H, =C(Ch),), 1.61 (s, 3H, =C(Ch},), 1.18 (t,J
= 7.0 Hz, 3H, OCHCHa3); *C{*H} NMR (100 MHz, CDC}) & 171.6 (CO), 141.7
(=C(CHs),), 133.2, 132.1, 130.4 and 128.3 (Ar), 12638-C(CHs)2), 60.6 (QCH,CHs),
40.1 (CH), 22.3 and 20.8 (=@Hs),), 14.2 (OCHCH3); GC-MSm/z = 236 (M); The

'H and’*C NMR spectral data are in good agreement with the literaturé®ata.

For 35f: 'H NMR (400 MHz, CDCY) & 7.9-7.2 (m, 4H, Ar), 3.98 (q] = 7.2 Hz, 2H,
OCH,CHs)), 3.30 (s, 2H, Ch), 1.77 (s, 3H, =C(CH)2), 1.54 (s, 3H, =C(CH}), 1.10 (t,J
= 7.2 Hz, 3H, OCHCHs); *C{*H} NMR (100 MHz, CDC}) & 171.2 and 166.8 (CO),
148.1 (€(CHs),), 133.4, 129.3, 128.9 and 128.0 (Ar), 1270=C(CHs).), 60.4
(OCH,CHs), 51.8 (OCH), 39.7 (CH), 22.1 and 20.7 (=@Hs),), 14.0 (OCHCHs3); GC-
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MS m/z= 276 (M); Anal. Calcd for GgH,004: C, 69.54; H, 7.30. Found: C, 70.01; H,
7.44.

For35g *H NMR (400 MHz, CDCJ) § 7.6-7.5 (m, 2H, Ar), 7.3-7.2 (m, 2H, Ar), 4.07 (q,
J = 7.2 Hz, 2H, O@,CHy)), 3.37 (s, 2H, Ch), 1.86 (s, 3H, =C(CH)), 1.62 (s, 3H,
=C(CH),), 1.17 (t,J = 7.0 Hz, 3H, OCkCHa); *C{*H} NMR (100 MHz, CDC}) &
171.6 (CO), 147.2 (qJ = 1.2 Hz, CCFs), 134.0 (€(CHa),), 129.5 (Ar), 126.9
(C=C(CHg)y), 125.2 (qJ = 3.7 Hz, ©Fs3), 60.7 (CCH2CHs), 40.1 (CH), 22.4 and 20.9
(=C(CH3),), 14.3 (OCHCHa); GC-MSm/z= 286 (M); Anal. Calcd for GsH17F:0,: C,
62.93; H, 5.99. Found: C, 63.23; H, 5.99.

For35h: *H NMR (400 MHz, CDCJ) & 7.3-7.2 (m, 5H, Ar), 3.58 (s, 3H, OGH3.41 (s,
2H, CH), 1.85 (s, 3H, =C(CH),), 1.64 (s, 3H, =C(CH>); **C{*H} NMR (100 MHz,
CDCL) & 171.9 (CO), 143.1 @(CHa),), 132.2, 128.7 and 127.9 (Ar), 127.6
(C=C(CHy),), 126.2 (Ar), 51.4 (OCH, 39.8 (CH), 22.1 and 20.5 (=QHs)); GC-MS
m/z= 204 (M); The *H and **C NMR spectral data are in good agreement with

the literature data.''®

For 35i: *H NMR (400 MHz, CDGJ) & 7.4-7.1 (m, 10H, Ar), 5.11 (s, 2H, AKB), 3.51 (s,
CHy), 1.91 (s, 3H, =C(CH)), 1.69 (s, 3H, =C(CH},); "*C{*H} NMR (100 MHz, CDC})

§ 171.7 (CO), 143.2 @(CHs),), 136.1, 132.7, 129.0, 128.6 and 128.2 (Ar), 127.7
(C=C(CHg),), 126.4 (Ar), 66.4 (ACTH,), 40.3 (CH), 22.4 and 20.9 (=QH3),); GC-MS
m/z= 280 (M); Anal. Calcd for GgH,002: C, 81.40; H, 7.19. Found: C, 81.62; H, 7.26.

For 35j: *H NMR (400 MHz, CDCJ) & 7.3-7.1 (m, 5H, Ar), 3.46 (s, 2H, GH 2.02 (s,
3H, C(O)CHy), 1.78 (s, 3H, =C(CH)»), 1.64 (s, 3H, =C(CH»); “C{'H} NMR (100
MHz, CDCk) & 206.4 (CO), 143.2 (&(CHs),), 132.4 C=C(CHs),), 128.7, 128.1 and
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126.3 (Ar), 50.0 (Ch), 29.5 (C(OFHs), 22.2 and 20.8 (=CHs),); GC-MS m/z= 188
(M*); The 'H and **C NMR spectral data are in good agreement with the literatur

datar™

For 35k: 'H NMR (400 MHz, CDCJ) & 7.9 (m, 2H, Ar), 7.5-7.2 (m, 8H, Ar), 4.12 (s, 2H,
CHy), 1.87 (s, 3H, =C(CH)»), 1.74 (s, 3H, =C(CH).); *C{*H} NMR (100 MHz, CDC})

§ 197.3 (CO), 143.7 €(CHs),), 137.1 and 132.9 (Ar), 132.€£C(CHs),), 128.6, 128.6,
128.4 and 126.2 (Ar), 44.8 (GH 22.3 and 20.9 (=@Haz),); GC-MSm/z= 250 (M);
Anal. Calcd for GgH150: C, 86.36; H, 7.25. Found: C, 86.22; H, 7.27.

For 35I: *H NMR (400 MHz, CDGJ)  7.1-7.0 (m, 4H, Ar), 3.48 (s, 2H, GH 2.32 (s,
ArCHs), 2.05 (s, 3H, C(O)Ch, 1.81 (s, 3H, =C(Ch),), 1.67 (s, 3H, =C(ChH));
3c{*H} NMR (100 MHz, CDC}) & 206.9 (CO), 140.3 (5(CHs),), 135.8, 132.3, 128.9
and 128.7 (Ar), 127.90=C(CH),), 50.3 (CH), 29.6 (C(OFHs), 22.3 (=CCH3),), 21.2
(ArCHs), 20.9 (=CCHa),); GC-MSm/z= 202 (M); Anal. Calcd for G4H150: C, 83.12;
H, 8.97. Found: C, 83.11; H, 8.93.

For (Z)-35m: *H NMR (400 MHz, CDCJ) 6 7.4-7.2 (m, 4H, Ar), 6.01 (d, = 7.0 Hz, 1H,
=CHCHs), 4.09 (q,J = 7.1 Hz, 2H, OE@,CHs)), 3.46 (s, CH), 1.82 (d,J = 6.9 Hz,

=CHCHS3), 1.17 (t,J = 7.1 Hz, 3H, OChCHs): NOESY§ 3.46 < 1.82 (-~ denotes NOE
correlation);**C{*H} NMR (100 MHz, CDC}) & 171.1 (CO), 140.9 E(CHs),), 132.5
(Ar), 130.0 ((CHCH;), 129.1, 128.3 and 127.1 (Ar), 60.7GB,CHs), 35.6 (CH), 14.6

(OCH,CH3), 14.1 (=CHCHs3); GC-MSm/z = 238 (M); Anal. Calcd for GH15ClO,: C,

65.41; H, 6.33. Found: C, 65.66; H, 6.57.

For (E)-35m: *H NMR (400 MHz, CDCJ) § 7.4-7.2 (m, 4H, Ar), 5.72 (¢, = 6.9 Hz, 1H,
=CHCH), 4.03 (g,J = 7.1 Hz, 2H, O@,CHa)), 3.30 (s, 2H, Ch), 1.60 (d,J = 6.9 Hz,
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3H, =CH(HS3), 1.15 (t,J = 7.1 Hz, OCHCHg3; *C{*H} NMR (100 MHz, CDC}) 6 171.4
(CO), 143.1 (€(CHs),), 132.5 and 133.3 (Ar), 132.5CHCHs), 128.2 and 127.2 (Ar),
60.6 (OQCH,CHs), 44.3 (CH), 14.9 (OCHCHa), 14.1 (=CHCH3); GC-MS m/z = 238
(M™); Anal. Calcd for GzH1sClO,: C, 65.41; H, 6.33. Found: C, 65.66; H, 6.57.

For 35n: *H NMR (400 MHz, CDC}) § 7.2-7.0 (m, 4H, Ar), 4.03 (q] = 7.2 Hz, 2H,
OCH,CHs), 3.29 (s, CH), 1.88 (q,d = 7.6 Hz, 2H, =C(CHCH,CHs), 1.78 (s, 3H,
=C(CH3)CH,CHs), 1.14 (t,J = 7.2 Hz, OCHCHs), 0.89 (t,J = 7.6 Hz, 3H,
=C(CH;)CH,CH3); c{H} NMR (100 MHz, CDCK) & 171.6 (CO), 141.6
(=C(CHs)CH,CHj), 138.6, 130.1, 128.3 and 128.2 (Ar), 12608C(CH;)CH,CHs), 60.4
(OCH,CHs), 40.2 (CH), 28.4 (=C(CH)CH.CHs), 17.6 (=CCHs)CH,CHg), 14.2
(OCH,CH3), 13.0 (=C(CH)CH,CHg3); GC-MS m/z = 266 (M); Anal. Calcd for
Ci1sH1oCIO,: C, 67.54; H, 7.18. Found: C, 67.72; H, 6.78.

For 35a 'H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 4H, Ar), 4.04 (q] = 7.2 Hz, 2H,
OCH,CHs), 3.30 (s, 2H, Ch), 1.87 (m, 2H, =C(CHCHCH,CHs), 1.70 (s, 3H,
=C(CH3)CH,CH;CHs), 1.29 (m, 2H, =C(CBCH,CH,CHs), 1.07 (t,J = 7.2 Hz, 3H,
OCH,CHs), 0.65 (t,J = 7.2 Hz, 3H, =C(CBCH,CH,CHs); **C{*H} NMR (100 MHz,
CDCl) § 171.4 (CO), 141.8 (&(CHs)CH,CH,CH;z), 137.1, 132.1, 130.3 and 128.3 (Ar),
127.3 C=C(CHs)CH,CH,CHs), 60.5 (QCH,CHs), 40.4 (=C(CH)CH,CH,CHs), 37.3
(CHy), 21.4 (=C(CH)CH,CH,CHs), 17.9 (=CCH3)CH,CH,CHs), 14.2 (OCHCHS3), 13.8
(=C(CHg)CH,CH,CHs); GC-MSm/z= 280 (M); Anal. Calcd for GgH»1ClO,: C, 68.44;
H, 7.54. Found: C, 68.27; H, 7.38.

For 35p: *H NMR (400 MHz, CDC}) § 7.3-7.0 (m, 4H, Ar), 4.00 (¢) = 7.2 Hz,
OCH,CHs), 3.34 (s, Ch), 2.15 (m, 2H, =C(CHCH,CH,CHs), 1.47 (s, 3H,
=C(CH3)CH,CH,CHg), 1.41 (m, , =C(CHCH,CH.CHs), 1.05 (t,J = 7.2 Hz, 3H,
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OCH,CHs), 0.94 (t,J = 7.2 Hz, 3H, CCHCH,CHs); **C{*H} NMR (100 MHz, CDC}) &
171.6 (CO), 141.7 ©(CHs)CH,CH,CHs), 137.0, 132.0, 130.4 and 128.3 (Ar), 127.5
(C=C(CHs)CH,CH,CHs), 60.5 (QCH,CHs), 39.7 (=C(CH)CH,CH,CHs), 36.5 (CH),
21.3 (=C(CH)CH,CH;CHs), 19.9 (=CCH3)CH,CH,CHs), 14.2 (OCHCH3), 14.1
(=C(CHs)CH,CH,CHs); GC-MSm/z= 280 (M); Anal. Calcd for GgH»1ClO,: C, 68.44;

H, 7.54. Found: C, 68.27; H, 7.38.

For 350 *H NMR (400 MHz, CDCJ) § 7.2-7.0 (m, 5H, Ar), 3.92 (q] = 7.1 Hz, 2H,
OCH,CHjs), 2.83 (td,J = 10.2, 4.6 Hz, 1H, ArCH), 2.73 (dd, = 15.0, 4.6 Hz, 1H
ArCHCHy), 2.50 (ddJ = 15.0, 10.5 Hz, 1H, ArCH®,), 1.97 (m, 1H, ArCH®&), 1.90-
1.14 (br, 8H, CH), 1.04 (t,J = 7.1 Hz, 3H, OCKCH3); **C{*H} NMR (100 MHz, CDC})
§ 172.2 (CO), 142.7, 131.9, 129.2 and 128.3 (Ar), 60@HETH;), 47.7 and 46.2 (CH),
40.7, 31. 5, 31.3, 25.3 and 24.9 (H14.1 (OCHCH3); GC-MSm/z= 280 (M); Anal.
Calcd for GeH21ClOo: C, 68.44; H, 7.54. Found: C, 68.50; H, 7.62.

For35r: *H NMR (400 MHz, CDCJ) 6 7.2-7.0 (m, 8H, Ar), 6.25 (ARlxg = 15.9 Hz, 2H,
CH=CHAr), 4.01 (g, J = 7.2 Hz, 2H, OE,CHs), 3.91 (q,Jx = 7.4 Hz, 1H,
ArCH(CH)CH,), 2.70 (t,J = 7.1 Hz, 2H, ArCH(CH)El,), 1.11 (t,J = 7.2 Hz, 3H,
OCH,CHs); NOESY § 6.25 < 2.70 ¢~ denotes NOE correlationj’C{*H} NMR (100

MHz, CDCk) 6 171.6 (CO), 141.0 and 135.6 (Ar), 132.3 (QE#HAr), 130.0 (Ar), 129.5
(CH=CHAr), 129.4, 129.2, 129.0, 128.9 and 127.7 (Ar), 60.8CHECHs), 44.6

(ArCHCH,), 40.7 (AICHCH,), 14.4 (OCHCH3); GC-MS m/z= 349 (M); Anal. Calcd
for CoH16Cl,0,: C, 65.34; H, 5.19. Found: C, 65.54; H, 5.35.

For 35s *H NMR (400 MHz, CDCJ) 8 7.9-7.4 (m, 7H, Ar), 4.08 (g] = 7.1 Hz, 2H,
OCH,CHs)), 3.51 (s, CH), 1.93 (s, 3H, =C(83),), 1.71 (s, 3H, =C(H3),), 1.18 (t,J =
7.1 Hz, 3H, OCHCHs); “C{*H} NMR (100 MHz, CDC}) & 171.9 (CO), 140.9
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(=C(CHa),), 133.5 and 133.0 (Ar), 132.Z£C(CHs),), 128.0, 127.80, 127.77, 127.73,
127.70, 127.50, 126.0 and 125.6 (Ar), 60.6CHRCHs), 40.4 (CH), 22.5 and 21.0
(=C(CH3),), 14.3 (OCHCHs); GC-MS m/z= 268 (M); Anal. Calcd for GgH,00,: C,
80.56; H, 7.51. Found: C, 80.62; H, 7.72.

For 35t '"H NMR (400 MHz, CDCY) & 6.58 (dd,J = 2.6, 1.8 Hz, 1H, Ar), 6.10 (dd,=
3.4, 2.6 Hz, 1H, Ar), 5.88 (dd] = 3.4, 1.8 Hz, 1H, Ar), 4.09 (q] = 7.2 Hz, 2H,
OCH,CHs)), 3.39 (s, 3H, NCH), 3.35 (s, 2H, Ch), 1.87 (s, 3H, =C(83),), 1.60 (s, 3H,
=C(CH3),), 1.22 (t,J = 7.2 Hz, 3H, OCkCHa3); “*C{*H} NMR (100 MHz, CDC}) &
171.6 (CO), 137.4 (&(CHs),), 134.4 (Ar), 120.7G=C(CHg),), 119.5, 107.1 and 106.6
(Ar), 60.5 (QCH,CHs), 40.3 (NCH), 33.7 (CH), 22.4 and 20.5 (=QHas),), 14.2
(OCH,CH3); GC-MS m/z = 221 (M); Anal. Calcd for GsH19NOs: C, 70.56; H, 8.65.
Found: C, 70.85; H, 8.65.

For35u: *H NMR (400 MHz, CDCJ) § 7.31 (q,J = 0.7 Hz, 1H, Ar), 6.35 (p] = 1.7 Hz,
1H, Ar), 6.19 (dJ = 3.4 Hz, 1H, Ar), 4.09 (q] = 7.2 Hz, 2H, OEl,CHjs), 3.44 (s, Ch)),
1.98 (s, 3H, =C(63),), 1.87 (s, 3H, =C(83),), 1.19 (t,J = 7.2 Hz, 3H, OCHCHy);
13c{*H} NMR (100 MHz, CDC}) 8 171.7 (CO), 154.5 E(CHs),), 140.5 and 135.0 (Ar),
118.3 CC(CHs),), 110.8 and 108.2 (Ar), 60.4 @,CHs), 36.8 (CH), 23.0 and 22.1
(=C(CH3),), 14.3 (OCHCHs); GC-MS m/z= 208 (M); Anal. Calcd for GH160s: C,
69.21; H, 7.74. Found: C, 68.98; H, 7.64.

For 35v: 'H NMR (400 MHz, CDGJ) & 7.3-7.0 (m, 5H, Ar), 4.21 (m, 1H, CH), 3.92 (m,
2H, CHCH.CH.0), 2.29 (m, 1H, CHE), 2.03 (m, 1H, CHE), 1,91 (s, 3H, =C(83)y),
1,53 (s, 3H, =C(63),); “C{'H} NMR (100 MHz, CDCk) & 177.7 (CO), 140.3
(=C(CHs)2), 134.2 and 129.8 (Ar), 129.TT£C(CHy),), 128.5 and 127.0 (Ar), 66.9
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(CH,COQ), 43.5 CH), 27.5 (CH), 22.8 and 20.5 (=@H>),); GC-MSm/z= 216 (M);
Anal. Calcd for G4H1602: C, 77.75; H, 7.49. Found: C, 77.67; H, 7.53.

For36a 'H NMR (400 MHz, CDCJ)  7.3-7.1 (m, 5H, Ar), 6.61 (br, 1H, N} 5.78 (br,
1H, NH,), 3.29 (s, 2H, Ch), 1.85 (s, 3H, =C(83),), 1.67 (s, 3H, =C(H3),); *C{*H}
NMR (100 MHz, CDC§) & 174.1 (CO), 142.7 E(CHs),), 133.6 (Ar), 129.0
(C=C(CHy),), 128.7, 128.3 and 126.7 (Ar), 42.3 (§H22.4 and 21.0 (=QHs),); GC-
MS m/z= 189 (M); Anal. Calcd for GH:sNO: C, 76.16; H, 7.99. Found: C, 77.47; H,
7.78.

For 36b: *H NMR (400 MHz, CDC}) & 7.3-7.1 (m, 5H, Ar), 5.88 (br, 1H,H\CHs), 3.28
(s, 2H, CH), 2.70 (d,J = 4.9 Hz, 3H, NHE3), 1.82 (s, 3H, =C(CH,), 1.64 (s, 3H,
=C(CHy),); *C{*H} NMR (100 MHz, CDC}) & 171.3 (CO), 142.8 (CHs),), 133.6
(Ar), 129.0 C=C(CHs),), 128.7, 128.3 and 126.5 (Ar), 42.6 (§H26,4 (NHCH), 22.5
and 21.0 (=QCHx3),); GC-MSm/z= 203 (M); Anal. Calcd for GsH;NO: C, 76.81; H,
8.43. Found: C, 76.38; H, 8.19.

For 36c *H NMR (400 MHz, CDGJ) & 7.3-7.1 (m, 5H, Ar), 3.37 (s, 2H, GH2.79 (s,
3H, N(CHb)2), 2.76 (s, 3H, N(CH),), 1.81 (s, 3H, =C(Ch),), 1.57 (s, 3H, =C(Ch),);
13c{*H} NMR (100 MHz, CDC}) & 168.8 (CO), 141.4 (5(CHs),), 129.4 and 126.8 (Ar),
126.7 C=C(CHs),), 125.9 and 124.1 (Ar), 37.1 (GH 35.3 (N(CH),), 33.4 (N(CH).),
20.2 and 18.6 (=@Hs),); GC-MSm/z= 217 (M); Anal. Calcd for G4H:;sNO: C, 77.38;
H, 8.81. Found: C, 76.96; H, 8.76.

For36d: 'H NMR (400 MHz, CDC}) § 7.2-7.0 (m, 5H, Ar), 3.30 (s, 2H, GH3.20 (q.J
= 7.1 Hz, 2H, N(®,CHs),), 3.03 (q,J = 7.1 Hz, 2H, N(EI,CHs),), 1.78 (s, 3H,
=C(CHs),), 1.53 (s, 3H, =C(CH}), 0.93 (t,J = 7.2 Hz, 2H, N(&,CHs),), 0.87 (t,J= 7.1
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Hz, 2H, N(H.CHs),); “*C{*H} NMR (100 MHz, CDC}E) & 169.7 (CO), 143.0
(=C(CHg)), 130.9 (Ar), 129.0G=C(CHg),), 128.7, 127.7 and 125.9 (Ar), 41.7 and 39.9
(N(CH2CH),), 38.7 (CH), 22.0 and 20.4 (=@Hs)2), 14.0 and 12.6 (N(C}¥Ha3),); GC-
MS m/z= 245 (M); Anal. Calcd for GgH,3NO: C, 78.32; H, 9.45. Found: C, 77.86; H,
9.56.

For 36e 'H NMR (400 MHz, CDCJ) & 7.3-7.1 (m, 5H, Ar), 3.81 (p] = 6.7 Hz, 1H,
N(CH(CHs),),), 3.35 (s, 2H, Ch), 3.31 (br, 1H, N(EI(CHs)2),), 1.84 (s, 3H, =C(CH}.),
1.58 (s, 3H, =C(Ch)), 1.27 (d,J = 6.8 Hz, 3H, N(CH(El3),),), 0.96 (d,J = 6.7 Hz, 3H,
N(CH(CHs),),); *C{*H} NMR (100 MHz, CDC}) & 169.9 (CO), 143.4 E(CHs)y),
131.1 (Ar), 129.5C=C(CH),), 129.1, 128.0 and 126.2 (Ar), 48.9 M{(CHs)2)2), 45.8
(N(CH(CHs)2)2)), 40.7 (CH), 22.3 and 20.9 (=@Hs),), 20.8 (N(CHCHs),)2), 20.7
(N(CH(CHs3)»)2); GC-MSm/z= 273 (M); Anal. Calcd for GgH,7,NO: C, 79.07; H, 9.95.
Found: C, 79.04; H, 9.74.

For 36f: "H NMR (400 MHz, CDCJ) 6 7.3-7.1 (m, 5H, Ar), 3.34 (s, 2H, GH3.16 (dd,

J = 7.6 Hz, 2H, N(E2(CH,)2CHs)y), 2.98 (ddJ = 7.7 Hz, 2H, N(El2(CH,),CHs),), 1.82

(s, 3H, =C(CH),), 1.56 (s, 3H, =C(CH},), 1.33 (m, 4H, N(CKCH,),CHs),), 1.16 (m,
4H, N(CHy(CH2)2CHs),), 0.83 (t,J = 7.3, 3H, N(CH(CH,),CHs)), 0.81 (t,J = 7.3, 3H,
N(CHa(CH,)>CHa),); 3c{*H} NMR (100 MHz, CDC}) & 170.3 (CO), 143.2 (CHs),),
131.1 (Ar), 129.2 C=C(CHy),), 128.9, 127.9 and 126.1 (Ar), 47.7 and 45.8
(N(CH2(CH,)2CHs)z), 40.7 (CH), 31.1 and 29.7 (N(CHCH.).CHs),), 22.1 and 20.7
(=C(CHa)2), 20.2 and 20.0 (N(CHCH,),CHs),), 13.9 and 13.8 (N(CHICH,)2CHs));
GC-MSm/z= 301 (M); Anal. Calcd for GoH3:NO: C, 79.68; H, 10.36. Found: C, 79.46;
H, 10.11.
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For36g *H NMR (400 MHz, CDCY) & 7.59 (br, 1H, NHAr), 7.4-6.9 (m, 9H, Ar), 3.48 (s,
2H, CHp), 2.30 (s, 3H, ArCh), 1.94 (s, 3H, =C(Ch),), 1.75 (s, 3H, =C(CH)); *c{*H}
NMR (100 MHz, CDC}) § 168.9 (CO), 142.8 ((CHs),), 135.4 and 134.2 (Ar), 133.9
(C=C(CHg)), 129.5, 128.8, 128.5, 126.8 and 120.0 (Ar), 43.7JCBR.5 (=CCHa)2),
21.1 (AICHx3), 20.9 (=CCHa),); GC-MSm/z= 279 (M); Anal. Calcd for GgH»:NO: C,
81.68; H, 7.58. Found: C, 81.23; H, 7.61.

For 36h: *H NMR (400 MHz, CDCJ) § 7.54 (br, 1H, NHPh), 7.4-7.0 (m, 10H, Ar), 3.51
(s, 2H, CH), 1.94 (s, 3H, =C(CH), 1.75 (s, 3H, =C(CH>); **C{*H} NMR (100 MHz,
CDCl) 5 169.0 (CO), 142.7 @(CHa),), 137.9, 134.5, 129.0 and 128.8 (Ar), 128.7
(C=C(CHs),), 128.6, 126.9, 124.3 and 120.0 (Ar), 43.9 §5122.6 and 21.2 (=CHa),);
GC-MSm/z= 265 (M); Anal. Calcd for GsH1gNO: C, 81.47; H, 7.22. Found: C, 81.70;
H, 6.93.

For 36i: *H NMR (400 MHz, CDGC}) 8 7.69 (br, 1H, NHAr), 7.3-7.0 (m, 9H, Ar), 3.47 (s,
2H, CHp), 1.92 (s, 3H, =C(CH),), 1.72 (s, 3H, =C(CH)); **C{*H} NMR (100 MHz,
CDCl) & 169.3 (CO), 142.6 ((CHs),), 136.5, 134.4, 129.0, 128.8 and 128.48 (Ar),
128.4 C=C(CHs),), 126.9 and 121.3 (Ar), 43.6 (GH22.6 and 21.1 (=QHs),); GC-
MS m/z= 299 (M); Anal. Calcd for GgH1gCINO: C, 72.11; H, 6.05. Found: C, 71.61; H,
5.95.

For 36j: "H NMR (400 MHz, CDC}) & 7.4-7.1 (m, 10H, Ar), 6.09 (br, 1H, NHBz), 4.38
(d, J = 5.8, 2H, NH®,Ar), 3.39 (s, 2H, CH), 1.88 (s, 3H, =C(Ch),), 1.67 (s, 3H,
=C(CHs),); BC{*H} NMR (100 MHz, CDC}) § 170.1 (CO), 142.6 (&(CHs),), 138.3,
133.8, 128.9, 128.7, 128.4 and 127.6 (Ar), 128:8Q(CHs)-), 126.7 (Ar), 43.6 (NCBh),
42.7 (CH), 22,5 and 21.2 (=@Hs)2); GC-MS m/z = 279 (M); Anal. Calcd for
CioH21NO: C, 81.68; H, 7.58. Found: C, 81.76; H, 7.52.
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For 36k: *H NMR (400 MHz, CDCJ) & 7.4-6.9 (m, 10H, Ar), 3.16 (s, 3H, N(G}Ph),
3.15 (s, 2H, Ch), 1.73 (s, 3H, =C(CH},), 1.55 (s, 3H, =C(Ch),); *C{*H} NMR (100
MHz, CDCk) § 171.0 (CO), 144.1 (5(CHs),), 143.4 and 131.3 (Ar), 129.6£C(CHs),),
128.9, 127.9, 127.3 and 126.0 (Ar), 39.6 @LH37.3 (NCH3)Ph), 22.5 and 20.6
(=C(CH3),); GC-MS m/z = 279 (M); Anal. Calcd for GoH»:NO: C, 81.68; H, 7.58.
Found: C, 81.74; H, 7.49.

For 36l *H NMR (400 MHz, CDCJ) § 7.2-7.0 (m, 5H, Ar), 3.28 () = 6.8 Hz, 2H,
NCH,), 3.27 (s, 2H, Ch), 3.09 (t,J = 6.5 Hz, 2H, NCH), 1.78 (s, 3H, =C(CH),), 1.66
(m, 4H, CH), 1.52 (s, 3H, =C(CH,); **C{*H} NMR (100 MHz, CDC}) & 169.2 (CO),
143.3 (:C(CHs),), 131.2 and 128.6 (Ar), 128.C£C(CHs),), 127.7 and 125.9 (Ar), 46.3
(NCH,), 45.4 (NCH), 40.4, 25.9 and 24.1 (GH 21.9 and 20.5 (=@H3),); GC-MSm/z
= 243 (M"); Anal. Calcd for GeH2:NO: C, 78.97; H, 8.70. Found: C, 78.72; H, 8.58.

For36m: *H NMR (400 MHz, CDC}) & 7.3-7.1 (m, 5H, Ar), 3.42 (dd, = 5.6 Hz, 2H,
NCH,), 3.39 (s, 2H, Ch), 3.17 (ddJ = 5.6 Hz, 2H, NCH), 1.84 (s, 3H, =C(Ch),), 1.58
(s, 3H, =C(CH),), 1.49 (m, 2H, Ch), 1.40 (m, 2H, Ch), 1.27 (m, 2H, Ch); *C{*H}
NMR (100 MHz, CDC}) & 169.3 (CO), 143.3 (&(CHs),), 131.4 and 129.0(Ar), 128.9
(C=C(CHs),), 128.0 and 126.2 (Ar), 46.8 and 42.7 (N{;HB8.9, 26.2, 25.6 and 24.5
(CHy), 22.3 and 20.7 (=@Hs),); GC-MSm/z= 257 (M); Anal. Calcd for G;H»aNO: C,
79.33; H, 9.01. Found: C, 79.33; H, 9.14.

For (2)-36n: *H NMR (400 MHz, CDG}) & 7.3-7.1 (m, 5H, Ar), 6.11 (g} = 7.0 Hz, 1H,
=CHCHs), 6.09 (s, 1H, MICHs), 3.39 (s, 2H, Ch), 2.67 (d,J = 4.9 Hz, 3H, NHEl3),

1.79 (d,J = 7.0 Hz, 3H, =CHE3): NOESY §3.39 & 1.79 (- denotes NOE
correlation); *C{*H} NMR (100 MHz, CDC}) & 170.7 (CO), 141.5 (Ar), 134.2
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(C=CHCHy), 128.4 and 127.2 (Ar), 127.1 (CEICH3), 125.4 (Ar), 37.6 (Ch), 26.3
(NHCH3), 14.5 (C=CHKCHs3); GC-MS m/z = 189 (M); Anal. Calcd for GH;sNO: C,
76.16; H, 7.99. Found: C, 75.99; H, 7.92.

For (E)-36n: *H NMR (400 MHz, CDC}) & 7.3-7.1 (m, 5H, Ar), 5.88 (s, 1H,HCHs),
5.75 (qt,d = 5.3, 0.5 Hz, 1H, =BCHs), 3.25 (s, CH)), 2.71 (d,J = 4.9 Hz, NH®3), 1.65
(dt, J = 6.9, 1.0 Hz, 3H, =CHB3); “*C{*H} NMR (100 MHz, CDC}) & 171.7 (CO),
139.4 (Ar), 135.5 C=CHCHs), 128.5, 128.4 and 127.3 (Ar), 127.2 @HCHs), 47.1
(CHy), 26.5 (NHCH), 15.2 (C=CHCH3); GC-MS m/z = 189 (M); Anal. Calcd for
Ci2H1sNO: C, 76.16; H, 7.99. Found: C, 75.99; H, 7.92.

For 360 *H NMR (400 MHz, CDC{) § 7.3-7.1 (m, 5H, Ar), 5.82 (br, 1H,H\CHs), 3.26
(s, 2H, CH), 2.71 (d,J = 3.8 Hz, 3H, NHEs), 1.96 (g, J = 7.5 Hz, 2H,
=C(CHs)CH,CHz), 1.82 (s, 3H, =C(83)CH;CHs), 0.94 (t, J = 7.4 Hz, 3H,
=C(CHs)CH,CHa3); NOESY 8 3.26 <> 1.81 (- denotes NOE correlation)y’C{*H} NMR

(100 MHz, CDC}) & 171.2 (CO), 142.9 (Ar), 139.1CEC(CHs)C:Hs), 129.0
(=C(CH3)C;Hs), 128.5, 128.4 and 126.6 (Ar), 43.0 (§H28.6 (NHCH), 26.5 (CH),

17.9 and 13.3 (CH; GC-MSm/z= 217 (M); Anal. Calcd for G4H1gNO: C, 77.38; H,
8.81. Found: C, 76.91; H, 8.76.

For36p: *H NMR (400 MHz, CDC}) § 7.3-7.0 (m, 5H, Ar), 5.82 (br, 1H,HCHs), 3.34

(s, 2H, CH), 2.79 (d,J = 4.9 Hz, 3H, NHE), 2.04 (dd,J = 7.3 Hz, 2H,
=C(CHs)CH2(CH,),CHs), 1.88 (s, 3H, =C(B3)CH(CH,).CHs), 1.41 (m, 2H,
=C(CHs)CHy(CH,)2CHs), 1.19 (m, 2H, =C(CECH,(CH2)2CHs), 0.82 (t,J = 7.3 Hz, 3H,
=C(CHs)CH2(CH,).CH3); NOESY & 3.34 « 1.87 (~ denotes NOE correlation);
¥c{*H} NMR (100 MHz, CDC}) §171.3 (CO), 143.0 G=C(CHs)CH,(CH,)-,CHs),
138.1 (Ar), 129.5 (€(CHs)CHy(CH,),CHs), 128.6, 128.4 and 126.4 (Ar), 43.1, 35.3 and
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30.8 (CH), 26.6 (NHCH), 22.7 (CH), 18.4 and 14.1 (ChHt GC-MS m/z= 245; Anal.
Calcd for GeH23NO: C, 78.32; H, 9.45. Found: C, 78.30; H, 9.30.

For36q; *H NMR (400 MHz, CDC}) § 7.3-7.0 (m, 5H, Ar), 5.88 (br, 1H,HCHs), 3.25
(s, 2H, CH), 2.70 (d,J = 4.8 Hz, 3H, NHE), 1.95 (dd,J = 7.7 Hz, 2H,
=C(CHs)CH5(CH,),CHz), 1.80 (s, 3H, =C(H3)CHy(CH,)4CHs), 1.33 (m, 2H,
=C(CHs)CHo(CH2)4CHs), 1.21 (m, 2H, =C(CHCHy(CH2)4CHs), 1.09 (m, 4H,
=C(CHs)CHy(CH,)4sCHz), 0.79 (t,J = 7.0 Hz, 3H, =C(CR)CHx(CH,)4CHs); NOESY
§3.25 < 1.80 (- denotes NOE correlation)’C{*H} NMR (100 MHz, CDC}) § 171.2
(CO), 142.9 C=C(CHs)CHy(CH,)4CHs), 137.8 (Ar), 129.4 (€(CHs)CHy(CHy)4CHs),
128.5, 128.3 and 126.5 (Ar), 42.9, 35.4, 31.6, 29.2 and 28.9),(2614 (NHCH), 22.6
(CHp), 18.3 and 14.1 (Ch GC-MSm/z= 273; Anal. Calcd for H>3NO: C, 79.07; H,
9.95. Found: C, 78.37; H, 9.87.

For 36r: *H NMR (400 MHz, CDC}) & 7.3-7.0 (m, 5H, Ar), 5.88 (br, 1H,CH3), 3.24
(s, 2H, CH), 2.68 (d,J = 4.8 Hz, 3H, CH), 1.87 (d,J = 7.3 Hz, 2H, CH), 1.78 (s, 3H,
CHs), 1.6-1.5 (br, 5H, Cb), 1.42 (m, 1H, CH), 1.10 (m, 2H, GH 1.07 (m, 1H, Ch),
0.62 (m, 2H, CH); NOESY§ 3.24 « 1.78 (- denotes NOE correlation)’C{*H} NMR
(100 MHz, CDC} §171.2 (CO), 143.1 G=C(CHs)C/H13), 136.0 (Ar), 130.4
(=C(CH3)C7H19), 128.9, 128.2 and 126.4 (Ar), 43.1 and 42.8 {CB6.1 (CH), 33.1 and
26.4 and 26.3 (C}), 18.3 (CH); GC-MSm/z 285; Anal. Calcd for gH,7NO: C, 79.95;
H, 9.53. Found: C, 79.80; H, 9.30.

For36s *H NMR (400 MHz, CDCY) § 7.3-6.9 (m, 10H, Ar), 5.64 (br, 1H,HCH,), 3.23
(s, 2H, CH), 2.71 (t,J = 7.4 Hz, 2H, =C(CRCH,CH,Ph), 2.62 (d,J = 4.8 Hz, 3H,
NHCHs), 236 (t, J = 7.4 Hz, 2H, =C(CHCH,CH.Ph), 1.87 (s, 3H,
=C(CH3)CH,CH,Ph); NOESY 8 3.23 < 1.87 (~ denotes NOE correlation}?C{*H}
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NMR (100 MHz, CDC)}) §170.8 (CO), 142.7 and 1414 (Ar), 136.1
(C=C(CHs)CH,CH,Ph), 131.0 (€(CHs)CH,CH,Ph), 128.5, 128.3, 128.2, 128.1, 126.6
and 126.0 (Ar), 43.0, 36.5 and 34.0 (§H26.4 (NHCH), 18.0 (CH); GC-MSm/z 293;
Anal. Calcd for GgH23NO: C, 81.87; H, 7.90. Found: C, 81.65; H, 7.70.

For36t: *H NMR (400 MHz, CDC}) § 7.3-7.1 (m, 5H, Ar), 6.71 (br s,H\CH3), 5.67 (m,

CH), 5.27 (m, 1H, CH), 3.02 (m, 2H, GH2.58 (ddJ = 13.9, 4.0 Hz, 1H, CHE,), 2.46

(d, J = 5.1 Hz, 3H, NHEl3), 2.39 (dd,J = 14.0, 9.1 Hz, 1H, CHE), 2.17 (m, CH),

2.09 (m, 1H, CH), 1.63 (m, 1H, CHY*C{*H} NMR (100 MHz, CDC}) & 172.7 (CO),
143.6 (Ar), 133.0 and 131.7 (CH), 128.4, 128.0 and 126.5 (Ar), 51.5 (CH), 48.2 (CH),
42.1 (CHCH,), 32.3 (CH), 26.2 (NHCH); HRMS m/2: calcd for GsHigNO (M+H)*,
230.1539; Found: 230.1504.

For 36u: 'H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 5H, Ar), 5.4 (t) = 0.6 Hz, 1H,
CC(Ph)=CHy), 5.2 (br, 1H, MCH), 5.1 (dd,J = 0.7 Hz,J = 1.4 Hz, 1H, CC(Ph)=#,),
4.4 (t,J = 7.8 Hz, Ar®), 2.7 (dd,J = 6.5 Hz,J = 14.1 Hz, 1H, ArCHEl,), 2.6 (d,J =
4.8 Hz, NHGH3), 2.5 (dd,J = 8.6 Hz,J = 14.1 Hz, 1H, ArCHE,); “*C{*H} NMR (100
MHz, CDCk) & 171.8 (CO), 151.0 (C&Ph)=CH), 143.1, 137.3, 128.9, 128.6, 127.8
and 126.4 (Ar), 113.4 (CHC(PHJH,), 45.5 (AICHCH,), 43.5 (ArCHCH,), 26.5
(NHCHs); GC-MSm/z= 265 (M); Anal. Calcd for GgH1oNO: C, 81.47; H, 7.22. Found:
C, 81.84; H, 7.42.

For36v. 'H NMR (400 MHz, CDCJ) & 7.3-7.0 (m, 5H, Ar), 6.3 (ABJas = 16.0 Hz, 2H,
ArCH=CHPh), 5.3 (br, 1H, NCHs), 4.0 (q,Jx = 7.3 Hz, ArGiCH,), 2.6 (dd,J = 7.7 Hz,
J=14.1 Hz, 1H, ArCHEl), 2.6 (d,J = 4.8 Hz, NH®13), 2.5 (dd,J = 7.5 Hz,J = 14.0
Hz, 1H, ArCHH,); *C{*H} NMR (100 MHz, CDC}) § 172.1 (CO), 142.2, 141.8, 132.4,
130.4, 128.4 and 128.1 (Ar), 127.6 @M=CHPh), 127.1 and 127.0 (Ar), 126.8
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(ArCHCHPh) 46.7 (ArCHCH,), 43.0 (AICHCHy), 26.5 (NHCH); GC-MS m/z = 265
(M™); Anal. Calcd for GgH19NO: C, 81.47; H, 7.22. Found: C, 81.84; H, 7.42.

For36w. 'H NMR (400 MHz, CDC}) § 7.4-7.2 (m, 5H, Ar), 6.4 (br, 1H,INCH3), 6.2 (t,
J=7.7 Hz, C=GICH,), 4.2 (q,J = 7.2 Hz, 2H, CGCH,CHs), 3.5 (s, 2H, Ch), 3.3 (d,J

= 7.7 Hz, 2H, C=CHE,), 2.7 (d,J = 4.8 Hz, 3H, NHE3), 1.3 (t,J = 7.2, 3H,
CO,CH,CHj3); *C{*H} NMR (100 MHz, CDC}) & 172.0 and 170.2 (CO), 140.8 (Ar),
137.6 C=CHCH,), 128.8 (Ar), 128.0 (ECHCH,), 126.1 and 123.6 (Ar), 61.5
(CO,CH2CH;), 38.6 (C=CHCH,), 34.6 (ArGCHy), 26.6 (NHCH), 14.4 (CQCH,CHba);
GC-MSm/z= 261 (M); Anal. Calcd for GsH1oNO3: C, 68.94; H, 7.33. Found: C, 68.85;
H, 7.21.

For 36x 'H NMR (400 MHz, CDCJ) & 7.3-7.3 (m, 7H, Ar), 3.48 (s, 2H, GH 2.82 (s,
3H, N(CHb)2), 2.77 (s, 3H, N(CH),), 1.90 (s, 3H, =C(Ch),), 1.67 (s, 3H, =C(Ch),);
13c{*H} NMR (100 MHz, CDC}) 8 170.8 (CO), 140.9 (&(CHs),), 133.3 and 132.0 (Ar),
128.6 C=C(CHs),), 127.8, 127.7, 127.5, 127.4, 127.2, 125,7 and 125.4 (Ar), 39.9),(CH
37.3 (N(CH)2), 35.4 (N(CH)2), 22.3 and 20.7 (=@Hs)2); GC-MS m/z = 267 (M);
Anal. Calcd for GgH»;NO: C, 80.86; H, 7.92. Found: C, 80.55; H, 7.86.

For 37a *H NMR (400 MHz, CDCJ) & 7.1-6.9 (m, 4H, Ar), 4.08 (m, 2H, GGCHs),
3.80 (q,J = 7.1 Hz, 1H, GICHs), 2.34 (s, 3H, ArCh) 1.88 (s, 3H, =C(CH},), 1.51 (s,
3H, =C(CH),), 1.24 (t,J = 7.2 Hz, 3H, OCKCH3) 1.16 (d,J = 7.1 Hz, 3H, CHEl);
13c{*H} NMR (100 MHz, CDC}) & 174.8 (CO), 137.9 (5(CHs),), 135.8 and 133.9 (Ar),
130.9 C=C(CHs)), 129.5 and 128.7 (Ar), 60.5 @,CHs), 42.8 (CH), 22.8 (ArCh),
21.3 and 20.3 (=@Hs)y), 15.9 (CH), 14.2 (OCHCH3); GC-MSm/z= 246 (M); Anal.
Calcd for GeH220,: C, 78.01; H, 9.00. Found: C, 77.75; H, 8.94.
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For 37b: *H NMR (400 MHz, CDCJ) 6 7.3-7.0 (m, 4H, Ar), 4.07 (m, 2H, GGCHs),
3.80 (q,J = 7.1 Hz, 1H, €ICH;), 1.87 (s, 3H, =C(CH)), 1.49 (s, 3H, =C(CH.), 1.20 (t,
J=7.1 Hz, 3H, OCKCH3), 1.15 (d,J = 7.1 Hz, 3H, CHE5); **C{*H} NMR (100 MHz,
CDCl) § 174.7 (CO), 141.0 (&(CHs)2), 134.0 (Ar), 131.0@=C(CHy)y), 129.7, 127.9
and 126.5 (Ar), 60.5 (OH,CHs), 42.8 (CH), 22.7 and 20.3 (=Cifl3),), 15.9 (CH), 14.1
(OCH,CH3); GC-MS m/z = 232 (M); Anal. Calcd for GsH,00.: C, 77.55; H, 8.68.
Found: C, 77.09; H, 8.62.

For 37c *H NMR (400 MHz, CDC}) § 7.2-6.9 (m, 4H, Ar), 4.05 (m, 2H, GGCHs),
3.77 (9 = 7.1 Hz, 1H, €ICHs), 1.84 (s, 3H, =C(CH)), 1.45 (s, 3H, =C(CH.), 1.18 (t,
J=7.1Hz, 3H, OCKCH3) 1.09 (d,J = 7.1 Hz, 3H, CHEl3); **C{*H} NMR (100 MHz,
CDCl) § 174.5 (CO), 139.3 (B(CHs)2), 132.8 (Ar), 132.4@=C(CHy)y), 131.9, 131.1
and 128.1 (Ar), 60.5 (OH,CHa), 42.5 (CH), 22.7 and 20.3 (=Cifl3),), 15.9 (CH), 14.2
(OCH,CH3); GC-MS m/z= 252 (M); Anal. Calcd for GsH1oClO,: C, 67.54; H, 7.18.
Found: C, 67.64; H, 7.20.

For37d: *H NMR (400 MHz, CDCJ) § 7.2-6.9 (m, 5H, Ar), 5.88 (br, 1H,HCH;), 3.62
(9, J = 7.2 Hz, 1H, GICHs), 2.66 (d,J = 4.8 Hz, 3H, NHEl3), 1.79 (s, 3H, =C(CH.),
1.43 (s, 3H, =C(Ch),), 1.01 (d,J = 7.2 Hz, 3H, CHEl); **C{*H} NMR (100 MHz,
CDCly) § 174.4 (CO), 140.5 ((CHs)z), 135.1 (Ar), 131.2@=C(CHy),), 129.2, 127.7
and 126.2 (Ar), 43.2QHCHs), 26,2 (NHCH), 22.6 and 21.2 (=QHs),), 15.4 (CH);
GC-MSm/z= 217 (M); Anal. Calcd for GsH1dNO: C, 76.38; H, 8.81. Found: C, 77.17;
H, 8.73.

For 37e *H NMR (400 MHz, CDC}) § 7.2-6.8 (m, 15H, Ar), 6.01 (] = 5.8 Hz, 1H,
NH), 4.89 (s, 1H, CHPh), 4.13 (dd, = 6.0, 5.2 Hz, 2H, NHB,Ar), 1.71 (s, 3H,
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=C(CHs)y), 1.43 (s, 3H, =C(CH>); “*C{*H} NMR (100 MHz, CDC}) & 172.1 (CO),
141.5 (C(CHs)y), 138.3, 138.2 and 133.5 (Ar), 1330=C(CHy),), 130.1, 129.6, 128.6,
128.4, 127.8, 127.7, 127.0 and 126.3 (Ar), 5THIRh), 43.7 (NCh), 23.2 and 21.1
(=C(CH3),); GC-MS m/z = 355 (M); calcd for GsHsNO (M+H)*, 356.4851; Found:
356.4864.

For 37f: 'H NMR (400 MHz, CDG}) & 7.47 (br, 1H, NHPh), 7.4-6.9 (m, 10H, Ar), 3.79
(9,J = 7.0 Hz, 1H, EICHs), 1.90 (s, 3H, =C(CH),), 1.53 (s, 3H, =C(CH),), 1.10 (d,J =

7.0 Hz, 3H, CHEl5); *C{*H} NMR (100 MHz, CDC}) & 173.6 (CO), 140.5 (CHs),),
138.5 and 135.0 (Ar), 131.T£C(CHy),), 129.4, 128.6, 127.9, 127.8, 127.3 and 126.4
(Ar), 43.6 CHCHg), 22.7 and 20.4 (=QHs),), 15.6 (CH); GC-MS m/z= 279 (M);
Anal. Calcd for GgH»;NO: C, 81.68; H, 7.58. Found: C, 81.97; H, 7.71.

For 37g *H NMR (400 MHz, CDCJ) 7.2-6.8 (m, 10H, Ar), 6.15 (] = 5.5 Hz, 1H,
NHBz), 4.27 (dd,J = 5.9, 2.6 Hz, 2H, NHB,Ar), 3.62 (q,J = 7.2 Hz, 1H, GICH;), 1.75
(s, 3H, =C(CH),), 1.39 (s, 3H, =C(CH)»), 1.01 (d,J = 7.2 Hz, 3H, CHE5);: “C{'H}
NMR (100 MHz, CDC}) & 173.7 (CO), 140.6 (&(CHs).), 138.6 and 135.1 (Ar), 132.0
(C=C(CHs)y), 129.4, 128.6, 127.9, 127.8, 127.3 and 126.4 (Ar), 43B8Hs), 22.7 and
20.4 (=CCHa),), 15.6 (CH); GC-MS m/z= 279 (M); Anal. Calcd for GoHNO: C,
81.68; H, 7.58. Found: C, 81.97; H, 7.71.

For (Z)-37h: 'H NMR (400 MHz, CDGJ)  7.4-7.1 (m, 5H, Ar), 5.99 (s, 1H,H\CHb),
5.81 (q,J = 6.8 Hz, 1H, =GICH;), 3.31 (q,J = 7.0 Hz, 1H, GICHs), 2.71 (d,J = 4.9 Hz,
3H, NHCH5), 1.62 (d,J = 6.8 Hz, 3H, =CHE&l3), 1.32 (d,J = 7.0 Hz, 3H, CHEl):
NOESY & 3.31 «— 1.62 (- denotes NOE correlatiom®C{*H} NMR (100 MHz, CDC})
§ 174.7 (CO), 141.7 (Ar), 139.6CECHCHs), 128.7 and 127.3 (Ar), 126.9 CHCHy),
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124.0 (Ar), 49.3 CHCHg), 26.4 (NHCH), 16.4 (=CHCH3), 15.0 (CHCH3); GC-MSm/z
=203 (M); Anal. Calcd for GzH7;NO: C, 76.81; H, 8.43. Found: C, 76.76; H, 8.27.

For (E)-37h: *H NMR (400 MHz, CDC}) & 7.4-7.1 (m, 5H, Ar), 5.86 (s, 1H,H\CHs),
5.83 (q,J = 6.8 Hz, 1H, =GICH;), 3.30 (q,J = 7.0 Hz, 1H, GICHs), 2.78 (d,J = 4.9 Hz,
3H, NHCH5), 1.63 (d,J = 6.8 Hz, 3H, =CHE&l3), 1.29 (d,J = 7.0 Hz, 3H, CHEl):
NOESY & 5.83 — 1.63 (- denotes NOE correlatiom’C{*H} NMR (100 MHz, CDC})
8§ 174.7 (CO), 141.8 (Ar), 139.6CECHCHs), 128.8 and 127.3 (Ar), 127.0 GHCHy),
124.1 (Ar), 49.4 CHCHs), 26.5 (NHCH), 16.4 (=CHCH3), 15.0 (CHCH3); GC-MSm/z
= 203 (M"); Anal. Calcd for GsH17NO: C, 76.81; H, 8.43. Found: C, 76.60; H, 8.27.

For 37i: *H NMR (400 MHz, CDGJ) § 7.2-6.9 (m, 5H, Ar), 5.72 (br, 1H,H\CHs), 3.59
(q, J = 7.1 Hz, 1H, EICHs), 2.71 (d,J = 4.8 Hz, 3H, NHE), 1.82 (s, 3H,
=C(CH3)CH,CHsz), 1.75 (q,J = 7.5 Hz, 2H, =C(CHCH,CHs), 1.01 (d,J = 7.1 Hz, 3H,
CHCHz), 0.84 (t,J = 7.5 Hz, 3H, =C(CB)CH,CHs); NOESY 5 3.59 < 1.82 (- denotes
NOE correlation);*C{*H} NMR (100 MHz, CDC}) & 174.4 (CO), 140.4 (Ar), 137.3
(C=C(CHs)CH2CHs), 137.3 (Ar), 135.3%C(CH3)CH,CHs), 129.3, 128.2 and 126.6 (Ar),
43.0 CHCH;z), 29.2 (CH), 26.6 (NHCH), 17.6 (CHCH3), 15.5 and 13.3 (C# GC-MS
m/z= 231 (M); calcd for GsHosNO (M+H)*, 232.3460; Found: 232.3487.

For 37j: '"H NMR (400 MHz, CDC}) 6 7.3-7.0 (m, 5H, Ar), 5.78 (br, 1H,HCHs), 3.66
(9, J = 7.2 Hz, 1H, GICHs), 2.78 (d,J = 4.9 Hz, 3H, NHE), 1. 86 (s, 3H,
=C(CH3)CHy(CH,),CHs), 1.82 (m, 2H, =C(CHCH(CH.):CHs), 1.30 (m, 2H,
=C(CHs)CHy(CH3)2CHs), 1.11 (m, 2H, =C(CBCHa(CH,)-CHs), 1.06 (d,J = 7.2 Hz, 3H,
CHCHa), 0.75 (t,J = 7.5 Hz, 3H, =C(CBCHy(CH,),CH3); NOESY & 3.66 < 1.86 (-

denotes NOE correlation):>C{*H} NMR (100 MHz, CDC}) & 174.4 (CO), 140.5
(C=C(CHs)CH2(CH,)-,CHs), 136.1 (Ar), 135.8 (€(CHs)CHy(CH,):CHs), 129.5, 128.4,
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128.0 and 126.6 (Ar), 43.8&HCHs;), 35.8 and 30.7 (Chl, 26.6 (NHCH), 22.7 (CH),
18.1 (CHCH3), 15.6 and 14.1 (C¥t GC-MSm/z= 259; Anal. Calcd for GH2sNO: C,
78.72; H, 9.71. Found: C, 78.84; H, 9.55.

For 37k: *H NMR (400 MHz, CDC}) & 7.2-6.8 (m, 10H, Ar), 5.48 (br, 1H,HCHs),

3.59 (q,J = 7.0 Hz, 2H, GBICH3), 2.67 (t, J = 7.4 Hz, 2H, =C(G}CH,CH,Ph), 2.64 (dJ

= 4.8 Hz, 3H, NHE3;), 2.33 (m, 1H, =C(CHCH.CHyPh), 2.16 (m, 1H,
=C(CHs)CH2CH,Ph), 1.89 (s, 3H, C), 1.01 (d,J = 7.0 Hz, 3H, =C(El5)CH,CH.Ph);

NOESY & 3.23 « 1.87 (- denotes NOE correlatiom®C{*H} NMR (100 MHz, CDC})

§174.1 (CO), 1415 and 140.1 (Ar), 136.1C=C(CHs)CH.CH,Ph), 131.0
(=C(CH3)CH,CH,Ph), 129.4, 128.6, 128.3, 128.0, 126.7 and 126.1 (Ar), £HTH;),

37.0 and 34.0 (Ch), 26.6 (NHCH), 17.8 (CHCH5), 15.3 (CH) ; GC-MSm/z 307; Anal.
Calcd for GiH»sNO: C, 82.04; H, 8.20. Found: C, 81.65; H, 8.03.

For 371: *H NMR (400 MHz, CDCJ) & 7.3-7.1 (m, 5H, Ar), 6.61 (br, 1H,HCHs), 5.71

(m, 1H, =CH), 5.69 (m, 1H, =CH), 3.14 (m, 1H, CH), 2.97 (#id,9.9, 9.8 Hz, 1H, CH),
2.85 (d,J = 4.8 Hz, NH®3), 2.72 (m, 1H, CH), 2.10 (m, 1H, GH 2.01 (m, 1H, Ch),

1.83 (m, 1H, CH)), 1.51 (m, 1H, Ch), 0.94 (d,J = 6.8 Hz, 3H, CHEl5); *C{*H} NMR

(100 MHz, CDC}) & 177.1 (CO), 140.8 (Ar), 132.5 and 132.2 (CH), 129.6, 127.9 and
126.3 (Ar), 53.6 (CH), 48.80HCHs), 45.2 (CH), 32.0 and 28.4 (GH 26.4 (NHCH),

16.6 (CHCHs3); HRMS (m/2): calcd for GgHo:NO (M+H)*, 244.3570; Found: 244.3534.

For37m: *H NMR (400 MHz, CDC}) & 7.3-7.1 (m, 5H, Ar), 6.16 (br, 1H,HCHs), 5.66

(m, 1H, =CH), 5.58 (m, 1H, =CH), 3.13 (m, 1H, CH), 3.05 (#d,9.9, 4.8 Hz, 1H, CH),
2.79 (d,J = 4.8 Hz, NH®3), 2.76 (m, 1H, CH), 2.10 (m, 1H, GH 2.01 (m, 1H, Ch),

1.83 (m, 1H, CH)), 1.51 (m, 1H, Ch), 0.96 (d,J = 7.2 Hz, 3H, CHEl5); *C{*H} NMR

(100 MHz, CDC}) 5 176.8 (CO), 141.8 (Ar), 130.1 and 130.0 (CH), 129.1, 128.2 and
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126.4 (Ar), 53.5 (CH), 45.7QHCHj3), 45.1 (CH), 37.9 and 37.0 (GK 31.7 (NHCH),
15.0 (CHCHs); HRMS (m/2): calcd for GgH2:NO (M+H)*, 244.3570; Found: 244.3534.

For37n: 'H NMR (400 MHz, CDCJ) 6 7.30 (dd,J = 1.8, 1.1 Hz, 1H, Ar), 6.32 (dd,=
3.2, 1.8 Hz, 1H, Ar), 6.10 (dd, = 3.2, 0.8 Hz, 1H, Ar), 4.10 (m, 2H, ®GCH3), 3.74
(9, J = 7.1 Hz, 1H, BCH), 1.87 (s, 3H, =C(H3),), 1.80 (s, 3H, =C(83),), 1.22 (d,J =
7.1 Hz, 3H, CH®l3), 1.15 (t,J = 7.1 Hz, OCHCHa); *C{*H} NMR (100 MHz, CDC})
§ 174.6 (CO), 152.9 E(CHs),), 140.7 and 135.7 (Ar), 125.ZC(CHs)z), 110.3 and
108.5 (Ar), 60.5 (@H,CHs), 41.8 CHCH), 23.3 and 22.1 (=@QHa),), 15.7 (CHCH3),
14.73 (OCHCHs3); GC-MSm/z= 222 (M); Anal. Calcd for GsH1505: C, 70.24; H, 8.16.
Found: C, 70.45; H, 7.97.

For 38e *H NMR (400 MHz, CDC}) & 7.4-7.1 (m, 10H, Ar), 7.32 (d, = 15.9 Hz, 1H,
CH), 6.02 (d,J = 15.9 Hz, 1H, CH), 5.97 (br, 1H,HCHs), 3.00 (d,J = 4.9 Hz, 3H,
NHCHs), 1.79 (s, 3H, Ch; “*C{*H} NMR (100 MHz, CDC}) & 172.2 (CO), 140.4
(C=C(CHs)CO), 138.2 and 137.2 (Ar), 133.7 (CH), 133.3 ({EH;)CO), 129.5, 128.7
and 128.6 (Ar), 128.3 (CH), 127.9, 127.5 and 126.8 (Ar), 26.6 (NHCH8.6 (CH);
GC-MSm/z= 277 (M); Anal. Calcd for GgH1gNO: C, 82.28; H, 6.90. Found: C, 81.98;
H, 7.04.

For 38f: '"H NMR (400 MHz, CDCJ) § 7.4-7.1 (m, 9H, Ar), 7.31 (d] = 15.8 Hz, 1H,
CH), 5.96 (d,J = 15.9 Hz, 1H, CH), 5.94 (br, 1H,HCHs), 2.99 (d,J = 4.9 Hz, 3H,
NHCHs), 1.78 (s, 3H, ChH; “*C{*H} NMR (100 MHz, CDC}) & 171.9 (CO), 140.2
(C=C(CHs)CO), 137.9 and 135.6 (Ar), 133.5 (CH), 133.3 (EH;)CO), 129.3 (Ar),
128.8 (CH), 128.7, 128.6, 128.5, 127.8 and 127.5 (Ar), 26.6 (N§JQ8.5 (CH); GC-
MS m/z= 311 (M); Anal. Calcd for GgH1gCINO: C, 73.19; H, 5.82. Found: C, 73.27; H,
6.00.
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For 38g 'H NMR (400 MHz, CDCJ) & 7.4-6.8(m, 9H, Ar), 7.18 (d] = 15.9 Hz, 1H,
CH), 6.09 (dJ = 15.9 Hz, 1H, CH), 5.96 (br, 1H,HCHs), 3.75 (s, 3H, OCH}, 2.98 (d,

J = 4.9 Hz, 3H, NHE), 1.77 (s, 3H, Ch); “*C{*H} NMR (100 MHz, CDC}) § 172.3
(CO), 159.5 (Ar), 140.6G=C(CHs;)CO), 138.4 (CH), 133.2, 132.1, 129.5, 128.5 and
128.0 (Ar), 127.4 (CH), 126.3 (C£CH3)CO), 114.1 (Ar), 55.4 (OCH), 26.5 (NHCH),
18.5 (CH); GC-MS m/z = 307 (M); Anal. Calcd for GoH»:NO,: C, 78.15; H, 6.809.
Found: C, 77.91; H, 7.02.

For 38h: 'H NMR (400 MHz, CDC}) & 7.4-7.0 (m, 9H, Ar), 7.29 (d] = 15.9 Hz, 1H,
CH), 6.02 (d,J = 15.9 Hz, 1H, CH), 5.92 (br, 1H, 3H,HCHz), 3.00 (d,J = 4.9 Hz,
NHCHSs), 2.30 (s, 3H, PhC), 1.79 (s, 3H, Ch); “C{*H} NMR (100 MHz, CDC}) &
172.3 (CO), 140.6 Q=C(CHs)CO), 138.3 and 137.9 (Ar), 133.8 (CH), 132.7
(C=C(CH3)CO), 129.6, 129.5, 128.6 and 127.5 (Ar), 127.4 (CH), 126.7 (Ar), 26.6
(NHCH3), 21.4 (PhCH), 18.6 (CH); GC-MS m/z = 291 (M); Anal. Calcd for
CooH21NO: C, 82.44; H, 7.26. Found: C, 82.04; H, 7.29.

For 38i: '"H NMR (400 MHz, CDC}) § 7.4-7.1 (m, 14H, Ar), 7.31 (d, = 15.9 Hz, 1H,
CH), 5.98 (dJ = 15.9 Hz, 1H, CH), 5.80 (br, 1H,HCHs), 2.93 (d,J = 4.9 Hz, NH®>),
1.73 (s, 3H, Ch); “*C{*H} NMR (100 MHz, CDC}) & 172.2 (CO), 140.7, 140.6 and
140.5 (Ar), 138.2 ¢=C(CHs)CO), 136.3 (Ar), 133.73 (CH), 129.6, 129.1, 129.0 and
128.6 (Ar), 128.4 (CE(CH3)CO), 127.6 (CH), 127.5, 127.3, 127.2 and 127.0 (Ar), 26.7
(NHCHsy), 18.7 (CH); GC-MSm/z= 353 (M); Anal. Calcd for GsH.aNO: C, 84.95; H,
6.56. Found: C, 84.59; H, 6.77.

For 38j: *H NMR (400 MHz, CDCY) § 7.7-7.2 (m, 12H, Ar), 7.39 (d, = 15.9 Hz, 1H,
CH), 6.20 (d,J = 15.9 Hz, 1H, CH), 6.09 (br, 1H,HCHs), 3.01 (d,J = 4.9 Hz, 3H,
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NHCHs), 1.82 (s, 3H, ChH; “*C{*H} NMR (100 MHz, CDC}) & 172.2 (CO), 140.5

(C=C(CHy)CO), 138.2, 134.7, 133.8 and 133.6 (Ar), 133.3 (CH), 133.1, 129.5, 128.3,

128.1 and 127.7 (Ar), 127.5 (CH), 127.2 and 126.4 (Ar), 126.LC(CH3)CO), 123.5
(Ar), 26.6 (NHCH), 18.7 (CH); GC-MSm/z= 327 (M); Anal. Calcd for GsH»:NO: C,
84.37; H, 6.46. Found: C, 84.68; H, 6.50.

For 38k: *H NMR (400 MHz, CDCJ) & 7.6-7.0 (m, 11H, Ar), 7.41 (d, = 15.9 Hz, 1H,
CH), 6.18 (dJ = 15.9 Hz, 1H, CH), 5.92 (br, 1H,HCHs), 3.98 (s, 3H, OC#}, 3.05 (d,

J = 4.9 Hz, 3H, NHE>), 1.82 (s, 3H, Ch); “*C{*H} NMR (100 MHz, CDC}) § 172.3
(CO), 158.0 (Ar), 140.8G=C(CHs)CO), 138.4 and 134.4 (Ar), 134.1 (CH), 132.7, 132.6,
129.7 and 129.6 (Ar), 129.1 (C{CH;)CO), 128.6 (Ar), 127.7 (CH), 127.5, 127.3 and
127.1 (Ar), 55.5 (OCH), 26.7 (NHCH), 18.7 (CH); GC-MS m/z = 357 (M); Anal.
Calcd for G4H23NO,: C, 80.64; H, 6.49. Found: C, 80.55; H, 6.59.

For39a *H NMR (400 MHz, CDCY) § 7.4-7.2 (m, 4H, Ar), 3.72 (s, 3H, OGH3.60 (s,
2H, CHp), 3.39 (s, 2H, Ch), 2.18 (s, 3H, Ch); *C{*H} NMR (100 MHz, CDC}) &

171.7 (CO), 146.0 (C), 142.3 and 142.2 (Ar), 129.8 (C), 126.4, 124.1, 123.4 and 118.5

(Ar), 52.2 (OCH), 42.9 and 31.5 (C#}, 14.3 (CH): GC-MS m/z = 202 (M); Anal.
Calcd for GsH1402: C, 77.20; H, 6.98. Found: C, 77.61; H, 6.37.

For 39b: *H NMR (400 MHz, CDCJ) § 7.5-7.2 (m, 4H, Ar), 3.73 (s, 3H, OGH3.60 (s,
2H, CHp), 3.42 (s, 2H, Ch), 2.60 (qJ = 7.6 Hz, 2H, CH), 1.22 (t,J = 7.6 Hz, 3H, Ch);
3c{*H} NMR (100 MHz, CDC}) § 171.7 (CO), 148.3 and 146.0 (Ar), 142.3 and 129.0
(C), 126.4, 124.2, 123.5 and 118.7 (Ar), 52.2 (QGHK0.1, 31.4 and 22.0 (GH 14.3
(CHa); GC-MSm/z= 216 (M); Anal. Calcd for G4H160,: C, 77.75; H, 7.46. Found: C,
77.61; H, 7.37.
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For39¢ *H NMR (400 MHz, CDCY) & 7.59 (s, 1H, CH), 6.92 (s, 1H, CH), 4.34 o=
7.1 Hz, 2H, O®,CHs), 2.91 (d,J = 7.2 Hz, 2H, CH), 2.76 (m, 4H, Ch), 2.07 (m, 1H,
CH), 1.80 (m, 4H, Ch), 1.65 (m, 4H, Ck), 1.53 (m, 4H, Ch), 1.38 (t,J = 7.1 Hz, 3H,
OCH,CHa); *C{*H} NMR (100 MHz, CDC}) § 168.4 (CO), 141.3, 140.8 and 138.5 (C),
132.2 and 131.0 (CH), 127. 1 (C), 60.7QiCHs), 42.2 (CH), 39.7 (CH), 36.8, 36.3,
33.7, 28.5, 28.4 and 25.0 (gH14.5 (OCHCHxs); HRMS (m/2): calcd for GoH60- (M),
286.4146; Found: 286.4167.

For39d: *H NMR (400 MHz, CDCY) § 7.53 (s, 1H, CH), 6.882 (s, 1H, CH), 4.26 Jg
7.1 Hz, 2H, O®I,CHs), 2.84 (d,J = 7.2 Hz, 2H, CH), 2.70 (m, 4H, Ch), 1.96 (m, 1H,
CH), 1.66 (m, 2H, Ch), 1.57 (m, 4H, Ck), 1.43 (m, 4H, C), 1.35 (m, 4H, Ch), 1.31
(t, J = 7.1 Hz, 3H, OCKCHa); *C{*H} NMR (100 MHz, CDC}) & 168.2 (CO), 141.6,
140.7, 134 (C), 132.2 and 131.4 (CH), 127. 3 (C), 60@H&CH,), 42.1 (CH), 39.8
(CH), 32.7, 29.6, 29.0, 25.0, 23.3 and 23.2 {CH4.3 (OCHCH3); HRMS (m/2): calcd
for CooH2s0, (M), 300.4415; Found: 300.4457.

For 39e *H NMR (400 MHz, CDCY) & 7.62 (s, 1H, CH), 6.96 (s, 1H, CH), 4.34 Jo5
7.2 Hz, 2H, O®,CHz), 2.94 (d,J = 7.1 Hz, 2H, CH), 2.75 (m, 4H, Ch), 2.06 (m, 1H,
CH), 1.68 (m, 4H, Ch), 1.64 (m, 4H, Ch), 1.35 (t,J = 7.1 Hz, 3H, OCKCHs3), 1.19 (m,
4H, CHy); **c{*H} NMR (100 MHz, CDC}) & 168.5 (CO), 145.5, 141.9 and 135.6 (C),
132.4 and 131.3 (CH), 127. 7 (C), 60.7QiCHs), 42.2 (CH), 39.9 (CH), 34.2, 32.7,
32.4, 32.3, 32.0, 26.1, 25.9 and 25.0 (;H4.6 (OCHCH3); HRMS (n/2): calcd for
C21H3002 (M)*, 314.4684; Found: 314.4723.

For 39f: 'H NMR (400 MHz, CDCJ) § 7.60 (s, 1H, CH), 7.4-7.3 (m, 5H, Ar), 7.08 (s, 1H,
CH), 4.09 (qJ = 7.1 Hz, 2H, OEl,CHs), 2.83 (m, 4H, Ch), 1.85 (m, 4H, Ch), 1.00 (t,
J = 7.1 Hz, 3H, OCKCHs); *C{*H} NMR (100 MHz, CDC}) & 169.0 (CO), 141.9,
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140.9, 140.9 and 136.4 (C), 131.5 (CH), 130.8, 128.6, 128.4 and 128.0 (Ar), 126.9 (CH),
60.8 (QCH,CH), 29.5, 29.1, 23.3 and 23.2 (§H13.8 (OCHCH;); HRMS (m/2: calcd
for CigH2002 (M), 280.3670; Found: 280.3562.

For 39g 'H NMR (400 MHz, CDCJ) & 7.50 (s, 1H, CH), 7.3-7.2 (m, 5H, Ar), 7.01 (s,
1H, CH), 3.98 (qJ = 7.1 Hz, 2H, O@;CHs), 2.77 (m, 4H, Ch), 1.76 (m, 2H, CHh),

1.58 (m, 4H, CH), 0.88 (t,J = 7.1 Hz, 3H, OCKCHs); “*C{*H} NMR (100 MHz,
CDCl) & 169.0 (CO), 147.2, 142.6, 141.8 and 140.5 (C), 131.6 (CH), 130.5, 128.6,
128.5 and 128.4 (Ar), 127.0 (CH), 60.8GB.CHs), 36.7, 36.3, 32.7, 28.3 and 28.2
(CH,), 13.8 (OCHCHs); HRMS (m/2: calcd for GgH2:0, (M), 294.3939; Found:
294.3948.

For 39h: *H NMR (400 MHz, CDCJ) § 7.51 (s, 1H, CH), 7.3-7.2 (m, 5H, Ar), 7.01 (s,
1H, CH), 3.98 (qJ = 7.2 Hz, 2H, O@;CHs), 2.70 (m, 4H, Ch), 1.61 (m, 4H, Ch),

1.29 (m, 4H, CH), 0.88 (t,J = 7.2 Hz, 3H, OCKCH3); *C{*H} NMR (100 MHz,
CDCl;) & 169.1 (CO), 145.1, 140.5, 139.6 and 138.5 (C), 132.0 (Ar), 131.5 and 130.7
(CH), 127.9, 126.9 and 126.3 (Ar), 60.708,CHs), 32.3, 32.2, 32.1, 31.9, 26.0 and
25.9 (CH), 13.8 (OCHCHg); GC-MSm/z 308; Anal. Calcd for gH»40,: C, 81.78; H,

7.84. Found: C, 81.78; H, 7.68.

For 60a 'H NMR (400 MHz, CDCJ) & 7.5-7.3 (m, 4H, Ar), 4.30 (q] = 7.1 Hz, 2H,
OCH,CHs), 3.77 (s, 2H, Ch), 3.05 (t,J = 7.6 Hz, 2H, E,CH,CHs), 1.70 (m, 2H,
CH,CH,CHjz) 1.05 (t,J = 7.1 Hz, 3H, OCKCH3), 0.91 (t, J = 7.5 Hz, 3H, GIBH,CH>);
3c{*H} NMR (100 MHz, CDC}) & 165.9 (CO), 155.9 ((CHC=C(CO)), 127.5, 126.6,
124.2 and 122.9 (Ar), 121.4 ((G¥£=C(CO)), 60.0 (@H,CHz), 39.0, 28.7 and 22.7
(CH,), 14.2 (OCHCHs); HRMS (m/2: calcd for GsH:ig0, (M), 230.3071; Found:
230.3062.
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For 60b: *H NMR (400 MHz, CDCY) § 7.4-7.2 (m, 4H, Ar), 4.19 (q] = 7.1 Hz, 2H,
OCH,CHjz), 2.83 (ddJ = 7.5, 7.3 Hz, 2H, CB), 2.71 (ddJ = 7.5, 7.3 Hz, 2H, C}), 2.48

(t, J = 7.4 Hz, 2H, E,CH,CHs), 1.56 (m, 2H, CHCH,CHs) 1.05 (t,J = 7.1 Hz, 3H,
OCH,CHs), 0.89 (t, J = 7.5 Hz, 3H, GBH,CH3); “*C{*H} NMR (100 MHz, CDC}) &
169.4 (CO), 145.0 ((CHC=C(CO)), 138.1, 134.8, 128.4, and 127.8 (Ar), 127.7
((CH,)C=C(CO)), 125.0 (Ar), 60.5 (OH,CHs), 31.3, 28.5, 25.3 and 23.2 (QH14.5
(OCH,CHg3); GC-MSm/z 293; Anal. Calcd for gH2oNO: C, 78.65; H, 8.25. Found: C,
78.41; H, 7.99.

For Chapter 4
General Procedure of theCatalytic Reaction. In air, the complex80 (6 mg, 10umol),

an alkane substrate (1.0 mmol) @afiuOOH (70 wt% in HO, 0.43 mL, 3.0 mmol) were
dissolved in water (3 mL) in a 25 mL Schlenk tube equipped with a riegtiering bar.
The reaction mixture was stirred at 20 °C for 2-24 h. The reartimwas opened to air
and the solution was extracted with £LHp (10 mL). The solution was filtered through a
small pad of silica gel. An internal standargNt@s, 20 mg) was added to the solution,
and the product yield was determined by GC. The ketone produceadibyrisolated by

a column chromatography on silica gel (hexane/EtOAc).

Synthesis of 80.In a 25 mL Schlenk tube equipped with a Teflon stopcock and a
magnetic stirring bar, the compl&2 (100 mg, 0.19 mmol), NaBK90 mg, 0.95 mmol)
andt-BuOOH (5.5 M in decane, 0.42 mL, 1.9 mmol) were dissolved ipGGH5 mL).

The reaction mixture was stirred for 5 h at room temperature.sblvent was removed

under vacuum. The residue was recrystallized in@4#h-hexanes to obtain the product
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80 (85 mg, 73% vyield). Single crystals of compkXsuitable for X-ray crystallographic
analysis were obtained from @El./n-hexanes solution. The Evans NMR method was
used to measure the magnetic moment of the complex by followingxfhexrimental
procedure described in: Girolami, G. S.; Rauchfuss, T. B.; Angelicl, &nthesis and
Technique in Inorganic ChemistnA Laboratory Manugl University Science Books:
Sausalito, CA, 1999, pp. 125-126.

For 80: Anal. Calcd for GoH24BCl.F4sN4O-Ru: C, 39.30; H, 3.96. Found C, 38.70; H,

3.77. i = 1.55 By at 293 K.

Synthesis of 81In a glove box, 4,4-dimethyl-2-(2-pyridyl)oxazoline (0.21 g, 1.2 mmol)
and [Ru(COD)C]« (0.16 g, 0.5 mmol) were dissolved in CIgHH,Cl (15 mL) in a 25
mL Schlenk tube equipped with a magnetic stirring bar and Teflon stopcock. Therreacti
tube was brought out of the box, and was stirred in an oil bath at 50 2@ f. After the
reaction tube was cooled to room temperature, the volatiles weoxed under vacuum,
and the residue was recrystallized in CH/n-hexanes to obtain a crude product mixture.
The mixture was further purified by flash column chromatographktyekanes/EtOAc =
4:1) to afford analytically pure produ&l (0.15 g, 65% yield). Single crystals 81
suitable for X-ray crystallographic analysis were obtained fglaw evaporation of
CH_Cl, solution.

For81 'H NMR (400 MHz, CDC}J) § 8.05 (dddJ = 5.3, 1.0, 0.7 Hz, py-6-H), 7.86-7.96
(m, 2H, py-3 and 4-H), 7.50 (ddd,= 12.6, 5.3, 2.0 Hz, py-5-H), 5.03 @,= 2.5 Hz,
=CH), 4.52 (tJ = 2.6 Hz, =CH), 4.46 (s, 2H, OGH 2.61-2.78 (m, 4H, C}), 2.03-2.21

(m, 4H, CH), 1.52 (s, 6H, Ch); **C NMR (100 MHz, CDGJ) & 166.6 (N=CO), 150.0,
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148.0, 138.2, 128.0 and 126.2 (py), 89.5 and 89.2 (=CH), 82.5 {QC6i3 CCHs),
30.5 and 29.0 (C§), 27.5 (CH3); Anal. Calcd for GgH24CI:N,ORu: C, 47.37; H, 5.30.

Found: C, 47.13; H, 5.22.

Synthesis of 82In a glove box, [Ru(COD)GJk (0.20 g, 0.44 mmol) and 4,4-dimethyl-2-
(2-pyridyl)oxazoline (0.34 g, 1.94 mmol) were dissolved in GICH,CI (15 mL) in a 25

mL Schlenk tube equipped with a Teflon stopcock and a magnetimgtlvar. The
reaction mixture was stirred in an oil bath at 100 °C for 2After cooling to room
temperature, the solvent was removed under vacuum. The residue wyatallered in
CH.Cly/n-hexanes to obtain a crude product mixture. The product mixture usthe!f
purified by flash chromatography-fexanes/EtOAc = 4:1) to afford analytically pure
product 82 (0.30 g, 65% yield). Alternatively, comple&d (0.20 g, 0.44 mmol) and
pymox-Me (0.34 g, 1.94 mmol) were dissolved in CI€LHH,CI (15 mL) in a 25 mL
Schlenk tube. The reaction mixture was stirred in an oil bath at@d0r 24 h. After
cooling to room temperature, the solvent was removed under vacuum. the neas
purified by flash column chromatography-tfjexanes/EtOAc = 4:1) to afford pure
product82 (0.25 g, 55% yield). Single crystals 82 suitable for X-ray crystallographic
analysis were obtained from @El,/n-hexanes solution.

For 82 'H NMR (400 MHz, CDCJ) 5 10.01 and 10.12 (s, py-6-H), 7.83-7.88 and 7.90-
7.95 (m, 2H, py-3 and 4-H), 7.53-7.63 and 7.25-7.39 (m, py-5-H), 4.62 and 4.53 (s,
OCH,), 1.15 and 0.65 (s, CGH *C NMR (100 MHz, CDG)) §166.8 and 166.5
(N=CO), 156.2, 155.2, 151.6, 151.01, 133.1, 132.9, 132.8, 132.6, 126.1 and 124.9 (py),

83.4 and 82.7 (OCH\, 70.6 and 70.30CHj3), 28.2 and 27.1 (CH3); Anal. Calcd for
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Ca0H24CIN4OsRU: C, 45.81; H, 4.61. Found C, 44.92; H, 4.54.

Catalyst Recycling Experiment. The complex80 (6 mg, 10umol) was charged with
ethylbenzene (0.12 mL, 1.0 mmahBuOOH (70 wt% in HO, 0.43 mL, 3.0 mmol) and
H,O (2.5 mL) in a thick-walled 25 mL Schlenk tube equipped with a megsirring
bar. The reaction mixture was stirred for 16 h at 20 °C. Afteraglaetion was completed,
the reaction tube was opened to air and the solution was extratheGhiyCl, (10 mL).
The extracted solution was filtered through a small pad oagjét and analyzed by GC.
The second and third runs were repeated by using the same agodaicn. The

product yield as determined by GC.

Hammett Study. In five separate tubes, an equal amount of the cong§fg6 mg, 10
umol), p-X-CgH4sCH,CHs (X = OMe, Me, H, F, CI) (0.12 mL, 1.0 mmol) atdBuOOH

(70 wt% in HO, 0.43 mL, 3.0 mmol) were dissolved in(H(1.5 mL) andh-hexanes (1.0
mL) in a 25 mL Schlenk tube equipped with a magnetic stirrimgrbair. The reaction
tubes were stirred at 20 °C. A small portion of the aliquot wasrdmamodically from
the organic layer, and the conversion was determined by G, kheas estimated from

a first-order plot of fa(JArCH,CHjs]/[ArCH2CHzg]o) vs time.

Isotope Effect Study.In two separate tubes, compl8® (6 mg, 10umol) was charged
with ethylbenzene and ethylbenzeshg-(0.12 mL, 1.0 mmol){-BuOOH (70 wt% in
H,0, 0.43 mL, 3.0 mmol), 0 (1.5 mL) andn-hexanes (1.0 mL) in a 25 mL Schlenk

tube equipped with a magnetic stirring bar in air. The reaction talsestiarred at 20 °C.
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A small portion of the aliquot was drawn periodically from thgamic layer, and the
product conversion was determined by GC. Kliewas obtained from a first-order plot

of dn([ethylbenzeneg]ethylbenzeng) vs time.

Cyclic Voltammetry of 80. In a volumetric flask, the sample solution was prepared by
dissolving complex80 (10 mg, 1.6 mM) and an electrolyte (0.25 M of4BBF;) in 10

mL of CH,Cl,. Electrochemical measurements were collected at aratanf 200 mV/s
from a three three-electrode cell composed of a Ag/AgCtrelgte, a platinum working

electrode, and a glassy carbon counter electrode.

Catalytic Oxidation Reaction of Ethylbenzene with TEMPO.In air, complex80 (6
mg, 10umol) was charged with ethylbenzene (0.12 mL, 1.0 mntd@)yOOH (70 wt%

in H,O, 0.43 mL, 3.0 mmol), TEMPO (16 mg, 0.1 mmolyCH(1.5 mL) andh-hexanes
(2.0 mL) in a thick-walled 25 mL Schlenk tube equipped with a magsgtiing bar.
The reaction mixture was stirred for Bdat 20 °C. After the reaction was completed, the
reaction tube was opened to air. The solution was extracted wiBI£E0 mL) and
organic solution was filtered through a small pad of silica §kee product yield as
determined by GC was 34% (without TEMPO, 40% conversion). It shouhdtied that
n-hexanes was added to dissolve TEMPO, and under these biphasic conthions,

reaction rate was considerably lower than in pure water.
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Table 19. Crystal Data and Structure Refinement3ta

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

CagHssBCLFNOPRuU
847.58
100(2) K
0.7107 A
Triclinic
P-1
a =10.23664(13) Ao = 100.1596(12)°
b=12.07132) A B =102.3207(11)°
c=16.7295(2) A y=103.8371(12)°
1903.84(5) &
2
1.479 Mg/
0.649 mnt
880
0.4281 x 0.2686 x 0.1765 nim
3.38t0 37.83°
-17<h<17, -2 k<20, -2& 1 <28
95037
19744 [R(int) = 0.0279]
Numerical
0.915 and 0.811
Full-matrix least-squares orf F
19744/ 0/ 487
1.004
R = 0.0214, wR = 0.0609
R = 0.0270, wR = 0.0625
0.692 and -0.496 e.A



199

Table 20. Crystal Data and Structure Refinement56r

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C40H5gBC|2F4N O3P Ru

891.63
100(2) K
0.7107 A
Monoclinic
CcC?2
a=257127(4) A o =90.00°
b=10.6683(2) A B =94.9531(14)°
c=15.1324(2) A y=90.00°
4135.48 R
4
1.432 Mg/ni
0.603 mnt
1856
0.3531 x 0.2366 x 0.2077 nim
3.35 t0 32.83°
-38< <38, -166< k<15, -2 | <23
34927
13807 [R(int) = 0.0323]
Numerical
Full-matrix least-squares orf F
13807 / 145 / 406
1.075
R1=0.0474, wR=0.1135
R; = 0.0598, wR=0.1197
0.955 and -0.994 e.A
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Table 21. Crystal Data and Structure Refinement80r

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness th= 67.75°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2(1)]

R indices (all data)

Largest diff. peak and hole

GiH26BCl4F4N4O-RU
696.14
100(2) K
1.54178 A
Monoclinic
P 21/c
a=8.35260(10) A o =90°
b =28.1943(4) A B =108.2210(10)°
c=12.6986(2) A v =90°
2840.52(7) A
4
1.628 Mghm
8.407 min
1396
0.55x0.41 x 0.05 rAim
3.99 to 67.75°
-9h<9,0<k<33,0<1<15
23226
5024 [R(int) = 0.0211]
97.6 %
Numerical
0.6786 and 0.0905
Full-matrix least-squares dn F
5024 /9 /370
0.969
R1=0.0478, wR=0.1237
R=0.0489, wR = 0.1245
1.507 and -1.065 e.A
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Table 22. Crystal Data and Structure Refinement8ar

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness t6 = 67.53°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I1>8(1)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Gg.3H25C3N20RuU
498.83
100(2) K
1.54178 A
Monoclinic
P21/c
a=16.4410(4) A a = 90°
b =9.8816(3) A B =110.3760(10)°
c=12.8838(3) A y = 90°
1962.17(9) A
4
1.689 Mgm
10.305 min
1012
0.50 x 0.44 x 0.32 rAim
5.32t0 67.53°
-19h<17,0<k<11,0<1<15
16178
3383 [R(int) = 0.0305]
95.6 %
Numerical
0.1371 and 0.0791
Full-matrix least-squares dn F
3383/0/332
1.115
R;=0.0211, wR=0.0516
R=0.0212, wR=0.0517
0.00074(5)
0.639 and -0.4523%.A



Table 23. Crystal Data and Structure Refinement8ar

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness t6 = 68.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>8(1)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

GoH24C12N402.14Ru
526.68
100(2) K
1.54178 A
Monoclinic
P 21/c
a=10.72140(10) A o =90°
b =14.1607(2) A
c =14.6702(2) A y=90°
2209.09(5) A
4
1.584 Mgfm
8.173 mn
1069
0.29 x 0.15 x 0.10 rAim
4.16 to 68.00°
-12h<12,0<k<16,0<1<17
18294
3921 [R(int) = 0.0163]
97.6 %
Numerical
0.4954 and 0.2003
Full-matrix least-squares dn F
3921/0/272
0.981
R;=0.0194, wR=0.0513
R=0.0197, wRR=0.0515
0.00020(3)
0.405 and -0.295%.A

B = 97.3240(10)°
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Figure A4. Molecular Structure d3.
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Figure A6. Molecular Structure d¥5.
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Figure A8. Molecular Structure d7.
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Appendix B

Table B1. Crystal Data and Structure Refinementd0r

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.19°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

yiha
GsH7oFsNOsP.RuU
1091.21
100(2) K
1.54178 A
Triclinic
P-1
a=10.9483(2) A
b=11.7453(2) A
c=21.8972(4) A
2692.78(8) A
2
1.346 Mg/m
3.448 mm
1148
0.30 x 0.19 x 0.12 Mim
2.09 to 67.19°.
-12h<13,-13<k<13,0<1<25
22577
8864 [R(int) = 0.0172]
92.0 %
Numerical
0.6824 and 0.4244
Full-matrix least-squares dn F
8864 /0/630
1.148
R= 0.0305, wR = 0.0735
R=0.0310, wR = 0.0738
0.866 and -0.356%.A

o = 84.2760(10) °
B = 75.6230(10) °
v = 81.6590(10) °
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Table B2. Crystal Data and Structure Refinement3ar

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.01°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

yika
GeHg-BCl3FsN20OsPsR U,
1853.72
100(2) K
1.54178 A
Triclinic
P-1
a=15.1928(3) A
b =16.5925(4) A
c =20.8247(4) A
4297.92(14) A
2
1.432 Mgfm
4.902 mm
1895
0.25 x 0.22 x 0.17 Mim
3.13 t0 67.01°.
-K7h<17,0<k<19,0<1<24
35625
14081 [R(int) = 0.0253]
97.8 %
Numerical
0.4895 and 0.3737
Full-matrix least-squares dn F
14081 /10/ 1100
0.995
R=0.0384, wR = 0.1001
R=0.0433, wR = 0.1027
0.532 and -0.589%.A

o = 67.2570(10)°
B = 87.3490(10)°
vy = 63.8770(10)°
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Table B3. Crystal Data and Structure Refinementdar

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.26°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

yika
GoH44BoFsN4P.RuU
1061.54
100(2) K
1.54178 A
Monoclinic
P 21/n
a=15.4945(4) A o = 90°
b = 14.6409(4) A B = 108.2400(10)°
c =21.9804(5) A y=90°
4735.8(2) A
4
1.489 Mg/m
3.946 mm
2160
0.15 x 0.11 x 0.05 Mm
3.09 to 67.26°.
-18 h<17,0<k<17,0<1<26
39472
8231 [R(int) = 0.0663]
96.9 %
Numerical
0.8271 and 0.5890
Full-matrix least-squares dn F
8231/0/626
1.045
R=0.0417, wR = 0.0926
R=0.0583, wR = 0.0984
0.458 and -0.557 e.A
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Table B4. Crystal Data and Structure Refinement38r

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.18°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

yima
GeH24B2FsNsORU
615.12
100(2) K
1.54178 A
Monoclinic
P 21/n
a=75577(2) A o =90°
b =9.8463(2) A B =90.0130(10)°
c = 34.0339(9) A y =90°
2532.65(11) A
4
1.613 Mgfm
5.772 mt
1232
0.59 x 0.14 x 0.12 Mm
3.90to 67.18°.
-8h<8,0<k<11,0<1<39
21068
4394 [R(int) = 0.0299]
97.1 %
Numerical
0.5443 and 0.1319
Full-matrix least-squares dn F
4394/ 10/ 346
1.072
R=0.0201, wR= 0.0521
R=0.0201, wR= 0.0521
0.438 and -0.350%.A
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Table B5. Crystal Data and Structure Refinementddr

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.90°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

yin5
GsHeoClaN4OR W,
1032.91
100(2) K
1.54178 A
Monoclinic
C2
a =30.0297(13) A a =90°
b =9.1898(4) A B =95.619(2)°
c = 15.8658(7) A y=90°
4357.4(3) A
4
1.575 Mgfm
8.202 mi
2120
0.40 x 0.35x 0.12 mm
2.80 to 67.90°.
-35h<35,-10<k<10,-18<1<18
17156
7134 [R(int) = 0.0674]
96.1 %
Semi-empirical from equivalents
0.4394 and 0.1379
Full-matrix least-squares dn F
7134 /1/516
1.037
R=0.0492, wRR=0.1305
R=0.0493, wRR=0.1308
0.017(11)
1.565 and -0.83b e.A
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Table B6. Crystal Data and Structure Refinementdbr

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.12°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

yioa
G2H24CloNORuU
504.40
100(2) K
0.71073 A
Monoclinic
P21
a=7.0471(6) A o = 90°
b = 16.9054(15) A B = 99.8740(10)°
c=8.4172(8) A y=90°
987.92(15) A
2
1.696 Mgfm
1.080 mihl
512
0.18 x 0.14 x 0.10 mm
2.41 to 32.12°.
-18 h< 10, -25< k<25, 0<1<12
16325
6407 [R(int) = 0.0182]
95.1 %
Numerical
0.8997 and 0.8293
Full-matrix least-squares dn F
6407 / 1/ 349
1.032
R=0.0179, wR = 0.0446
R=0.0183, wR = 0.0448
-0.015(14)
1.004 and -0.294%.A
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Table B7. Crystal Data and Structure Refinementd6r

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.05°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

yipa
GeH24CloNORuU
456.36
100(2) K
0.71073 A
Monoclinic
CcC2
a=30.3970(13) A  a=90°
b =8.7145(4) A B = 96.9560(10)°
c =15.8881(7) A y=90°
4177.7(3) A
8
1.451 Mgfm
1.013 mith
1856
0.44 x 0.38 x 0.28 Mim
1.29 to 32.05°.
-45 h<43,-12<k<12,0<1<23
34398
13508 [R(int) = 0.0161]
95.1 %
Numerical
0.7646 and 0.6642
Full-matrix least-squares dn F
13508 / 1/ 497
1.007
R=0.0198, wR = 0.0520
R=0.0208, wR = 0.0527
-0.028(14)
0.920 and -0.372%.A
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Table B8. Crystal Data and Structure Refinementdadr

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 68.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

yita
GeH34BClgFaN4O2 3RU
911.89
100(2) K
1.54178 A
Orthorhombic
P212121
a=11.19480(10) A o =90°
b = 13.9654(2) A B =90°
c =23.7007(3) A y=90°
3705.36(8) A
4
1.635 Mgfm
9.200 mm
1832
0.36 x 0.20 x 0.10 Mm
3.67 to 68.08°.
-13h<13,0<k<16,0<1<28
31221
6686 [R(int) = 0.0294]
99.1 %
Numerical
0.4598 and 0.1364
Full-matrix least-squares dn F
6686 /0 /432
1.002
R=0.0271, wR=0.0663
R=0.0279, wR= 0.0667
-0.019(7)
0.00015(3)
1.269 and -0.799%.A
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Table B9. Crystal Data and Structure Refinement38r

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.95°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

yiwa
G2 Hy Cls Fe Ny O,
717.92
100(2) K
1.54178 A
Monoclinic
P 21/c
a=15.6717(2) A o = 90°
b =10.50400(10) A B =107.3650(10)°
c =19.0499(2) A y=90°
2992.98(6) A
4
1.593 Mgfm
10.854 mifn
1456
0.33 x 0.27 x 0.22 Mim
4.86 to0 67.95°.
-18 h<16,0<k<12,0<1<22
25014
5242 [R(int) = 0.0319]
96.3 %
Numerical
0.1987 and 0.1241
Full-matrix least-squares dn F
5242 /0/ 339
1.014
R=0.0271, wR = 0.0659
R=0.0314, wR = 0.0675
0.00011(3)
0.259 and -0.207%.A
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Table B10. Crystal Data and Structure Refinementd8r

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.90°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

yilca
GaH54B2ClgFsFeNgO4
1315.86
100(2) K
1.54178 A
Monoclinic
P21
a=12.3494(4) A o = 90°
b = 18.2325(6) A B =92.442(2)°
c=12.6916(4) A y=90°
2855.05(16) A
2
1.531 Mgfm
8.160 mt
1340
0.57 x 0.18 x 0.15 Mm
3.49 to 67.90°.
-14 h< 14, -21<k<21,0<1<15
23677
9781 [R(int) = 0.0396]
97.9 %
Numerical
0.3801 and 0.0898
Full-matrix least-squares dn F
9781 /46 /735
1.028
R=0.0622, wR=0.1521
R=0.0811, wR=0.1652
0.001(6)
0.886 and -0.452%.A



