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CHAPTER 1

Site-Selectiuty Control in Organic Reactions

1.1 Introduction

In its Glossary of Terms Used in Physical Organic Chemisthe IUPAC defined
chemoselectivity as Athe preferential reacti c
di fferent f un c tSchemehlA)!yvhile thipdefiniioR Gas pndy infroduced in
1979, distinguishing reactivity among diffetéands of FGs through selective transformations
has been a constant quest in the history of organic cherhiEig.endeavors towards this goal
have led to the development of important methods or approaches that are now archetypes in

synthesis.



Schemel.1 Chemoselectivity and Sigelectivity: Concepts and Examples

A. Chemoselectivity

different kinds of FGs
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B. Site-selectivity

same kind of FGs
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For example, controlled hydrogenation between alkene and ketone moieties was realized
using different meigpowders as catalysts (Eq. 1%19elective reduan of one carbonyl moiety
in the presence of other carboxylic acid derivatives has been made available by choosing specific
hydride reagents (E4.2)? without affecting alkene or sulfide moieties, oxidation of a hydroxyl
group can be achieved throughumique hydride transfer pathway (Ep3)° Hence, by taking
advantage of the difference in inherent reactivity among different kinds of FGs, one can choose a

certain method, reagent or catalyst to manipulate one FG while keeping others intact.

While effoits to pursue selective reactions among different kinds of FGs continue to pay
off, there awaits a more formidable task on the path towards the perfection of synthesis: to
differentiate reactivity among the same kind of FGs that have different chemicairengnts,
namely siteselectivity Schemel.1B). As a special scenario of chemoselectivity,-sé&ctivity
is more difficult to control because, constituted by the same atoms and bonds, the same kind of
FGs posessnearly idential chemical properties dntendto undergo the same transformation
under given conditions. In other words, the activatoergy difference between the reactions of
the same kind of FGs within the same molecule can be quite small. However, the rewards of
developing siteselective transformations can be enormous. For example, protecting group
strategy has been ubiquitously employed to allow reactions with one specific FG (e.g. hydroxyl
or carbonyl group) through masking others of the same kind. Clearly, the availability-of site
selceti ve methods can eliminate Oprotection/ dep
synthetic efficiency. In addition, compounds with repeating structural motifs, such as polyols,
polyenes, and polyketides, are common feedstocks from nature andgeavdailding blocks in

complex molecule synthesis. Thus, selective functionalization or derivatization of these



compounds is highly wvaluabl e. Mor eover, consi
abundant FGs in organic molecules, direct andssieel ect i ve conversion of
to new FGs would greatly streamline the synthesis of complex target utesldcom readily

available starting materials.

Clearly, to control siteselectivity, one must find a way to utilize or amplify the difference
of chemical environments among the same kind of FGs at different sites of the molecule, which
are generally inflanced by the electronic and steric properties of other FGs nearby. It can be
envisaged that through the induction effect, Coulombic interaction, conjugation and
hyperconjugation, a certain bond would be weaker or a certain intermediate would be more
stabilzed. Thus, these electronic factors provide an opportunity for a selective transformation. A
classic example is the bromination of al kane
brominated over secondary and primary ones {E).° Such a sitesekctivity is attributed tdhe
generation of a more stable tertiary alkyl radical intermediate as a result of increased
hyperconjugation, as well as having a late transition state by choosing bromime raadent
instead of chloriné.Alternatively, sterts provideanother handle for sigelectivity control.
Depending on the sizes of surrounding moieties, the same kind of FGs in a molecule can have
different degrees of spatial accessibility. These differences often enable a chemical reaction to
preferentally occur at the less sterically hindered site. For example, treatment of
androstanedione with an allyl nucleophile resulted in a selective addition at the more accessible
cyclohexanone site instead of-d-substtentsyEgl®8pent an
In contrast, selective reaction at the bulkier site can also be realized through preferentially

Amaskingo or protecting the | ess crowded one

4



selectivity was reversed when a titanium compleaswadded to mask the cyclohexanone

carbonylin situ.

While universally applicable methods for s#electivity control remain to be found,
numerous elegant approaches have been developed over the past few decadesefectsite
reactions of certain FGa within certain family of compounds. Based on innovative designs of
new reagents, catalysts and/or reaction pathways, these methods can discriminate the subtle
difference in reactivity among the same kind of FGs, and sometimes even override the
conventonal bias of selectivity. Here, rather than being comprehensivehiduderaims to offer
case studies on some more recentsaective methods. These examples are organized into two
categories, undirected and directed control of-s#ectivity, depeding on whether the site
selection is assisted by temporary reaction or complexation with other FGs in the molecule.
Cases in the former category are exemplified
the aid of directing groups. The key isdesign specific reagents or catalysts that can recognize
the intrinsic reactivity variance from site to site by matching the steric, electronic and/or
stereoelectronic properties of the target position. Reactions in the latter category utilize an
existing FG as an anchor to either enable proximity effect typically through temporary

complexation or alter the reaction pathway under specific reaction conditions.

1.2 Undirected Control of SiteSelectivity

C1 H br o miAlkan¢ halogenation via a free radical approach is one of the most

i mportant ways to functionalize aliphatic C1



alkanes inherently prefers to form tertiary alkyl bromided€ supra Eg 1.4). In 2014,
Alexanian and coworkers developed a bulky bromination readebt that can override the
preference f orsandswitthitha selectiviy méthyenengbupsScheme 1.2°
The efficacy is proposed to mainly stem from the steric hindraricthe amidyl radical

intermediate that slow to abstract hydrogen from a tertiary position.

Scheme 12 Alkyl C1 MWBromination Using a Bulky Bromination Reagent

Me
O/Me 1.1 (100 mol%) Q/Me OLBr
visible light
Br

PhH, r.t.

(100 mol%) 2° bromination 3° bromination

0
FiC NJ< 2°:3°=985:15

) 75% Yield for 2°
Br

CF; 14

Ci H o xi Basidesocantrolled by the reagents usete-sie|l ect i vi ty of
functionalization can also be guided through modifying the structure of the catalysts. The
seminal work from the White group shows that #mased catalyst F§G&PDP)1.2 affords mild
oxidation of aliphati cule€Bdhemblddn.ds The Ciokkhp bk d
proceeds through an ireoxo intermediate and the sielectivity generally biases towards the
more electror i ch tertiary Ci1TH bonds. Recentl vy, t he
preference from tertiary to secondd&@y H bonds usiSSECRBDPhMLI dsithe r Fe(
catalyst!® Exemplified in the oxidation of (+artemisinin, the F&SPDP) prefers the more
electronrich tertiary C10 position, whereas the E&CR-PDP) prefers to oxidize the more

accessible Cenethylene.



Scheme 3Wh i tCel dBxidation Using Iron Catalysts
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\ NNy
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Carbenoid Insertion: Complementary sitselectivity in the dirhodiuat at al yzed C1
functionalization of alkanes with donor/acceptor carbenes can be athiigvduning the
electronic and steric properties of the spectator ligafdsgme 1.4 For example, shown by the
Davis group, the carbene insertion wyhra-ethyl toluene occurred almost exclusively at the
secondary benzylic position with the JRR-DOSP) (1.4 catalyst that comins a proline
derived ligandt! however, with the more sterically demanding@@BPCP) catalyst1.4b,
reaction at the less hindered methyl group became predominant. In addition, the amazing C2
selectivity was achieved onfunetn a |l i zati on of u nmaalkanesyveaabledby Ci H I

an even bulkier dirhodium catalyst.40.1?



Scheme 14 Site-Selectivity Control of DirhodiurCatalyzedC T Hrunctionalization

M H M
¢ N e CO,Me
)ji cat. 1.4a or 1.4b Catalyst Site-selectivity Yield
Ar CO,Me — > 1.5 16 (%)
Ar = p-BrCgH, 1.4a <1 20 75
CO, 1

’ Me Me 1.4b 74
1.5 5 1.6
H N ozc
2
Ar CO,R CO,R
M RO,C 2
Ar = p-BrCgH, 1.9
R = CH,CCly .
site-selectivity 1.7:1.8:1.9 = 1:25:0
99% Yield
Ph Ph
H O—Rh L O-1-Rh L O-1-Rh
a4l P ] P ]
N‘ O-+Rh O-1Rh O-1Rh
SOLAr . Ar
Ar = p~(C12H25)CeHa Ph 4 Ar 4
Ar = p-BuCgH,
1.4a, Rhy(R-DOSP), 1.4b, Rh,(R-BPCP), 1.4¢, Rh,[R-3,5-di(p-BuCgH,) TPCP],

1.3 Directed Control of SiteSekctivity

Peptide Catalysis:As a mimic of enzymeatalyzed reactions, peptitb@sed catalytic
methods have emerged as a powerful tool to control the enantiositeselectivity of organic
transformations. The peptide catalysts typically consist of abloaekchain of amino acids and a
single acidic or basic residue that can act as the reactive site. The steric hindyancgen
b o n d i-imegactionsand other characters of the backbone can betdined by replacing the
amincacid residues. The modularity together with mature protocols for peptide synthesis allow
for convenient preparation of diversified catalystrdiries. A representative example of site
selective epoxidation of polyenes using a peptidsed catalyst was reported by the Miller

group in 2012 $cheme 1.5)2 Through directed screening of lewolecularweight peptides,
8



two catalysts X.13aand 1.13b were discovered for selectivpaxidation of the 2, 3or 6,7
olefins of farnesol 1.10). The free carboxylic acid moiety in both catalystmsisitu transformed
to a peracid and serves as a reaction site. The observed contraslestevity is attribugd to
the conformational difference of the backbones of the two catalysts upon forming hydrogen

bonds with the hydroxyl group in the substrate.

Scheme 15 PeptideBasedCatalysts forSite-SelectiveEpoxidation ofPolyenes

site-selectivity

Me Me Me 2,3- 10,11- 6,7-

catalyst 1.13a )\/\/K/\/K/\
- e X é\“ on >100 1.0 1.0
Me Me Me epoxidation 2,3-epoxide (1.11), 81% Yield
N X N — conditions
Me OH
10,11 6,7 2,3 Me Me Me
catalyst 1.13b )\/\/IWV 10 12 82
Farnesol (1.10) —— > Me o OH
° 6,7-epoxide (1.12), 43% Yield
NHTrt Ot-Bu
o) o)
§ Me. _OBn
N N JO by 0 MR
\ "0 e Z B J\N N\.)LN N\)J\OMe
BocHN o) N H H H
- NH  BocHN._A ° i °
-\fo e e H o \n/NHTI't
OH TrtHN—< o _\(o °
active site O MeO OH
2,3 catalyst, 1.13a active site 6,7 catalyst, 1.13b

Ligand Effect: For transition metatatalyzed reactions, ligands have been known to play
a critical role in controlling the reactivity and selectivity of the medaheme 1.6llustrates a
case that di vergent NCBokEl amenesychmalie i realized bye @opdrly o n s
choosimy the ligand for palladiurt:> The work by Baudoin and coworkers shows that upon
directed lithiation and transmetallation, the arylation can oacur e i t -toe rpobitiam ef U
the amines depending on the property of the phosphine ligand. It was rationalized that, although

a bulky and rigid R{(Bu)s (1.14) ligand favored the direct reductive elimination of intermediate

9



1.16t o g i vaeylate hneine,l& more flexible ligand, such h45 pr oméydegen a b

el iminationi/ RPséhtyidomdeeqeencearytatonppodetnt ual | vy

Scheme 16 LigandCo n t r o & h éAdytatidn of N-Boc Amines

a-arylation

cat. Pdy(dba); I?oc >|\ J<
Ar—Br Et,Na\rMe P
Ligand 1.14 Ar /i\
Boc s-BuLi, TMEDA
I{l B then ZnCl, 61% Yield 1.14
Et” 3 H B-arylation
H cat. Pdy(dba)s ?oc ; /(Pt—Buz
Ar—Br o N
, > Et” A NN
Ligand 1.15 l/
Ar = p-CF4CgHy 63% Yield 115
t-BuO__O,
Eoc A rlgdgctitye \Nr/ \l\:)d/L B-hydride I?oc rlgdgctitye rlgoc 6
P r elimination . elimination L elimination N
-— _ = N —_
By BTY then Et” j/\Pd’ A
Me Me : . |
Pd-H re-insertion H Ar

Sugar Chemistry: The vigorous development of carbohydrate chemistry has also given
rise to a number of siteelective transformations of saccharides. As naturally occurring polyols,
saccharides contain multiple hydroxyl groups that are close to eachaathénus share similar
chemical environments. Siselective transformation of one alcohol in a sugar molecule without
affecting others represents a huge advantage over traditional protectingogemapapproaches.

To date, a number of excellent appraeinave been developed. For instance, peptide catalysis
(vide supra has been an effective tool for sitelective functionalization of carbohydratéd’

Here, we mainly focus on some recent developments onsedgetive acylation of
mannopyranose derivae 1.17, which contains three consecutive secondary alcohols at C2, C3,
and C4 positionsScheme 1) First, the Cx el ecti ve acyl ation was
catalystl.21whereas the C3 OH was proposed to form a single dynamic covalent bond with the
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catalyst!® Such an interaction would deliver the imidazole motif in close proximity to the C2 OH,
which then triggers the acylation at this site. A similar recognitiotiset,2-diol (C2, C3) was
realized by catalyst.22'° In this case, a diphenylborigaadduct is selectively formed between

the cisC2,C3diols and the catalyst, which consequently enhances the reactivity of these two
sites over the free C4 alcohol. Influenced by the substrate conformation, the acylation
subsequently takes place selectvat the less bulky, equatorial C3 alcohol. In contrast, the 4
pyrrolidinopyridinederived catalyst1(.23 led to selective C4 acylatic A transition state was
proposed containing two hydrogen bonds between the catalyst and the C6/C3 hydroxyl groups.
Corsequently, the spatially close relationship between the C4 OH and the acylpyridinium ion

promoted the sitselective acylation.
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Scheme 17 Site-SelectiveAcylation ofMannopyranos®erivatives

o}
A ores 0
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2-O-acylation . Hl-(|)o O via | PPraCN ‘H‘O
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C2:C3:C4 = 84:15:1 OMe . !
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1.18
oTBS
Ph
ca OH R cat. 1.22 c4 OH J phed_
Hoﬁ\\z{O 3-O-acylation |'|OC$L{O via /B‘O
HO g c2 L
c3 ©2 86% Yield O# e OMe O ’
OR Ph c3 C2
117 1.19
H O
o RHN § N N OCgH17
cat. 1.23 QA caoH 0 ! ol—‘/ o
4-O-acylation Me\eLo ° i | | o ¢
- Y MHO c3 ©2 N ce
85% selectivity for C4 € < N
61% Yield OCaHir HOX? )
o 1.20 0”R N
c3 ]/
0
H
0 0
C)..\OMe N N
NN Ph__0 CgH170 Y Y “OCgHi
AN ] P-4 :l ~ 0 0 o
iPr N Ph" N HN z NH
Me Hz ~ |
N
2-0 catalyst, 1.21 3-0 catalyst, 1.22 4-0O catalyst, 1.23
Tan Taylor Kawabata

1.4 Conclusion and Outlook

With no doubt, the control of sigelectivity remains an inevasible challenge to our
quests for the perfection of synthesis. In tbiepter a number of recent efforts have been
summarized; however, due to the space constraint, many excellent workefatenately
omitted such as directed r esslective olgiin idetathasis ct i or
reactions. Compared with the advancement of selectivity control among different kinds of FGs as

well as the monument of controlling regidiastereeand enantioselectivity, the development of
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site-selective approaches is still in its infant stage. To breed more general, practical and broadly
applicable methods, it is envisaged that future endeavors will focus on 1) expanding the substrate
scope that camndergo siteselective transformations and 2) precisely controlling the site of
reaction in less biased settings. Clearly, the needs cannot be met without the availability of more
powerful catalysts, reagents, strategies and even new tactics. It iseefieadt Mother Nature

will continue providing inspirations to design biomimetic or supramolecular catalysts. To enable
more precise sitgelectivity control and broader reaction scope would require better modeling
and deeper mechanistic understanding @séhcatalytic processes. In addition, cooperative
catalysis through combining two or more activation modes might be another trend for the
incoming efforts. Vigorous development in recent years has demonstrated that merger of
multiple catalysis is able toctvate substrates once considered inert or functionalize sites
previously inaccessible. Furthermore, practical applications eksleztive transformations in

complex molecule synthesis are anticipated to be illustrated more frequently in the future.
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CHAPTER 2

Transition Metal -Catalyzed KetoneDirected orMe d i a t eFRunctdnakization

2.1 Introduction

Transition metatatalyzed CH functionalization has emerged as arcreasingly
important tool for organic synthesis; however, congkite-selectivity remains &hallenging
and ongoing taskAmongall of the approaches developed hitherto, the use of a diregiing
(DG) represents a versatile and reliable strategy to gowdritch Q'H bond will be
functionalized® Through coordination of &G to a transition metal, the proximity effect can
often overide theinherent steric/electronic preferences and ultimately dictate theeddetivity
of Ci H bond activation. Consequently, nitrogeasedunctional groups (FGs) and heterocycles,
as well as soft elemen(s.g. sulfur and phosphorus), are widely emgpdd as DGs due tieir
excellent coordination ability with transition metals. In contrde, use of a more common FG

as DG, such as regular ketorissmuch rarer due to their relatively low coordinating ability.
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Undoubtedly the ©H functionalization rections involving theseommon FGs as DGs or
substrates are highly attractive. Fexample, ketone moieties are widely found in various
bioactivemolecules and functiml materialsthey can also be readityansformed into a diverse
range of other FGs,nd are thus ofteemployed as versatile synthetic intermediates. For this

reasorsimple ketonedirected or mediatedi® functionalization is ohigh synthetic value.

Conventional ketonéunctionalization methods take advantagef the intrinsic
electrophiltity of the carbonyl and acidity of tHeCi H bonds (Schem®.1A). Carbonyl attack
by various nucleophileallows functionalization at thpsocarbon, whereas deprotonatiohthe
Uhydrogen or enolization with a strong (Lewis) acid permits b s t i t u tpositions lyt t he
reaction with varias electrophiles.Alternatively, recent advancements in transiioatal
chemistry enable novel ketomkased CH bond transformations that do notcur under
traditional conditions. This field has taken off sildaraié pioneering work on ketordirected
Ru-catalyzed CH/olefin coupling reactions in 1993vifle infra).* To date, a numbenof

innovative approaches and methods have been developed.

This chapterfocuses on the simplestonedirected or mediate€i H functionalization
reactions that are catalyzby transitionmetals, covered through January of 2015 (Sch2at).
The contentis organized into three parts: use of ketone carbonyl as the dDGy e c t b
functi on al i-akyation/alkenylatiennwithundctivated olefins and alkynes. It is
notewothy that transitionmetal enolatemediated cross coupling reactions, eBychwald
HartwigMi u r -arylatldn,® and Lewis acieémediated enolatechemistry with regular
electrophile$will not be includedReactions with related ketone derivatives, such Igkesiol

et her s, -k@x iome s ,t -erfsasuratachkdtonés, willso not be discussed. While not
17



intended to be comprehensivieis chaptesummarizes major developments from the perspective

of strategic design and reaction discovery.

Scheme2.1 Functionalization of Ketones

A. Conventional Ketone Functionalization

9 X_ Nu
)jj :Nu
] —_— ]
L L

S S

ipso carbon
(electrophilic)

0 Y )
N E* E

a-carbon

(nucleophilic) Y = OH, OM, OSiR3, NR,

B. Transition-Metal-Catalyzed C—H Functionalization

ortho-(sp?)-C—H ﬂ-(sp3)‘-C—H
e C—C formation 4~ > H o H/ . arylatlf’n
¢ C—X formation N < R . alkyl':mon
a-(sp®)-C-H
o with olefins

e with alkynes

2.2 Ketone as the Directing Group

Based on the reaction type, this section is divided into tubeections: carb®narbon
(CiC) bond formation via additiorio alkenes and alkynes,iB arylation, and carboin
heteroaton{Ci X) bond formation. While a large number of transformatibase been reported
using ketone as the directing group, it shoulchdied that the substrate scopes of these reactions
are limited tosp? Ci H bonds in aromatic, and some cases, vinyl ketones. Applicatiaishe
DG-based strategy to other types of ketones, suatkgkketones f§-sp* Ci H bondsvide infra),

are largely underdevelopdikely due to the weak coordinating ability of ketones.
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Over the past two decadese DGbased strategy has beestablished as one prominent
approach for CH functionalizatior¥. One commomode of reactivity consists of coordination of
the DG to a transition metal beforei i€ cleavage and $&sequentformation of stable
metallacycles (Schem2.2A). To date, a diverseange of DGs are available, among which
ketones are oftenonsidered weakly coordinating due to their relatively low Ldvasicity. As
demonstrated by the BFRaffinity scale, ked n eceoddinating capability is considerably lower
than other directinggroups, including pyridines, sulfoxides and amides (Sch@m®).’
However, from a chronological viewpoint, ketones are actwaiéyof the earliest DGs employed

in transition metatatalyzedCi H functionalization.

Scheme2.2 Ci H Functionalization Directed by Ketones

A. Ketone-Directed C—H Functionalization

Fa & —&

B. Lewis Basicity of Ketone and other DGs

BF3(gas) + LB (DCM solution) <—= LB-BF3 (DCM solution)
BF; affinity (BFA) = -AH° (Eq. 1) (KJ/mol)

O (0} >:
||
Ph)I\OMe Ph)LMe Ph)LH Ph” Me Ph
BFA

(KJ/mol) 59.4 74.52 74.88 97.37 101.75 103.35
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2.2.1 Coupling with Alkenes and Alkynes

In 1993, Murai and coworkers reported the first¢talyzedortho-alkylation reaction of
aromatic ketones with olefins, also known te hydroarylation of olefins (Schenze3)# The
ortho-Ci H bond of the ketone was selectively coupled with the olefiafford the alkylation
product in up to quantitae yield with RuHx(CO)(PPh)s as the catalyst in toluene at 135.
Detailedstudies of the substrate scope revealed that a large collectubefiob ca participate
in this reaction® Vinylsilanes provedto be superior substrates that gave completeatin
selectivity.In the case of styrene, a 6:1 ratio between linear and brapobeuicts was obtained.
Despite the good reactivity with terminalefins, internal, isomerizable terminal, and acrylate
type olefins gave poor yields or no reaction. Regardhng) scope oketones, aromatic ketones
bearing various alkyl, aryl, or heteroarslibstituents were all alkylated smoothly under the
reaction conditions. It is interesting to note that whilétetralone afforded the product in
guantitative yield, indanone showedo reactivity. As explained by the authors, the loss of
reactivity with 1-indanone was attributed to the difficulty of forming tfiee-membered ring

metallacycle due to the strainbdnzofusedtructure.
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Scheme2.3 RutheniumCatalyzedrtho-Alkylation of Aromatic Ketones

o)
N ; R3 RU"(*;(gO)(lF;/P)hQs 1
R -6 mol% R
2 = 2_ N
R - ) Time R s
toluene, 135 °C R

(100 mol%)  (100-600 mol%)

Selected examples:

o] o] o] o]
Si(OEt), Ph
Ph

2 h, 93% Yield 48 h, 36% Yield 1 h, 84% Yield, 6:1 (linear:branched)
Si(OEt); Si(OEt); Si(OEt)s
0.5 h, quantitative 48 h, 99% Yield

The proposed catalytic cycle, supported by both mecharstitie$ %1412 and DFT
calculations®® is initiated by the generatioof a Ru(0) species through the reduction of
RuH(CO)(PPh)z with olefin substrates (Scheng4). The ketone moiety coordinates and
delivers the Ru(0) within proximity of thertho-Ci H bond,followed by oxidative addition to
generate ruthenium hydride3. Subsequent migratory insertion of olefin into thei Rubond
proceeds in a highly regiaand chemoselective manner to giméermediate2.5 which after
reductive elimination gives thalkylation product and restores the active Ru(0) catalyst. The
reductve elimination of comple2.5 proved to be the rate determinisigp of the catalytic cycle.
While the reaction was run &B85°C, the oxidative addition of Ru(0) to the aryil K€ bond was

found to proceed even at 30.
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Scheme2.4 Proposed Catalytic Clefor the RutheniunrCatalyzedortho-Alkylation of

Aromatic Ketones

RuH,(CO)(PPhj3);

|
I ~
R' Ru'-0
R
Xﬁ R R
2.4
=\ 2.3

A more reactive precatalyst was discovered duringrieehanistic studies by Kaichi,
Murai, and coworker$! The spectroscopic evidence supported theegation of a R-hydride
complex @.6) from the reaction oRuH(CO)(PPh)s andtrimethylvinylsilane (Schem@&J5, Eq.
1). This species, onagsed as the catalyst, could enabledhbo-alkylation to proceegven at
room temperatureEq. 2. When the alkylaon was runat 120°C, complex2.6 achieved a

turnover number (TON) close 1®00 Eq. 3.
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Scheme2.5 Formation of Active Catalyst of Ruthemiu@atalyzedortho-Alkylation

Ph3P
OCu,, | ~PPh2

RuH,(CO)(PPhs);  ZsiMe Ru
3 toluene H | (Ea- 1)
(100 mol%) (120 mol%) 90 °C, 1-1.5h
Ph3P

major isomer

(0] (o]
2.6 (2 mol%)
A siMe; ————————> (Eq. 2)
toluene, SiMe
3

rt., 48 h

(100 mol%) (200 mol%) 99% Yield
0 o
2.6 (0.1 mol%)
A siMe; —————> (Eq. 3)
toluene, SiMe
120 °C, 20 h 3
(100 mol%) (100 mol%) 99.4% Yield
(994 TON)

Other groups have also developed improved cst®ljor thistransformation. Using
RuHx(H2)2(PCys)2 (2.7) as the catalyst, th€haudret®>'® and Leitnet’ 8 groups reportedrtho-
alkylation with ethylene that proceeded at room temperature (ScBdéneA variant ruthenium
complex with two tricyclopentylptephine(PCyp) ligands was also synthesized, characterized,
and demonstratetd possess outstanding catalytic activity towards the sdinyéation reactiof?
Compared to Mur ai ®ReH(@O)(PP)s, thesé moglified wtheniant gpecies
have two dihydrogen and two tricycloalkylphosphine ligands. The labilitydisfydrogen and
strongly electrordonating tricyclohexylphosphinkgand were proposed to generate an active
and electrofrich Ru(0) catalyst promptly. However, coupling with olefins otliean ethylene

was not demonstrated using these modified catalysts.
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Scheme2.6 RuHx(H2)2(PCys)2-Catalyzedrtho-Ethylation with Ethylene

M M
o) e o
2.7 (10 mol%)
H,C=CH, ————————>
pentane
20°C, 48 h
(100 mol%) (20 bar) 97% Yield
H PCys mono:di 23:1
H/I”,I"RI \‘\H
o
H~— | Ny

Another important contribution for the catalyst modificatioame from the Darses
group?0212223 They developed several protocdlsr the ortho-alkylation of aromatic ketones
using a combinatioof less expensive Ru salts, such as [R{patymene)} and RuCk, along
with triarylphosphine ligands and formate sgsheme2.7). The formatesalts were proposed to
reduce the Ru(llpr Ru(lll) catalystin situto generate the active Ru(0) catalyst. Té$timtegy
turned out to be highly efficient and the TON cotdéich more than 100&(g. 4. Besides the
lower cost of theprecatalysts, the adwn of phosphine ligands as a sepanaagent presents
another advantage over the original catalgtistem using RuHICO)(PPHh)s. This is because the
ruthenium dihydride complexes are often nontrivial to synthesize sewsitive to air and
moisture, this the addition of ligand asseparate reagent makes it easier to evaluate the ligand
effect. The authors discovered that the ligand played a vital rolecantrolling the
regioselectivity. For example, the couplingetween idacetonaphthone and styrenethwi
dicyclohexyl(phenyhphosphine significantly enhanced linear selectivity compared to

triphenylphospme (Eq. 5)2°
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Scheme2.7 KetoneDirectedortho-Alkylation Using Ru(ll) Precursors

o o
[Ru(p-cymene)Cl,],
(0.04 mol%) Si(OMe) (Eq. 4)
/\ . [l 3 a
Oe 7 7Si(OMe)s  ppn, (0.12 mol%) OO
HCOONa

neat, 140 °C 45% Yield, 1125 TON

(50 mmol) (150 mmol)
o o o

[Ru(p-cymene)Cl,], Ph

/\Ph (2.5 mol%) Ph (Eq. 5)
Ligand (15 mol%) OO OO
HCOONa

toluene, 140 °C

linear branched

PPhs 60%  40%
PPhCy, 95% 5%

Besides aromatic i® bonds, the olefinic TH bond can alsgarticipate in the Ru
catalyzed alkylation with alkenes (Schei®8). Tros*and Kakiuchi/Murai®>?® independently
demonstrated thdtoth linear Eq. 6 and cyclic vinyl ketonesHg. 7) are suitablesubstrates for
the alkylation reaction, althoudf/Z isomerizationfrom linear enone substest was observed in
some case¥.With regard to the alkene scope, vinyl silanes and styygreeolefinsproved to be
superior substrates for the coupling. Alkyl olefarsd acrylate derivatives also participated in the

reaction, although large excess was required to obtain good yields.

Scheme2.8KetoneDirectedorthccAl kyl ati on of Ol efi nic

e o 1B RuH,(CO)(PPhy); Ph A~ 1Bu
-bu o,
2~ (6 mol%) -
\/\[O]/ Ph toluene o (Ea. 6)
135°C,3h

Ph
(100 mol%) (500 mol%)

64% Yield
RuH,(CO)(PPhs)s SiEt,
P (5 mol%) o
SiEts toluene Ea.7)
0 reflux, 20 h o)
(100 mol%) (200 mol%) 94% Yield
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In addition to ruthenium catalystsrtho-alkylation of aromatidketones with olefins has
also been reported using otheansitionmetal catalysts. The rhodium b¢efin complex2.8
was used by Brookhart and coworkers for thelroarylation ofolefins (Scheme2.9).2” A
distinct feature of this rhodium catalysssthe norsite-selective oxidative addition of rhodium
into aromatic CH bonds before the migratory insertion. Chelatainthe ketone moiety was
proposed to lower thbarrier ofreductive elimination, which is the ratketermining step, thus
affording theortho-selective alkylation product. Besides tthistinct mechanism, this rhodium
catalyzed alkylation can accommod&emerizable olefins (e.g.-dentene) that wereand to

reactunder Murai 6s ruthenium catalysis.

Scheme2.9 RhodiumCatalyzedortho-Alkylation of Aromatic Ketones with Olefins

TMS T™MS

o N

O )
O A 1is 2.8 (5 mol%)
cyclohexane
120°C, 23 h

(100 mol%) (100 mol%) 99% Yield (mono:di 8:1)
Rh
TMS XY \(/

TMS
2.8

In 2002, Jun and coworkers reported a benzylaragsestedrtho-alkylation of aromatic
ketonesc at al yz ed b gatalyati (Sckem@.50p*hA0 ssibstoichiometric amount (50
mol%) of benzylamine acts as a-catalyst through transient condensatwith the substrate,
which converts ketones to strongmordinating ketimines. After the rhodivoaialyzedortho-
alkylation, the resulting alkylated ketimine would be hydrolyzedrelease the product and

regenerate the benzylami(eq. 8§ . A si mi |l ar st r at eakylationafs} |
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phenyt3-buten2-one @.9) (Eq. 9.2° In this case, a secondaayine was employed to form a
transient enamine witR.9, followed by directed olefinic CH activation with a rhodiuncatalyst.
It is interesting to note that after the alkylation reacteomolefin migration was proposed to take
pl ace t-enongZ.10as thémajor product. Although the substrate scopes of dngse
assisted alkylations were only briefly investigated, rirgction conditions were compatible with
a variety of olefinsincluding vinyl silanes, styrergpe olefins and even isomerizalbelefins,

which represent a key advantage over the&alyzedortho-alkylation reactions.

Scheme2.10Amine-Assistedortho-Alkylation of Aromatic Ketones and Enones

O 0O

Rh(PPh3);CI (5 mol%)
Me /\n—Bu benzylamine (50 mol%) - Me (Eq. 8)
toluene 1-Bu

150°C, 6 h
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M, A 1us Et;NH (50 mol%) 5% Yield
Me Ph

(Eq. 9)
toluene (0] | TMS
29 130°C, 24 h
Me’ Ph

(100 mol%) (1000 mol%)

2.10
—_— m_
via [ EtyN—Rh"—=H ] 95% Yield, £/Z 65:35

/Ph

An iridium-catalyzed hydroarylation of olefins was reported by Shibata and coworkers in
2008 (Schem@.11)2°In their study, the cationic iridium complex [Ir(cefBARF was used as
the catalyst to promotartho-alkylation of aromatic ketones with styretype olefins, giving the

linear products as the major isomers (Eqg. 10). It is noteworthy that when the chiral bidentate
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phosphine ligandR)-MeO-BIPHEP @.12 was used, the couplirgetween norbornene a2dl 1

afforded the product with moderate enantioselectivity (Eq. 11).

Scheme2.11Iridium-Catalyzedortho-Alkylation of Aromatic Ketones with Olefins

(0}
[Ir(cod),]BARF (5 mol%)
0,
Me A ph rac-BINAP (5 mol%) (Eq. 10)
OMe toluene, reflux, 40 h

75% Yield

(100 mol%) (500 mol%) linear:branched 5:1
(0]
[Ir(cod),]BF4 (5 mol%)
2.12 (5 mol%)
v fy e B, o
DCE, reflux, 20 h
Me Me
2.1 58% Yield, 70% ee

(200 mol%) (100 mol%)

O ® cr:
PPh, MeO PPh, -
PPh, MeO PPh, B

99 J

2.12
BINAP (R)-MeO-BIPHEP BARF

~

Wi th Murai s pr ot oc oaten,productsigiaored over baariched i n e a
ones. In 2014, Bower and coworkers reported an alternative idcatatyzed system that is
highly selective for branched products (Scheth&2).3* The key for the inversion of the
selectivity is the use of an eleatrdeficient bisphosphine ligand2;13, which can presumably
accelerate the reductive elimination. Under their reaction conditions, various aromatic ketones

were coupled with styrenes giving better than 20:1 branched/linear selectivity.
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Scheme2.12Branch-Selectiveortho-Alkylation of Aromatic Ketones with Olefins

R O R 0
[Ir(cod),]BARF (5 mol%) Me
2.13 (5 mol%
A ph (6 mol%) > Ph
1,4-dioxane

100-120 °C, 24-48 h

(100 mol%) (450 mol%)

i-P O Ph (0]
m e Me Me
CeFs~ CeFs
CoFs™ P:c F P P
6Fs 543 6Fs

d"ppb 74% Yield 84% Yield
21:1 branched:linear >25:1 branched:linear
An i mportant var i adirectednalkyation rebctiorais thes oxitagve o n e

othool efi nation of aromatic ketamseievedas arbdoxal k e n e
neutr al addition of a CiH bond to an ol efin,
formal dehydrogenative coupling, also known as the oxidative Heck redtttds.noteworthy

to mention that an olefination product wasalobserved by Murai and coworkers in the
Ruw(COh>c at al yzed addition of CITH bonds to ol efi
was directed by imidates instead of ketoAekr 2011, Glorius and coworkers reported a
rhodiumc at al yz ed Cieddtiomdirected by lketorie® (BcheME3) 34 When styrene

type olefins were coupled with acetophenone derivativesdigibstitutedtrans-alkenes were
generated as the sole regioisomer. This selectivity represents a distinct feature frofs Murai
rutheniumcatalysis, where a mixture of branched aimedr alkylation products &g produced

with styrenetype olefins. In addition, acrylatgpe olefins, previously unreactivenderMuraics

conditions affordedthe alkenylation products in good yielMdgh thisrhodium catalysis.
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Scheme2.13RhodiumCatalyzedortho-Olefination of Aromatic Ketones with Olefins

o [CP*RNCl,], (0.5 mol%) o

AgSbFg (2 mol%)
A Me Cu(OAc), (210 mol% A Me
R—: /\R' ( ) ( o) R—:
Z t-Amyl-OH, 120 °C, 16 h PNk

(100 mol%) (150 mol%)

Selected examples:

0 o} Me Et

M
N
e A NconBu MBUOLTN Ac

56% Yield 76% Yield 96% Yield

The use of a cationic rhodium catalyst, in conjunction with a stoichiometric Cu(ll)

oxidant, triggered a different reawtn pat hway from Murai 6s

(Scheme2.14). The activation of therthoCT H bond was proposed

concerted metalatiedeprotonation (CMD) pathway with the Rh(lll) catalyst. Unlike the

o

oxidative addition pathway obssed with Ru(0), however, the CMD mechanism yielded a

Rh(ll)-aryl complex and an acid instead of a métadride species. Subsequent migratory

insertion of the olefin into the Rh(lka r y | b o #hybridea @limhination afforded the

r

t

olefination product.The Cu(ll) oxidant was proposed to be responsible for regenerating the

active Rh(lll) catalyst. An analogous Ru(tdatalyzedortho-alkenylation with olefins was

reported by Jeganmohan and coworkers.
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Scheme2.14 Catalytic Cycle of RhodiurCatalyzedortho-Olefination

0

(0]
Me
Me Rhx
7 R

Me HX
cmp (:ﬁjo
via fi \Rh||| Me
Hoe
X N0
B-hydride Rh!_
elimination migratory X

cu" oxidant insertion

Me

A R
=0

R

When a cationic rhodium catalyst [Cp*Rh(€EN)s](SbFs)> was used with
stoichiometric silver acetate, Li and coworkers discovered aromatic ketones and enones
under went a Ci1 H al kyl adndeaonstéad bf chio bxidative olefiration at i o 1
reaction (Schem@.15)36 The cascade reaction was proposed to proceed thébigha similar
intermedi ate as in Gloriusos olhydritle elinairtatiomn r e a
intermediate2.14 would beprotonated under the reaction conditions to b, followed by
silver-mediated aldol condensation to give an indene as the product. The possibility of direct
aldol condensation with intermedia2el4 cannot be excluded. A small amount of water was
demamstrated to be beneficial to the cascade reaction, probably by facilitating the protonation

step.
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Scheme2.15RhodiumCatalyzedrtho-Alkylation/Aldol Condensation Cascade

MeO 0 [Cp*RN(CHSCN)5](SbFe), (5 mol%)
Me g} AgOAc (100 mol%) _ MeO O‘ Me
M :
MeO e DCE/H,0 17:1 MeO O

OMe 130°C, 48 h

(100 mol%) (250 mol%) 78% Yield

Me o)
=0
Me
© o
Me
2.15

214

Although less studied than coupling with olefiketonedirected addition of thertho-
CiH bonds to alkynes also proves to be effici
aromatié’ and olefinicfCT H bonds can react with alkynes t
using the same ruthenium cataly{$cheme2.16). While internal alkynes gave good yields,
terminal alkynes failed to provide access to the desired products, presumably due to competing
side reactions, e.g. dimerization. When unsymmetrical ethylphenylacetylene was submitted to
the reactio, all four possible stere@and regioisomers2(16) were isolated. However, reactions
with trimethylsilyl-substituted acetylenes all gawdrimethylsilyl-2-aryl alkenes as the exclusive
regioisomers. Besides ruthenium catalysis, Shibata and coworkersepisrted the same
transformation with a cationic iridium catalyst although only diphenylacetylene and

trimethylsilylphenylacetylenevere employed®
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Scheme2.16 RutheniumCatalyzedortho-Alkenylation of Ammatic Ketones or Enones with

Alkynes
R2
1
9 RuH,(CO)(PPh)s RV o
; ) (2-6 mol%)
— S L L) N
R—=—-R toluene
135°C,1-21h
(100 mol%) (200 mol%)
R
RUHz(CO)(PPh:;):; X
[ R (6 mol%) [ o
toluene
4
135°C, 1-15 h Y 3/ R
R
(100 mol%) (200 mol%)

Selected examples:

R=Et R =Ph £Bu
73% Yield (E/Z5:1) O o
+ |
R=Ph, R = Et 2M s
27% Yield (E/Z 5:1) 1

85% Yield 96% Yield
(E/Z 9:1) (E/IZ 16:1)

In 2011, Glorius and coworkers reported that the coupling between aromatic ketones and
alkynes can undergo a different pathway, leading to indenol and fulvene derivatives when a
catioric Rh(lll) catalyst and stoichiometric Cu(ll) salt are used (Sch2mg)3° Similar to the
coupling with olefins ¥ide supra Scheme2.14), orthooCT H acti vati on with RI
through a CMD mechanism and the following migratory insertion of alkyne givesRyll)
species2.20. Subsequently, an intramolecular addition of vinyl group to the ketone carbonyl
yields the intermediat2.21, which upon protonation gives the indendll(/) as the final product.
However, I f a met hyl o r rpesitidn pflthe ketonedRoothe¥ i s pr

position of the alkyne (B, dehydration takes place affording the fulvene derivati2eis3 @nd
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2.19, respectively). Similar transformations have also been reported by ¢Ghiganmohaft,

and Shibat& using rhodium, ruthenium, and iridium catalysts respectively.

Scheme2.17RhodiumCatalyzed Fulvene and Indenol Synthesis

_ R' OH
Ph——R®
> R2 Ph
cat. Rh'"
Cu(OAc 3
u(OAC), 247
R
R Ph—=——R3 /
o R'=CHzorCHR w2 o
R? cat. Rh'"
R3
Cu(OAc), 218
R1

Ph—=—R3
R®=CHjorCHR R? Ph
cat. Rh" \
Cu(OAc), N

—Rp!ll
<q 0-Rh
Rh'll —> O Ph
via =

Another interesting tandem reaction that involves ketbner e ct ed CT H bond a
the rhodiurmcatalyzed cyclization of aromatic ketones and diynes (Sch2a&®. In 2007,
Shibata and coworkers reported the formation of cycliedieBe produc®.23from the coupling
of diynes and aromatic ketones catalyzed by [Rh(BIPHER){B§. 12)*3 Whentrans-chalcone
was used as the substrate, monocyclic trierd2¥was generated (Eqg. 13). The tandem process
was proposed to initiate via the ketetieectedorthooCT1 H acti vati on with the

Intermolecular hydrahodation of one of the alkyne moieties and subsequent intramolecular
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carberhodation of the other would give the snembered rhodacyc226. The final reductive

elimination generates theqatuct and releases the active catalyst.

Scheme2.18RhodiumCatalyzed Cyclization of Diynes and Aromatic Ketones or Chalcones

(o}

—=Me "
TsN e

= Me

2.22

(100 mol%) (300 mol%)

/——Me 0
TsN /\)l\

=y PN Ph

(100 mol%) (300 mol%)

H—Rh"-0
2.22
via ¢’ N R —>

[Rh(BIPHEP)]BF4
(5 mol%)

DCM, r.t.,, 30 min

O PPh,
] PPh,

BIPHEP

[Rh(BIPHEP)]BF4
(5 mol%)

DCM, rt., 1h

Me,
H
/==

4
/
TsN

/Rh"'}"/
N

R
Me
2.25

Z
TsN
_ X
Me
223 07 “Me
55% Yield, E/Z > 20/1
Me
| Me
= N=
TsN
Ph pp

2.24
97% Yield

Me,

~

\ TsN Rh'"

,) —_— \ FauaN
\__/
Me -
O

2.26R

(Eq. 12)

O (Eq.13)

When an enyne was employed as the substrate, the metallated intermediate added to the

alkyne first to give the monocyclic produgi27 (Scheme2.19). The product descended from the

initial addition to alkene and subsequent cartadation of alkyne 4.28) was not observed.

When a chiral rhodium complex was used as the catalyst, good enantiosglec®ibbtained.

Similar tandem reactions with enynes and diynes as the coupling partners have also been

published by Tanaka and coworkers using cationic rhodium catét§3ts.
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Scheme2.19RhodiumCatalyzed Cyclization of Enynes and Aromatic Ketones

o} Z
— Ve [Rh{(S)-BINAP}]|BF, TSN
TN ©)‘\Ph (5 mol%)
\—\\ DCM, rt., 30 min
227 O7 “pn
(100 mol%) (1000 mol%) " O Ph 69% Yield, 92% ee
e
z

TsN
Me

2.28
not observed

Recently, Cheng and coworkers reported a similar hydroarylative cyclization of enynes
and aromatic ketones with a cobalt catalyst (Schén2€).4® In their case, CoBfl,3
bis(diphenylphosphino)propane (dppp) was used as thatphgst and the combination of zinc
and zinc iodide was proposed to reduce the cobalt salt to the active Co(l) catalyst. A large
collection of functionalized pyrrolidines, dihydrofurans, and cyclopentanes were accessed as
single regioisomers in good yield®m simple aromatic ketones and enynes. While examples
with terminal alkynes were not shown with rhodium catalysgitde(supra Scheme2.19), enyne
2.29 proceeded to give the cyclization prodd@&0 as a mixture of regioisomers under the cobalt

catalyss.
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Scheme2.20CobaltCatalyzed Cyclization of Enynes and Aromatic Ketones

Ph
o} Yz
=——ph CoBr; (5 mol%) TsN
ToN/ (D)L Me  dppp(5mol%)
\—\ Zn (10 mol%)
\ Znl, (20 mol%) 0™ “Me
(100 mol%) (107 mol%) DCM, 40°C, 2h 96% Yield
o Me
0
— CoBr, (5 mol%) TsN
TsN ©)LM6 dopp (S mol%) TsN Z
\—\ Zn (10 mol%) Me
\ Znl, (20 mol%) 0™ “Me
DCM, 40 °C, 2 h
2.29 2.30a 2.30b
(100 mol%) (107 mol%) 85% Yield, 2.30a:2.30b = 63:37

Although thischapterfocuses on reaction discovery and strategy design, kelioneted
CiTH bond addition to al k esyntbetic apphicdtions.|Fér gexarepte, h a s
ketonedirected hydroarylation reactions were employed by Woodgate and coworkers in the
synthesis of various aromatic diterpenoids (Sch2rdel ) . I n their study, t h
diterpenoid2.31 was selectively alkated in quantitative yield with triethoxyvinylsilane using
RuH(CO)(PPh); as the catalyst’” The authors also demonstrated the resulting

alkylalkoxysilane moiety could serve as a handle to access a diverse range of arfélogues.

Scheme2.21RutheniumCatalyed Alkylation of Aromatic Diterpenoid

RuH,(CO)(PPh3)s
(6 mol%)

toluene, reflux, 48 h -

MeO,C Z MeO,C #

2.31
(100 mol%) (500 mol%) Quantitative Yield
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Due to its high efficiency, the ketomrected hydroarylation reaction has also found
applications in the field of polymer chemistr
and coworkers applied the ruthenhoatalyzed ortho-alkylation of ketones to the
copolymerization of aromatic ketones and diene derivatives (ScB&aa). Copolymers with
various backbones and functional groups, such as amines and acetals, were synthbgire
efficiency using Rub{CO)(PPh)s as the catalys50515253 The Weber group also reported the
modification of poly(vinylmethylsiloxane) (PVMS) using the ruthenitcatalyzed
hydroarylation reaction (Schem&.22B). The ortho-C1 H bond of t he ket
acetylphenanthrene added to the pendant vinyl groups in PVMS witiMarkovnikov

selectivity and afforded the modified polymer in an excellent yreld.

Scheme2.22RutheniumCatalyzed Synthesis and Modification of Polymers

A. Synthesis of Polymers

N

aromatic diene
ketone

Selected examples:

T s

M,,/M,, 8310/6720 M,/M,, 3010/1220

R =0Me, R'=H: M,,/M, 29700/11900

Sl
\/\Sl/\j R= -§—N O R'=H: M,/M, 16470/8050
R, R'= CH,OCHy,: My /M, 45610/33460

B. Modification of Polymers

| | |
o) —Si-éo—sﬂ-)o Si—
RuH,(CO)s(PPhs)s 1) oo
| | | (1 mol%)
—Si o—Si-)o-Si— _ (mob)
l / n l Q Q 99% Yield Oe
(100 mol%) (110 mol%) O
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2.2.2 Arylation

In 2003, Kakiuchi and coworkers successfully extended ruthenatalyzedortho-
functionalization to the arylation of aromatic ketones (Sch2i28)>°> With RuH(CO)(PPh)s
as the catalyst, a wide panel of aaiim ketones were arylated in good yields with arylboronates

as the arene source. To ensure good yields, two equivalents of ketone substrate were required.
Scheme2.23RutheniumCatalyzedortho-Arylation of Aromatic Ketones with Arylboronates

(0] OH
RuH,(CO)(PPhj3)s
0,
Me  ph—g :>< (2mol%) Me Me  (Eq.14)
toluene, reflux, 1 h Ph

work-up (hydrolysis)

(x mol%) (100 mol%)
x =100 47% Yield 40%
x =200 82% Yield 71%

Mur ai 6s or i gianall yzetdherdidummi on of CiH bond
neutral process requiring no external oxidant or reductant. However, in the case of arylation with
arylboronates, additional reductants are necestaryrap the hydride generated after the
oxidative addition. This is supported by the
alcohol was isolated as a byproduct after workup (Eq.5%l4h).the proposed catalytic cycle,
addition of Ru(Il}hydride 2.32 to another ketone substrate generates Ralkbxide 2.33
(Scheme2.24). Subsequent transmetalation betw@e8 and arylboronate transfers the aryl
group to the Ru(ll) and meanwhile generates a stoichiometric amount of boronic ester, which is
hydrdyzed during the workup to give the benzyl alcohol. Reductive elimination of coraf3éx

would give the arylation product and restore the active Ru(0) catalyst.
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Scheme2.24Proposed Catalytic Cycle of Ruthenit@atalyzedortho-Arylation

o}
L o
Ar )/ Ru®
Me
©\)§O Me
R{”

2.34 Ar Ru”

2.33

The issue of using excess ketone substrates was later resolved by employing pinacolone
as the solvent (Schen®25, Eq. 15). The efficiency of the arylation reaction can be sustained
with aromatic ketones as the limiting reagent, and &xg@nacolone serves as the hydride
scavenger instead of the aryl ketone substrate. The coupling with alkenylboronates was also
reported under similar reaction conditions by the same group (E§’*8@his new olefination
reaction can be considered as@mp | ement ary approach to the
alkynes vide supra Scheme2.16), since products lik@.35 cannot be accessed directly from

coupling with alkynes.
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Scheme2.25RutheniumCatalyzedortho-Arylation Using Pinacolone as Solvent

o o)
o RuH,(CO)(PPhy)s
Me  ph—g :>< __@mo%) Me  (Eq.15)
0 Q Ph

(100 mol%) (110 mol%) (1.0 M) 85% Yield
reflux, 1 h
0 0
0 RUHz(CO)(PPh3)3
tBu / (2 mol%) tBu
B > Eq. 16
be pinacolone (2.0 M) (Eq. 16)
reflux, 3 h
2.35
(100 mol%) (150 mol%) 73% Yield

On the other hand, thertho-arylation of aromatic ketones using aryl halides as the
coupling partner was achieved using palladium catalysis. drtieo-arylation of aromatic
ketones with aryl bromides was first discovered by Mamd coworkers (Schen®26)5° In the
presence of a palladium catalyst and a stoichiometric base, benzylphenyl ketone reacted with
excess bromobenzene to give palylated keton@.36 as the major product (Eq. 17). Instead of
a ketonedirected pathway, #h authors proposed an enoldieected palladation assisted by
CsCO0Cs. In a following study by the same group, tthoCT H bonds of anthron

arylated under similar reaction conditions (Eg. %8).
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Scheme2.26PalladiumCatalyzed MultiArylation of Ketones

LA
Pd(OAC), (1 mol%) O O Ph
PPhs (4 mol%
(100 mol%) 3 (4 mol%) . (Eq. 17)
Cs,C0O3 (400 mol%) Ph

@—Br o-xylene, 160 °C, 22 h Ph
2.36

(400 mol%) 54% Yield
Ph OPd'"Ph Ph OCs
= H Cs,CO, — Pd'Ph
via PH Ph —> 236
2.37 2.38
Ph O Ph

Pd(OAc),
_PPh,
Eq. 18
“ Q_ CSZCO3 (Fa 18
Pr “OH

In 2010, Cheng and coworkers reported a ketlirected ortho-arylation with aryl
iodides (Schem@.27)*Cont rary to Miurads basic conditior
the solvent for this reaction. Bddition, although excess aryl iodides were employed, only mono
arylation products were observed for a range of aromatic ketones. However, when -electron
neutral or rich aryl iodides were used as the substrates, the yields were largely compromised. It is
interesting to note that the use s&calkyl aryl ketones triggered a tandem process that gave
phenanthrone products (Sche@28). It was proposed that after tbeho-arylation, a second
ketone (or enolatej i r ect ed CT H acti vat inemberedcpalladagclet o f C
(241). Subsequent enolate formation, rearrangement, and reductive elimination results in

formation of phenanthrora39.
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Scheme2.27PalladiumCatalyzedortho-Arylation with Aryl lodides

0
Pd(OAc), (10 mol%)
AgO ( 100 mol%) o R
TFA, 120 °C, 20 h AN

(100 mol%) (300 mol%) R = Me, Et, Ph _

CO,Et NO, Ar= pNOzCeH

R =H, 23% Yield

0, 0, o
R = OMe, 20% Yield 78% Yield 68% Yield 82% Yield

Scheme2.28 PalladiumCatalyzedortho-Arylation and Tandem Cyclization

Pd(OAc), (10 mol%)
Agy0 (100 mol%)
TFA, 120 °C, 20 h

(100 mol%) (300 mol%)

2.40

Besides coupling with pranctionalized aryl sources (i.e. arylboronates and aryl halides),

ketonedirected arylation can also occur through the coupling betweé w o

2012, the Chenff and ShP® groups independently reported the synthesis of fluorenone

aryl

Ci1

H

derivatives from diaryl ketones using palladium acetate as the catalyst and silver oxide as the

oxidant (Scheme.29). The proposed pathway begingh orthooCT H pal | adati on

mechanism directed by the ketone carbonyl. Due to the weak coordinating ability of the ketone,

dec hel ati on followed by Ci C bond
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towards theorthoCT H on t her endée A second CiH p-all ada
membered pallacycle2{@6), which upon reductive elimination would give fluorendhé4 as
the product and a Pd(0) species. The silver salt was proposed to oxidize the Pd(0) intermediate

and restore thactive Pd(ll) catalyst.

Scheme2.29PalladiumCat al yzed Fluorenone Synthesis Vviaza

cat. Pd(OAc),
Rz — e

Proposed pathway:

Pd”—O

2.43 —» —> 244
2"d CMD

223 CarbonHet eroatom (Ci X) Bond Formati on

Compared to Ci1 C bond -directedoitho@i X eledroatom)n s |, K €
bond formation is relatively less studied. Nevertheless, direct and efficient assendlolizoof
heteroatoms ubst i t uted ketones via CiH functionald:@
community aso-acyl phenols, anilines, and haloarerm® prevalent motifs in bioactive

compounds.

The general catalytic cycle for ketedei r ect ed C1T X bond for mati
Scheme2.30. The reaction starts with a direciethoCT H met al at i emembered gi v e

metallacycle 2.47), where theoxidation state of the metal remains unchanged. The following
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oxidation with various oxidants first delivers an anionic heteroatom ligand (X) to the metal, and
second increases the oxidation state of the metal by two. Depending on the oxidant employed,

different heteroatom ligands can be introduced to the metal. The final reductive elimination of

the higheroxidation state metal comple48) af f or ds t he product with

bond and regenerates the active metal catalyst.

Scheme2.30General Mechanism of the KetobgrectedorthooCi X Bond For mat i
(e} O
L o
M"Y,
X
reductive e.g. CMD A
elimination
Me
Me
M2 /
X/ Y oxidative M
2.48 w 247
X =OR, NRy, Cl, Br, I... oxidant
In 2012, the Ra% and Dong® groups independently perted a palladiuatatalyzed
ortho-hydroxylation reaction directed by ketones (Sch@&®é, Eqg. 19). A wide range afrtho-
acylphenols were synthesized using palladium acetate or trifluoroacetate as the catalyst in good
yields. Both organic and inorganixidants, e.g. hypervalent iodine compounds and potassium
persul fate, can be used to promote the CiO

discovered an unusuairtho-carbonylation reaction when running the hydroxylation reaction
under CO atmosphere ¢E 20)%° While the exact pathway remains unclear, the etk

lactone was proposed to come from meesthydride intermediat2.50. A similar palladiurm
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catalyzed hydroxylation reaction was later reportecKispng and coworker® In addition to
palladium catalysis, the ketowkrected hydroxylation reaction can also be catalyzed by
rutheniun?”8 and rhodiurf® under similar conditions (Schen#32). The study of sudrate
scopes indicated that, while rutheniuand rhodiurrcatalyzed hydroxylation reactions shared
similar chemoselectivity (electremch arenes are favored), the ruthenium catalysts gave better

performance in terms of yields.

Scheme2.31PalladiumCatalized KetoneDirectedortho-Hydroxylation Reaction

) cat._ [Pd] )
R R Oxidant R R (Eq. 19)
50-80 °C

[Pd]: Pd(OAc),, Pd(TFA),
Oxidant: PhI(OAc),, PhI(TFA),, K;S,0g

Pd(TFA), (5 mol%) o}
PhI(TFA), (200 mol%) Q OMe
CO (1 atm)

> Eq. 20
DCE, 70 °C O O (Ea. 20)

then MeOH, Et3N
2.49

68% Yield

%
W,

F3C 0O

b

0 0
o}

J

2.50
possible intermediate
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Scheme2.32Ruthenium and Rhodiw@atalyzed Keton®irectedortho-Hydroxylation

o

(100 mol%)

o cl

(100 mol%)

Reaction

o<

]
Ru':uo
MesCOJ Y2
M
(2.5 mol%) 3 o

- (Eq. 21)
OH
85% Yield

PhI(OAC), (120 mol%)
TFA/TFAA 3:2, 120 °C, 22 h

[Ru(p-cymene)Cl,], (2.5 mol%)
PhI(OAc), (200 mol%)

TFA/TFAA 7:3
80°C,3h
72% Yield

OH O «l
(Eq. 22)

Rhy(OAc), (2.5 mol%)
K2S,0g (200 mol%)

Halogenation is also possible, adéhalo sucanlimides proved to be efficient oxidants for
carbonhalogen bond formation directed by ketones. In 2012, Glorius and coworkers reported
rhodiumcatalyzedortho-bromination and iodination reactions with aromatic ketones, using
bromo and N-iodosuccinimide s the oxidant respectively (Schen233).%° The reaction
conditions utilize a cationic rhodium catalyst and stoichiometric pivalic acid or copper acetate,
presumably to facilitate the metalation step. The chlorination Witthlorosuccinimide was
reported &ter by Rao and coworkers using palladium catalysis (ScRe34g’° Both triflic acid
and potassium persulfate additives play a vital role in sustaining the reactivity. While triflic acid
facilitates coordination of the ketone Iy situ generation of a nre electrophilic palladium

catalyst Pd(OT#), potassium persulfate is believed to promote the oxidation of Pd(ll) to Pd(IV)

as a ceoxidant.

TFA/TFAA 9:1
80°C, 17 h
53% Yield
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Scheme2.33PalladiumCatalyzed Keton®irectedortho-Bromination and lodination

R R
[RhCp*Cly], (1-2.5 mol%)
R A o) NXS AgSbFg (4-10 mol%) R S o)
- PivOH or Cu(OAc), = X

DCE, temp., time
(100 mol%)  (110-250 mol%)

Selected examples:

Me Me
Br Br | |

120°C, 16 h 120°C, 21 h 120 °C, 52 h 120°C, 22 h
78% Yield 50% Yield 53% Yield 62% Yield

Scheme2.34PalladiumCatalyzed Ketond®irectedortho-Chlorination

R R

Pd(OAC), (5 mol%)
R'@O NCS TfOH (100 mol%) R'@o
K5S,0g (100 mol%
H 2520s ( o) cl

DCE, temp., time

(100 mol%) (105 mol%)

Selected examples:

Cl Cl F Cl

Ad = adamantyl
80°C,8h 80°C,3.7h 120°C,30h
75% Yield 71% Yield 93% Yield

Ketonedirected ortho-amination was first accomplished by Liu and coworkers using
sulfonamides or amides as the amine source (Scheéh®s). '* N-Fluoro2,4,6
trimethylpyridinium triflate 2.51 or sodium persulfate can be used as the terminal oxidant.
Mechanistic studies revealed that during the reaction the sulfonamide competes with the weakly
coordinating ketone for complexation with palladium, which result®wer efficiency during

the reaction.

48



Scheme2.35PalladiumCatalyzed Keton®irectedortho-Amination Using Sulfonamides

F ot

0 Pd(OTf)p-2H,0 o ]
1 (10 mol%) 1 re
i R | N=SO.Ar 2.51 (2DO(§)EmOI%) L R R P
NHSO,Ar
80°C, 8 h
(100 mol%) (200 mol%) 2.51

Selected examples:

minor H O NHSO,p-CICgH,

major
O (@] “‘0
MeO NHSO,p-CICgH,4 F NHSO,p-CICgH, Br

Me

76% Yield 66% Yield 62% Yield
(major:minor 6.2:1)

The correspondingrtho-amination with sulfonyl azides was independently reported by
the Chang/? Jiao,”® and Sahoé* groups in 2013 using [Rp{cymene)Cl]. as the catalyst
(Scheme2.36). Besides the use of cationic silver salts, additional copper or sodium acetate is
indispensable for all three reactions. The silver salt is proposed to generate aettooplalic
ruthenium catalyst allowing better complexation with ketone. The basic acetate ligands are

expected to facilitate CIH metalation via a

Scheme2.36PalladiumCatalyzed Ketond®irectedortho-Amination Using Sulfonyl Azides

cat. [Ru(p-cymene)Cl,],
cat. Ag salt
o) TsNj cat. MOAc

DCE, 80-100 °C

;lU_
W,
Yl
P
-
%‘
Yl
o

NHTs
Ag salt: AgSbFg, AgNTf,
MOAc: NaOAc, Cu(OAc),
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2. L1TMH Functionalization of Simple Ketones

b-Substituted ketones represent an important class of prevalent motifs in bioactive
compounds, such as drug candidates,-@itlants, and pesticides. Nevertheless, compared to
the UCTH bond, t he-spin€i ¢ diosndal ob ket ones ar e
intrinsically u nr e-frcctionalzed. ketoGeas rake eprepared theugh the b
conjugate additi o+unsaufatecketones(8che®B7)’els efficient d3, b
t hi s pr o{ursatwated Ketones atk,ofben synthesized from the corresponding saturated
ketones via dehydrogenation, which take3 4teps and requires stoichiometric oxiddhfEhe
direcatH BFunctional i zat i aivativesfe.gtamides and esters,)usinga ¢ a c
DG-based strategy have been extensively studied and reviéwed: c o nftinctianalization b
of simple ketones is nontrivial to develop due to their higher reactivity but lower coordinating
ability. In the pastwo years, several transitianetatcatalyzed approaches have emerged that

enabl e t-GieH dfiurectti dnal i zation of simple ket one

Scheme2.37Di r e@1tH bPFuncti onal i zati on of Ket

O [0}

Direct p-C-H
)H\ functionalization )H\

p H FG: functional group -3 FG

0 conjugate

desaturation
(1-3 steps) X)H addition

oxidants

nucleophiles

Conventional approach

In 2013, MacMillan and coworker r e p o r t eadylateon ofl ¢yclie ketonesbwith

electrondeficient arylnitriles via the combination of phetand enamine catalysis (Scheme
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2.38).” With a photocatalyst, i.e. Ir(ppy)and amine catalyst, i.e. azepane, various cyclic
ketones were apled with 1,4di cyanobenzene -pstibnerctheipresencgofat t h .
26W light bulb (CFL: compact fluorescent light) (Eq. 23). This transformation is amenable for
enantioselective catalysis. When a cinchbaaed chiral amin€(3) was employd, a moderate

eeval ue was o0 barytiomda c/clohexanone (ke 24p

Scheme2.38D i r eAsytatiob of Ketones via Photoredox Organocatalysis

CN 0 Ir(ppy)s (1 mol%) o
2.52 (20 mol%)
26 W CFL = (Eq. 23)
DABCO (500 mol%)
X HoAc (20moi%) R X
oN R H,O (300 mol%) R' o
(100 mol%) (500 mol%) DMPU, 23 °C
CN 0 Ir(ppy)s (1 mol%) 0
2.53 (20 mol%)
26 W CFL _ Eq.24)
DABCO (500 mol%)
CN HOAc (20 mol%)
H,0 (300 mol%) oN
(100 mol%) (1000 mol%) DMPU, 23 °C 82% Yield

50% ee

A

| N
N’ N
I"Ilr“‘ ﬂ 7
vl W

Ir(ppy)3 2.52 2.53
azepane

z
X

>=

The proposed me-antadon reaction €oonsists aof bweatalftic cycles
mediated by the photaand amine catalyst, respectively (Sche2i®9). In the photocatalytic
cycle, the Ir(ppy) catalyst is first activated by light to generate an excited *Ir@psy)
subsequent single electron transfer (SET) betweerelectrordeficient 1,4dicyanobenzene and

the activated catalyst reduces the arene to a radical &fal) &nd yields an Ir(IV) intermediate
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255. In the second cycle, the amine catalyst condenses with the ketone substrate to give an
electronrich enanine intermediate2(56). The two catalytic cycles then merge through a single
electron transfer process, where the enamine gets oxidized to a nitegered radical cation

(257) and the Ir complex2(55) is reduced back to Ir(ppy)The formation ofhie radical cation
increases the aCildibgnadf whieclhrl ¢yghibebdeproto
5l ectron system that has sdargam.i Goupling between a d i c &
electronr i crhdicdl2.58 and electrordeficientradical anion2.54 provides intermediatg.59

beari ngCiaC nleavn d. T har d md tl ioaa tnigo m ea n d -afylgtetlr ol y s i
ketone, releases a cyanide anion, and regenerates the amine catalyst. The use of electron
deficient arylnitriles a the coupling partner is important because the radical anion intermediate

2.54 generated from the arylnitrile is long living and reluctant to dimerize due to its electron

deficiency, which is the key for high chemo and-site | ect i viCi ¥ t@maton.he b

Scheme2.39Pr oposed Cat al y+AnylationOfKetbnes of Di r ect

CN
Q 0

R1uj R
CN R?
N / 2.54
© ( ) Q H,0, -CN"
N S

~ SET ‘,V N
[Ir (ppy)s

Ir'”(ppy) 2.55 \/ i o

photoredox SET
cycle 2.56 organocatalytic
cycle

511:e

RIS base R1Jj
/—\
2.58

257

Ir'”(ppy

52



Later, t he s ame group extended tChii Hs act

functionalization reactions. With the use of the same photocafafygiy)s] and amine catalyst
(azepane), cyclic ketones c an-hybdrexyketomes guduetsd w
(Scheme240, Eq. 25Y°Thi s transfor mati on c aatdol beaction. @ n s i

similar me ¢ haytiios ractianswast proposet by the authors, where the major

It

der

difference is that a ketyl radical is used as the coupling partner instead of the aryl radical anion.

A stoichiometric amount of LiAsfsalt was found important to sustain the efficiency of the
coupling,presumably due to its capability of prohibiting the dimerization of ketyl radicals. When
an alkyl aryl ketone was employed as the substrate, a more reducing photocafa@ate+(

ppy)k, a higher loading of the amine catalyst, and an additional light ém@bnecessary to
promote the transformation (Eq. 26). This can be attributed to a higher reduction potential for the

alkyl aryl ketones compared to the diaryl ketones.

Scheme2.40b-Aldol Coupling of Cyclic Ketones with Aryl Ketones via Photoredox Catalysi

(0]
0 Ir(ppy)z (1 mol%)
)J\ 2.52 (20 mol%)
Ph™ "Ph R, " DABCO, LiAsF, (Bq.25)
Ph

- HOAc, H,0
n=1.2 DMPU, rt. nd Ph
26W CFL
(100 mol%) (500 mol%) 43-81% Yield
(e}
0 Ir(p-MeO-ppy)3 (1 mol%)
)j\ 2.52 (40 mol%
HOAc, H,0
MeCN, r.t.
2 X 26W CFL
(100 mol%) (1000 mol%) 54-79% Yield

Ir(p-MeO-ppy)3
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Anot her i nt efuretonalizatign wisedparteddy Fagnoni and coworkers in
2014 using a different transitianetatcatalyzed photoredox approach (Schezatl)2° Using
tetrabutylammonium decatungstate (TBADA9 the catalyst and a Xe lamp or sunlight as the
light source, various cyclopentanones can be coupled with eletteoh i ci ent ad kenes
alkylated products (Eqg. 27). The light source was proposed to excite the TBADT catalyst to a
state containing lectronegative oxygenentered radicals. The activated catalyst can directly
a b st r -aydrogeraof the cyclopentanone to generate a cacbotered radical. Subsequent
1,4-addition to a Michael acceptor, followed by hydrogen transfer back from thgstatakults

i n talkysatiob product.

T h e-seléctivity of this transformation is determined during the hydrogen abstraction
step. When the electronegative oxygee nt er ed r adi cal approaches
positive charge will build on the carb atom in the transition state. Because the partial positive
charge is destabilized by the nei ghydroganisng car
di sfavored, resel eichgvi nhy.a Ihn gad dadylationnof t o t h
cyclopentanones was also achieved when the reaction was run under high pressure of carbon
monoxi de (Eq. 2 8-3electivityefer pyclapentariohee othér icyglic kefones, e.g.

cyclohexanone, -g@adCaoHa frminxtturoemadfi zlati on produc
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Scheme2.41P h ot o ¢ a tAlaylatyom and Acylation of Cyclopentanones

0 R3 (o]
(MBUgN)4[W10035] R3
Z “EWG (2 mol%)
_
R2 light EWG  (Eq.27)
R! MeCN R' R2
(500 mol%) (100 mol%) 41-73% Yield
0o (nBugN)4[W+O3,] o
(2 mol%)
A EWG CO (200 atm)
—_—_—
light EWG (Eq. 28)
MeCN
(e}
(1500 mol%) (100 mol%) 50-61% Yield
ED 0 ¥
N oS
-+ S L0— + S L0—
\I\:>(-H--O—W,< ) H-0— W )
1 &= 40— 5— " 0—
R o— o—
R
favored disfavored

2. 4 Addi-GTiHonds winadiivated Alkenes orAlkynes
2.4.1 Addition to Alkenes

Direct addiCiHomomfd twlie ki ivated alkenes epresents a u n a ¢
transformation of signi f i ealkyhation of ketohels & trealiced v a | u €
through enolate formation and subsequent substitution with an alkylating reagent, e.g. alkyl
halides in most cases (Scher@gl2A). Efficient as this reaction is, it suffers from several
drawbacks, including highly basic conditions, generation of stoichiometric waste, lack of
regioselectivity, high cost of the alkylation reagents and-allgiation® The Stork enamine

reaction can alo b e us e d-alkylated getoreef? althoeigh the use of highly reactive
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al kyl ating reagents (6hot electrophiledgs6), as

inevitable (Schemg.42B).

Scheme2.42U-Alkylation of Ketones

A. Enolate Alkylation

O oM [0}
H strong R R
')H/ base f N e f
- MB S X =Cl,Br, ... -
M = Li, Na, K,... . . M=X
stoichiometric waste:
B—H
B. Stork Enamine Alkylation

[0} ( 5 N (o}
)H N x> )HN )
! —_— —_—
So- e’ X=ClLBr I So-

stoichiometric waste: [*‘) _
Ny X
/ \H
C. C-H Addition to Olefins
(0} (0}
H o~ R ° ho stoichiometric waste

f Z R ')H/\r  cheaper alkylation reagents
[SUgPt (S H ¢ milder conditions

~ [cat.]

Compared to conventional alkylation reagents, such as alkyl halides and Michael
acceptors, simple olefins are more accessible and generally less expensive. Moreover, the
addi ti o«T 6if bomed UOf ket ones rates nostbiehiometric wastes t e n's i
thus maximizing the atom economy of the alkylation reaction (Sct242€). Although the
addition of activatedCimdt by h dicaddngl domfoands)tds ( e .
olefins has been well studiéllexamples of sing lessacidic simple ketones as substrate are

limited.
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Il n 2003, Wi denhoefer and coworkers reporte
enone using palladium catalysis (Sche2#3).8* A catalytic amount of hydrochloric acid was
employed to promoten®l formation, and CuGlwas used to stabilize the Pd(ll) catalyst. A
numb e r-enorfesZ60 ayclized efficiently in a é&ndotrig fashion to afford Zubstituted
cyclohexanones2(61). When a tertiary substituent is present on the ketone, a spimcycl
structure can be formed in a similar yield. Based on deutdabsling studies, the authors
proposed that after intramolecular nucleophilic attack of the enol to the olefin, the resulting
Pd(ll)-alkyl speciesZ.63) woul d undergo & MPah dian i-msatiorod t & e
t hr ough a-hydrider elir@nationdrdnsertion steps (Schent44). Protonation of the

Pd(Il)-enolate 2.66) would release the product and regenerate the active palladium c&alyst.

Scheme2.43PalladiumCatalyzed Inta mo | e cAlkyladion of Ketones with Olefins

PdCI,(MeCN), (10 mol%)

. HCI (10 mol%) R
R CuCl, (30 mol%) R
= R? 1,4-dioxane, 70 °C

Selected examples:

s

79% Yield 65% Yield 59% Yield
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Scheme2.44Proposed Pathway of Palladivthat al yzed | sAkywatomol|l ecul ar

2.60 OH HCI

R
Pd''Cl,L 4;—> 4

Z

R

2.63
Il
Pd C|2L Pd”C”_

2.62
2.61 B-hydride
elimination
HCI

Pd-H

Rell I 2 0
/ R R insertion R
[ S -—
LCIPg! A
2.66 2.65

LCIHPd"
2.64

In 2011, an efficientgold at al y z e d i -alkylatianmith akpbatid okefins Was
developed by Che and coworkers (Schetw).2*Co mpar ed to Wi denhoefer
gold-catalyzed method has several distinct features. First, no additional protic acids are
employed because the cationic gold is Leagglic enough to facilitate enol formation. Second,
the 5exotrig cyclization to give fivemembered rings is favored over themdotrig pathway.
Mechanistically, the alkyAu(l) species generated from the enol addition step was proposed to
undergo diret protonation to give the alkylation product as opposed to the aforementioned
Achain wal ko process. No coupling with aromat

or Cheb6s catalytic system, bilityofaryolefins. | i kel y b
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Scheme2.45GoldCat al yz ed | fAlkylatomaf Ketones Wwith Olefitls

(e} O Me R!
IPrAuCl (0.5-10 mol%)
R? R'  AgClO, (0.5-10 mol%) R?
‘o ) toluene, 90-110 °C ‘v )

m X : m X :
i-Pr i-Pr
l—\
NN
i-Pr i-Pr
IPr
Selected examples:
(e}
(0] Me O Me Me
MeOZC>O)k
MeOzC ‘, COM
Me MeO,C ~2"C  Meo,d COMe
99% Yield 99% Yield 86% Yield
(8.6:1d.r.) (4.0:1.5:1 d.r.) (6.0:1d.r.)

Besides intramolecular alkylation reactions, several approaches for the more challenging

i nt er mo-allkylation af ketorigs wi simple olefins have also emerged. Intermolecular

alkylation with aryl olefins, e.g. styrene, is known to be catalyzed by strong bases suciBas KO

in polar solvents such as DMSD8.8 |n 2012, Kanai and coworkers reported a copper

catalyzed addition ok et o-€@e HUbonds to styr erR46).%UMvesitylvati ve

cuprate and Cu®r were both found to be efficient precatalysts. Ketones with diverse structures

can be coupled with styrene derivatives to afford linear alkylation products. While thie exac

mechanism remains unclear, a dual role of the copper catalyst was proposed: 1) it acts as a strong

base to generateaCu@é)n ol at e; 2) it serves
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Scheme2.46CopperCat al yz ed | fAlkyatiomal Ketones WhaQlefing

0]

(0]
1Jj\| MesCu (10 mol%) 1”\(\/Ar
, AT dppp (11 mol%) I:\: ,
~-R DMSO, 45 °C ~o-R

r-x

(100 mol%) (100 mol%)

o™
)

via R1J\J
\_.R?
2.67

An unusual radi cal approach al s€1 pir bvedst o
of ketones to aliphatic olefifdl n 2000, Il shii a n ealkytatow reactioeaf s r e p
ketones with alkenes ing) a combination of catalytic Mn(OAcand Co(OAc) (Scheme2.47,
Eq. 29). Both cyclic and linear ketones can couple withctene or isopropenyl acetate to give
the alkylation products. Acetic acid was used as solvent, and the reaction was run unger a mi
atmosphere of nitrogen and oxygen. In the proposed mechanism, the ketone substrate was first
oxidized byin situ generated Mn(OA@)t 0 g i vketo radital dpecie2(69. Subsequent
radical addition to the alkene, followed by hydrogen abstraction from either the solvent or
another ketone, would provide the alkylation product. The presence of oxygen was critical,
suggesting an oxidi@e process. Although the cobalt salt is not necessary for product formation,
it is believed to assist the-oxidation of Mn(OAc) by oxygen. A major drawback of this
approach is the use of excess ketone, presumably to sustain the efficiency of the radic
generation. When styrene was used as the substrate, an interesting peroxo bicycle was formed

(Eq.30).
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Scheme2.47Manganes€Cat al yz ed | sAlkyatiomal Ketones Wwith Olefits

o} [0}

Mn(OAc); (0.5 mol%) R
0,
L N,/O, 1:1 (1 atm) L

- AcOH, 80 °C, 10 h 7

(1000 mol%) (100 mol%)

Mn(OAc),
HOAc 2.68 2.69

OH

Mn(OAC), (0.5 mol%) o
PN Co(OAc); (0.1 mol%) ~0 (Eq. 30)
N,/O, 1:1 (1 atm) Ph :

AcOH, 70°C, 3 h
(500 mol%) (100 mol%) 41% Yield

In 2014, Mo and Dong reported a Rh¢l)a t a | -glkylation otlketones with various
alkenes via bifunctional catalysis (Scher®).°2 The dual activadbn of the ketone and olefin
was achieved through the use of RhfBzaindoline as the bifunctional catalyst. In the proposed
catalytic cycle, the secondary amine motif kaZaindoline 2.75 would first condense with

ketone to form enamin2. 71, which onverts a ketonsg UCT H bongfCi ¢4 dmo nd .

benefit of the transient enamine formation is tsgt C1 H bonds ar e

activated tharsp® bonds both thermodynamically and kineticéfyDirected by the pyridine
moiety, oxidative addition of Rh(h)nit o «hél Bond woul dmemberd

rhodacycle2.72 Subsequent migratory insertion of the olefin into thehiéiride bond, followed

by reductive elimination to form the

alkylation productand regenerated the bifunctional catalyst.
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Scheme2.48Pr opos ed SAlkylatidn ef gkgtones Using Bifunctional Catalysis

O ‘ /—\ O
RB\HKK\(R R~NH e R%)J\rH
RZ R' H catalyst ML, RZ2 R’
2.70
H,0 H,0
\ /—\ /\
RSN DG R~\NH DG RSN DG
R3 Y R3 H Y
N ML, ||| Xr---ML,
R
R y R l\ R R' 271
2.74
N N/ R\/
2.75
R’ .
~N DG R\N D+G R
3 3
RO ML, R RO ML;“W
R2 R! Y —— R2 R |\_|
2.73 2.72

Based on the proposed strategy, the optimized conditions consist of
[Rh(coeXCl]2/Bis[1,3-bis(2,4,6trimethylphenyl)imidazeRk-ylidene] (IMes) as the precatalyst,
and catalytic tosylsulfonic acid to promote enamine formation (Scheme 2.49). This strategy
enabled coupling of both aliphatic and aromatic alkenes giving the alkylation products with
l inear selectivity. Both <cyclic aadefinstogiveear ke
the corresponding alkylation products. In addition, due to theapld redoxneutral conditions,
many sensitive functional groups, such as free alcohols, amam#® malonates etc., were found

compatible.
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Scheme2.49RhodiumC a t a | “Alkyltibn dilKetones with Bifunctional Ligand

0 [Rh(coe),Cl], (2.5 mol%) 0

IMes (5.0 mol%)
. [ f
H,C=CH, TsOH-H,0 (10 mol%) R
2.75 (25 mol%)
R toluene, 130 °C, 48 h R
(100 mol%) 300 psi
Me Me
‘_‘
N\/N
Me .. Me
Me Me
IMes
Selected examples:
(e} (e} (e}
Me \#Me Me
HO MeO,C
MexN CO,Me
62% Yield 95% Yield 87% Yield
(1.3:1d.r.) (1.6:1d.r) (1.6:1d.r.)
(0] [Rh(coe),Cl], (0.005 mmol) o)
R\)j\ IMes (0.01 mmol) R\)]\/\/R,
v \ H,C=CH, TsOH *H,0 (0.02 mmol) . '
N 2.75 (0.2 mmol) Lol

1mL 300 psi MHz (0.1 mmol)

neat, 180 °C, 48 h
Selected examples:

o 0}

é/\Me /\j\/\me ©)‘\/\Me

TON 15 TON 20 TON 37

2.4.2 Addition to Alkynes

The direct addilhiwmonaod tket alnleyisitgapproaghpor e s e n t
access enone derivatives. For example, the intramolecular katome cyclization has been
extensively studied and employed to construct cyclic enone strufubdthough a large

collection of catalysts and reaction conditions havenh#eveloped to facilitate this cyclization,
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the substrate scope is primarily focused ondlj3c ar bonyl C 0 mp o0 vacid s . N e\

catalyzed ketonenediated transformations have been recently developed.

In 2010, Davies and coworkers reported a gwmdlyzed intramolecular
cycloisomerisation of alkynes and simple ketones (SchHab®.%> A number of tethered keto
alkynes could cyclize in the presence of a cationic gold catalyst to give fused eerspi®
derivatives. Whi |l e tChed diornedc tt oa dtdhiet i alnk yonfe trhe
pathway, mechanistic studies indicate an alkyne hydration/aldol condensation pathway seems to
be more reasonable. In the proposed reaction pathwaycagttyzed alkyne hydration with
adventitious water wouldirst generate diketone€.76 which upon intramolecular aldol

condensation gives the enone product.

Scheme2.50GoldCat al yz ed | fAlkenydation bf Katonds with Alkynes

| | PhsPAUCI (6 mol%)
AQOTf (6 mol%) , =)
| > n
G- ) DCM, rt., 15-48 h Sae X
(o]
OsMe
possible H j’
intermediate Ler %
2.76

Selected examples:

0 Me O Me O Me
CO,Et ; ; ; CO,Et

EtO,C Et0,C” "CO,Et EtO,C

87% Yield 61% Yield 64% Yield

A palladiumcatalyzed cyclization of ketalkynes was later reported by Gevorgyan and
coworkers. 2Al kyny | acetophenone der i vat dalkykdsne c an r

indanone structures (Scheré1).°6 Complete stereoselectivity for tleisomers was observed
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for the cyclization. Interestig! y, when t he kaeltsobstiuenp @ ogugasesie s ar
indenone structure was formed instead of the indanone. DFT calculation implied the reaction
proceeded through palladium enol&&9 a similar intermediate to

alkylation reaction with olefinsvide supra Scheme? 46).

Scheme2.51PalladiumCat al yz ed | sAkenyatioo bf atonds with Alkynes

0O

0
R’ Pd(OAc), (5 mol%)
R d-i-prpf (6 mol%) - R R?
% , toluene, 120 °C \
R R2
2.77 2.78
0 0
Q\P(i—Pr)z R’ }
Fe i R R
pipr, 0| R pd — {
@’ S
\\R2 R2
d-i-Prpf Pd
2.79
Selected examples:
0 0 0
X
| O Ph
P/
\ A\
Ph p-Tol Ph
92% Yield 86% Yield 73% VYield

The intermolecular addition of ketones to alkynes has limited success usiplg sim
ketones as the substrate. No transition medtdlyzed example has been reported. To date,
stoichiometric Lewis acinediated addition of silyl enol ethers into terminal alkyhesd
strong bas@romoted addition of potassium enolates into aryl teamaicetylene$represent

the only known examples.
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2.5 Conclusion

In summary, the transition metehtalyzed ketond i r ect e d or medi a-
functionalization has been a rapidly growing field over the past two decades. While the mode of
activation varies from case to case, the use of transition metals has driven rimatiefas of
ket ones beyond the intrinsic reactivity allo
reactive position or with unactivated coupling partners. Among all the topics covered in this
chapterthe aromatiorthoC1T H f unct i on aobne RGsthas been niost well gtudied: t
Future endeavors are expected to demonstrate more applications with these methods and
introduce more types of FGs. Al t hough the fu
using transitiormetal catalysis is a relagly new area, an avalanche of novel approaches have
sprung up recently. While it is still too early to assess the synthetic potential of these methods,
they nonetheless offer new perspectives on how strategy and catalyst design can enable the

reactivity and selectivity that are not expected from conventional viewpoints.
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CHAPTER 3

Catalytic C1 C Bond Forming Transformations via Direct b-CT H Functionalization of

Carbonyl Compounds

3.1 Introduction

Functionalization of carbonyl compounds represents a cornerstone of organic chemistry.

The inherent electrophilicity of the carbonyl group andddcit y oGT H hkeonldl pr ovi
convenient handles for the installation of various functional groups #sba n dposifion of

carbonyl compounds, r €3 ple dotoinwde liys. uHsouvael vl eyr , ¢ otnf
thus less facile to functionalizerde ct | vy . On t h e -substitutedr motlisaaned |, su
frequently found in a wide array of bioactive compounds, including pesticidesyxaataints and

drug candidatesTr adi ti onal | vy, f upositioni io aftenl accanglished with o f t |
conjupt e addition of nucl e oqursaturated carbamyl ¢ompoundsor r e ¢

(Scheme3.1).2H o w e v e-unsaturdtedbcarbonyl compounds are often prepared from their
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saturated derivatives using a stoichiometric amount of oxidBimais, direct metbds to convert
theCTlH bond to the desired functional group w
p r e p a4substitgted frarbonyl compounds. During the last decade, significant dffues

been devoted -CoMaf d&c dii oamddny doenpourwlsThis achapter

primarily focueson di scussing the transfoCimhtbond ©0h:
carbonyl compounds with a CiC bond. Whil e n
literature references, it rather offers a perfigecon strategy design and discovery through

selected examples to highlight representative reaction types.

Scheme3.1 Conventional Synthesis dtsubstitutedCarbonylCompounds

(o}

0 (0]
desaturation conjugate
X (1-3 steps) X)H addition X
0 —_— 0 —_— g
' oxidants ' I nucleophiles

- iH .- ._—'B FG

FG: functional group

3.2 Cyclometallation viaDirecting Groups

Directing group strategies have been widely applied in transiietatmediated site
selective CIiH activation, t hrough which an a
developed. Nevertheless, compared vifR CT H b o n dpsh,y btr h edG TzHeodd ob
carbonyl compounds is less prone to be cleaved by transition metals from both kinetic and
thermodynamic prospectivayhich presents a significant challenge for design and development

of new directing groups.
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3.2.1 General Mechanisms

Regarding themechanism of these cyclometallatitype transformations, two general
classes can be imagined based on the coupling partners employed. When an electrophile, such as
an aryl halide, is involved, a typical reaction pathway proceeds through a selectivatinstatl
t h eposibion assisted by the directing group, followed by oxidative addition of the electrophile
to the metal giving intermediat®1 (Scheme3.2, pathway A). It is also possible for theHC
metallation and oxidative addition to occur in a regprder Under either pathway, reductive
elimination of intermediat@.1 d e | i v e-fursctionalza&tionfproduct and restores the active

catalyst.

Scheme3.2 Cyclometallatiorty p eC 1bHunctionalization vigDxidative Addition of

Electrophiles

H O
MnL
A
C-H metallation T 1
— oxidative
R=X addition R'J\/U\DG
pathway A pathway B
n \
L—M—DG R—M"*2L.
R 0 " reductive
elimination
C-H / J\/u\
metallation | R DG
R-X \
idative b ireci
oxidat | n+2 DG: direcitng group
addition R—M—DG M: transition metal
R o L: ligand

When an organometallic reagent (i.e. arylboronic acids) is used, the coupling proceeds
through a different mechanism (Sche®8). After the CH metallation step, transmetallation

between the organometallic reagent and intermed&tenstalls the functional group on the
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metal center while the oxidation state of the metal remains unchanged. Subsequent reductive
elimination affords the product, and oxidation of the reduced cat8ly¥tfy an external oxidant

regenerates the catalys

Scheme3.3Cyclometallatiort y p-@ 1 Bunctionalization vialransmetallation of

OrganometallidReagents

oo ML
R DG
C-H metallation .
oxidant
L—M~—DG M2
3.4
R'J\AO
32 reductive
S R O
transmetallation elimination J\/U\
: R DG
R-M
M’ = Mg, BRy,... %n
R—M—DG
R o]

3.3

According to the types of -funbtienalidationéwagh ng gr
cyclometallation can be classified intwo categories: type A is with strong bidentate directing

groups; type B is with weaker coordinating directing groups.

3.2.2 Type A. Bidentate Directing Group

3.2.2.1 Arylation

In 2005, Daugulis and eworkers disclosed a palladiuma t a | -gryadoth of &mides

using 8aminoquinoline (AQ) as a directing group (Sche3w . In their proposed intermediate,
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the 8aminoquinoline auxiliary provides antype (quinoline) and an -¥ype (amide) ligand to

chelate with palladium in a bidentate fashion. THe fised palladacycl8.5 was formed after

the selective-Caddl Ibaochat.i alet dfy It, henefi hyl ene and
carbonyl can be arylated selectively with aryl iodides as the aryl source under neat conditions.
Silver salts are likely used as an iodide sr@er. When activating a methyl group, the arylation

occurred twice to give diarylation products.

Scheme3.4Palladiumc a t a | -Arylatiah ofBmides using 8\minoquinoline as the

DirectingGroup

A
N| Ar O
H O Pd(OAc), (0.1-5 mol%)
Ar—I| > R AQ
R N AgOAc (110-410 mol%)

R neat, 70-130 °C R
R
(100 mol%)  (400-600 mol%)
o)
via: I:Tdﬁ-R'
_ b
N7
N\ L R
3.5

Selected examples:

oM OsMe
e
OYAQ OYAQ
Aru,, A WAr ArWAr
0 Q O Ar Ar
Me’ AQ Ph AQ

Ar = p-OMeCgHy Ar = p-MeCgHy
5 min, 110 °C 20 min, 120 °C 5h,70°C 30 min, 120 °C
92% Yield 60% Yield 61% Yield 60% Yield

Soon after the seminal wioby Daugulis, Corey and coworkers successfully applied this
strategy to prepare naratural amino acids (Scher8é).6 With the 8aminoquinoline moiety as
the directing group, N-phthaloyl valine and phenylalanine derivatives underwent

diastereoselectiveb-arylation through coupling with a range of aryl iodides. The
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diastereoselectivity could be explained by formation of a less sterically hindexest
palladacycle §.7). When alanine derivativ8.6 was submitted to the reaction conditions, a
diarylation product was selectively formed, which is consistent with the observation by

Daugulis®

Scheme3.5 Synthesis oNon-naturalAmino Acid Derivatives

0 o)
Arl (400 mol%) - 0
PhthN PhthN Ar = CgHs, 86%
N Pd(gA°)21(5200 m°|[;/°> " SAQ  Ar=p-OMeCgH,, 95%
AgOAC (150 mol%) Ar = p-MeCgHg, 93%
H neat, 110 °C Ar Ar = p-NO,CgHy, 79%
0.5-14 h Ar = m-CF3CqHg, 91%
(100 mol%)
Q p-OMeCgHyl (400 mol%) Q
PhthN,, “Naa Pd(OAc), (20 mol%) PhthN,, “Naq
AgOAc (150 mol%)
H neat, 110 °C, 1.5 h Ar” “Ar
3.6
(100 mol%) 92% Yield
o)
H
N NPhth
Pd—
W ||_ g R
3.7

stereochemistry model

Daugulis and coworkers subseaty discovered that the use of silver salts and neat
conditions can be avoided by using a combination of fgesnp inorganic salts and alcoholic
solvents (Scheme3.6).” In addition, while the diarylation product dominates when 8
aminoquinoline was useds the directing group,-ethylthio aniline was found to afford
selective monoarQ@iltthomds.f Tphiisnamegw bdi recting
secondary benzylic CiH bond albeit with a moc
acid wasemployed as a proton shuttle. In contrast, tHarihoquinoline directing group is more

efficient for secondary C1T H bondsCi Ha bnounndbse rc aor
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be arylated in good yields. Notably, Daugulis and coworkers later demedstiat these
complementary reaction conditions could also be nicely applied to the synthesesnaturanh
amino acids vi aCidH aasn e K-@gtestediamimdtacidvderivativés.
Scheme3.6Palladiumc a t a | -Arylatiah Difected by 2Methylthio Aniline or 8

AminoquinolineAuxiliary

0 Arl (200-400 mol%) Ar O

Pd(OAc), (5 mol%)
R DG o R DG
R’ conditions R
(100 mol%)

SMe

o X
N
H

Do’ t-AmylOH:H,0 & DG* e t-AmylOH
-AmylOH:A3 ! -Amy
o OCFs  90°C, K,CO; ¢ O Me 99 <c, CsyPO,
M 60% Yield ' 79% Yield
e .
DG' : DG? Ar
Toluene : )/, z t-AmylOH
o) 110 °C, CsOAc ! o 90 °C, Cs3PO,
NPhth 60% Yield : A Ar = m—B.rCGH4
Cl : 52% Yield
DG' Ph NPhth
_ 2
Me tAmYIOH DG t-AmylOH
© 90°C, KoCOs 90 °C, Cs3PO
20 mol% PivOH 1 O » 9374

47% Yield

76% Yield
Me

Recently, Chen and coworkers reported a more®| e c-arylatioa of Bl-phthaloyl

alanine derivatives using-a@minoquinoline as the directing group (Scheme® Wyith the

asi stance of t he t r i-drylation reacion eproeeeded uader mmam, t

temperature to afford the monoarylation product in a high selectivity. The authors also
demonstrated that the monoarylation products could be further arylated, alloflaeidated at

t h eosiion using the same directing group under different reaction conditions.
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Scheme3.7Palladiumc a t a | -Maneadylation ofAlanineDerivatives aRoom Temperature

o Phl (300 mol%)

Pd(OAc), (10 mol%) Q
PhthN,, AQ AgTFA (200 mol%) PhthN,,, PhthN,,, AQ
TCE:H,0 1:1
Ph Ph

H air, 25 °C, 48 h

(100 mol%) 88% Yield <2% Yield

A strategy t o -anyinob-lacearss was deceloped &yl B. Bhi and
coworkers using a palladivcatalyzed monoarylation/amidation sequence wifp\2idine-2-
yl)isopropyl (PIP) as the auxiliary (Scher8e3).1° The PIP directing group is critical for the
success of the sequencecéese first it displays a high selectivity for the monoarylation step
(mono:di > 25:1) and second it is robust enough to survive during the subsequent oxidative

amidation step.

Scheme3.8PalladiumcatalyzedSy n t h e sAm@o-badctants$ via a

Monoarylaton/AmidationSequence

Phl (150 mol%) Pd(OAc), (10 mol%)

0 o}
Pd(OAc), (10 mol%) PhthN NalOy ( 300 mol%) PhthN,, O
PhthN,, "N\ B CuF, (150 mol%) thNo, AN \- Ac,0 (1000 mol%) ’
’ Ho N DMPU (500 mol%) o H MeCN N,
_

h Ph PIP
acetone (0.1 M) N,, 70 °C, 24 h
N3, 100 °C, 24 h

(100 mol%) 81% Yield, 99% ee, mono:di 25:1 74% Yield

Chen and coworkers devel oped -arylatonfeactioat i nt
to construct benzéused rings in a rapid fashion usingaBinoquinoline as the directing group
(Scheme89)*2Thr ough the selective intr armwihyeneul ar ¢
C1 H b o n d-bigycled with dlifferent ring sizes were prepared, bearing ether, amine or
amide linkages. Thertho-phenyl benzoic acidofPBA) ligand 3.8 was found to enhaecthe

overall efficiency, which was proposed to facilitate the oxidative addition of aryl iodides.
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Scheme3.9Palladiumcatalyzedn t r a mo |-Aaydationar b

COOH
(100 mol%)
| AQ
3.8
R
X~ /\)j\ Pd(OAc), (10 mol%)

Ag,CO3 (100 mol%)
t-BuOH (0.025 M)
25-110 °C

Selected examples:

COAQ :COAQ ;COAQ ;COAQ

25°C,72h 110 °C, 48 h 50°C, 24 h 80°C,24 h
dioxane:H,0 20:1 58% Yield 83% Yield 81% Yield
81% Yield

ring size: 5-12

Besides using aryl iodides, Zeng and coworkers demonstratedefisareactive aryl
bromides are also suitable aryl sources for the palladiuant a | Jarylaion refactions.
(Scheme3.10, Eg. 1) 8-Aminoquinoline was employed as the directing group. Use of
potassium carbonate as the base and pivalic acid as ther@ddbtie shown to be critical for the
high efficiency. Diaryliodonium salts can be used as an alternative aryl source, reported by Z.
Shi and coworkers (Eg. 2}.In this case, the NH@Ggated Pd(SIMes)(OAg)[SIMes = 1,3
bis(2,4,6trimethylphenyl)imidazole€-ylidane)] complex was employed as the catalyst and only
a slight excess of diaryliodonium salt was required, which is a notable difference from the

reactions with aryl halides.
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Scheme3.10Palladiumc a t a | -Arylagiah with Aryl Bromides omDiaryliodoniumSalts

(0]

0 Pd(TFA), (5 mol%)
Br K,COj3 (350 mol%) AQ
AQ - = (Eq. 1)
PivOH (50 mol%) Me 5-OMeCgH
Me” “H MeO t-AmylOH (0.6 M) 614
120°C, 36 h

(100 mol%) (400 mol%) 80% Yield

o} : OTf pd(SIMes)(OAc), (5 mol%) 9
N K,CO3 (120 mol%)
AQ Mes = > AQ (Eq. 2)
DCE (0.1 M)
Me H MeO 120 °C, 24 h Me p-OMeCgH,
(100 mol%) (120 mol%) 68% Yield

The 8aminoquinoline auxiliary later proved to be a versatile directing group and readily
applicable to CTH acti v atiothen than ealadium.cAn gen c at a l
cat al yzed vaytation reactiorowas develepedby llies, Nakamura and coworkers in
2013 (Schem&.11)®> The ironcatalyzed arylation utilizedh situ generated diarylzinc reagents
as the aryl source, dichloroisobutane (DCIB) as a terminal oxidant and additional Grignard
reagent to deprotonate the amides. A transmetallatiged mechanism was proposedid
suprg Scheme3.3 ) . A high selectivity for met hyl OV ¢
without yli@atvieonoarof met hyl groups, -ocamiyzech i s ¢
reactions. In 2014, Ackermann and coworkers demonstrated the iaoh a | -grylaticsh caib
be carried out using triazolyldimethylmethyl (TAM) as the directing gfSuyhich can be asily

accessed via click cyclization (Schef&2) .1’
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Scheme3.11lron-c a t a | -Arylagiah Difected by 8AminoquinolineAuxiliary

Ary,Zn-MgBr; (300 mol%)

0 ArMgBr (100 mol%) 1)
R! Fe(acac); (10 mol%) R
R)ﬁ‘\AQ dppbz (10mol%) o AQ
Ph,P  PPh,
H C|></CI (200 mol%) Ar dppbz
(100 mol%) THF, 50 °C

Selected examples:

0 R=H 79% (A= §
R p-F 74% AQ n=1,69%
AQ p_C| 71% n=2,75%
p-Br 73%

'p-OMeCgHy n;_OMe 1% p-OMeCgH,

Scheme3.12Ilron-c a t a | -Aryladiah Difected byTriazolyldimethylmethylAuxiliary

Ph,Zn-MgBr, (300 mol%)
PhMgBr (100 mol%) o

% Fe(acac); (20 mol%) TAM
Ph/\HH = N—Bn dppbz (20 mol%) o Ph/\tu\mz
N=\
N C|></CI (200 mol%)

H Ph

Toluene, 80 °C, 48 h 68% Yield

Scheme3.13Nickel-c a t a | -Arylatiah Difected by 8AminoquinolineAuxiliary

Q Arl (200 mol%) Q

R! Ni(OTf), (10 mol? R:
® a i(OTf), (10 mol%) R? AQ  (Eq.3)

: MesCOOH (20 mol%) 3
R¥ H Na,COj3 (200 mol%) A
(100 mol%) PP (051, 14076, 247

(]
ArBr (400 mol%)

1 0 Ni(OTf); (10 mol%) 1 i
R ’ .

: G PPh; (20 mol%) S AQ  (Eq.4)
R DMSO (350 mol%)

H PivOH (20 mol%) Ar

Na,CO3 (200 mol%)

0,
(100mol%) — gioxane (0.2 M), 160 °C, 36 h

Recently, a nicket at a | -grylagiah ofbamides was reported by the Chatani group
using 8aminoquinoline ashe directing group (Schem®&13, Eqg. 3)® A wide spectrum of
sensitive functional groups was tolerated under the reaction conditions, including amines, iodides,
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indol es and t hi ophene-protonsagave howar gidids ®runb seactioa)t e s v
Shortly after Chatani dos wor k, You and cowor Kk
using aryl bromi des as the coupling partner.

gave monoarylation products (Eqg.'8).

3.2.2.2 Alkylation

Compared tolte ar yl at i ealkylatiore ef carbonylncempourds with alkyl
hali des has been | argel y und e r-akglatienlsterpsdrdm The
the sluggish oxidative addition of alkyl halides and alkiidyl reductive elimination, agell as
potential side reactions of alkyl halides, including decomposition and esterification with

carboxylate or carbonate bases.

Scheme3.14EarlyEx a mp | eAdkylatidn Rdaction

o Alkyl-I (300-400 mol%) o
Pd(OAc), (5 mol%)
EJ\AQ K2COs (250-350 mol%) &AQ E0.5)
H PivOH (20 mol%) Alkvi ¢
t-AmylOH Y
(100 mol%) 100-110 °C, 22-26 h

Alkyl = i-butyl  58% Yield
Alkyl = n-octyl 47% Yield

|
Pd(OAc), (10 mol%)
Ag,CO3 (100 mol% o
i ;BAG(:oo |°/;) g O\/K (a-©)
O- mol7o
AQ AQ

t-BuOH, 110 °C, 12 h

(100 mol%) 13% Yield

Use of 8aminoquinoline directing group o f a c i lalkytatioh meactiorhveas fiyst

demonstrated by Shabashov and Daugulis in 2010 (Sclede Eq. 5). The palladium
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catal yzed ceoemneplhiyng CofH tbhoen db o fi-buplroonpétydiodide a mi d
was successful with &0z as the base and a catalytic amount of pivalic acid. An example of an
intramol ecul ar al kyl ame tolny loefn ea CmoH eb ocnhda | w aesn ga

and coworkers (Eq. 65.

A gener al sol ut i on-alkylation bfhmethylere adrdups nwps n g b
independently provided by the Chen and B. Shi groups in 2013 (Séh&m)é®?t A wide range
of met hyl ene groups, c y c | i dodoaceate,amethyt ibdide or wer e
ethyl iodide. The combination of AGOz and (BnO)PQO:H, which was first introduced by Chen,
appeared to be the key for the success. Wh e
coworkers were able to expand the alkglide scope talkyl iodides or bromides that contain
various sensitive functional groups including alkenes, esters and &teRdsactions with

secondary al kyl iodides didndt proceed under

Scheme3.15Palladiumc at a | -Alzkeydl &bt i-Halideasstatedr U

Chen
o EtO,C_ X (200 mol%)

0
PhthN Pd(OAc); (10 mol%)
“r" A Ag,CO3 (200 mol%) PhthN,, N
H (Bn0),PO,H (20 mol%) CO,Et
t-AmylOH

o 110 °C, Ar, 20 h
(100 mol%) X =1,59% Yield

X =Br, 70% Yield

Shi
EtO,C._ X (150 mol%)

i (e}
PhthN,, Pd(OAc), (10 mol%) PhthN,
AQ Ag,CO3 (80 mol%) " NAQ
H (BnO),PO,H (30 mol%) CO,Et
DCE:t-BuOH (1:2 or 2:1)

90°C, 9-12 h ,
(100 mol%) X =1,77% Yield

X =Br, 44% Yield
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Recentl vy, Ge and c-alkyatokam aso beeapheved wadnickelh a t I
catalysis using &minoquinoline as the directing group (Schedtib)22 A tertiary -cdrbon is
necessary for the amide substrates to be arylated. Activation of methyl groups tends to be more
favorable than methylene groups. It was found that the reaction was sensitive to the sterics of the
alkyl halides, as isobutyl iodide and secoydarhal i des di dnot gi ve an\
Addition of TEMPO suppressed the reaction and a TEMPO/alkyl addi®twas also isolated
along with the desired product. Therefore, a Ni(Il)/Ni(lll) catalytic cycle involving alkyl radicals

was proposed by ¢hauthors for this reaction.

Scheme3.16Nickel-c a t a | -Alkylatidn with Alkyl Halides

o Alkyl-X (500 mol%) o

R Ni(acac), (10 mol%) R : >(j<
A dppbz (10 mol% A H
R Q ppbz ( 0) - R Q : N
Cs,CO3 (500 mol%) H
H 2¥ 3 Alkyl .
Toluene Y ' o\n_pem
(100 mol%) 150 °C, N,,12-24 h ' 3.9
Selected examples:
0 Q 0
-~ nPr;
AQ n-pent AQ AQ
, Et
n-pent n-pent n-pent X
= o Vi X =1,92% Yield X = Br, 83% Yield
X =1,76% Yield (mono:ditri = 39:44:8) (with 500 mol% Csl)

3.2.2.3 Alkynylation

A palladiumc a t a | -glkyrg/ldtionfreaction with the-8minoquinoline directing group
was published by Tobisu, Chatani and coworkers in 2011 (Sché&dg). %2
Bromotriisopropylsiylacetylene was used as the alkyne source. Interestingly, while secondary

CiTH bonds reacted effectively under the react
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only gave a trace amount of produ&1Q). This method offer@® a straightforward and site

selective approach to install alkyne motifs onto the carboxylic derivatives.

Scheme3.17Palladiumc a t a | -AlkyryldtiorbDirected by 8AminoquinolineAuxiliary

0O Pd(OAc), (5 mol%)
AgOAc (100 mol%
AQ  Br—=—=—Tips —92Ac( ) 5 AQ
LiCl (100 mol%)
R H Toluene R X
110 °C, 15 h TIPS
(100 mol%) (150 mol%)
Selected examples:
Q (o}
Y@ @
X TIPS
A X
R
TIPS TIPS
3.10
64% Yield 67% Yield 7% Yield

3.2.2.4 Carbonylation

The Chaani group also published a ruthennoma t a | ycarb®mylatidn reaction
directed by a 2pyridylmethylamine auxiliary (Schem@&.18).2* A range of succinimide
derivatives were formed using this approach. The reaction was proposed to go through a
sequence ob-CT H acti vati on, CO migratory insertion
proposed catalytic cycle, ethylene serves as thackeptor, and wateeacts withcomplex3.13

(the resting state of the catalyst) to generate active sgities
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Scheme3.18 RutheniumcatalyzedSynthesis ofSu ¢ ¢ i n i miCdreosylatton a b

O

Q Rus(CO) (5 mol%)

N = H,0 (200 mol%) . N

H | co 7

Na ethylene (7 atm) O N A\
H
Toluene —

311 160 °C, 5d 3.12

(100 mol%) (10 atm) 79% Yield

A
i oc— O/ —tBu
H CO; CO o | ~N
coO 3.14 HZO N
H,C=CH, v |
(0] o N
AN
D - S
Ru—N_ =~

3.2.2.5 Application in Total Synthesis

When applied in a much more complex setting, the bidentate direptng strategy still
proved to be versatiland reliable. The first total synthesis using this transit@tatcatalyzed
direCitH Bf unctionalization was r epo0310)éththby Fen
synthesis of the bicyclic peptide natural product, celogentin@ni@oquinoline wasised as the
directing group in the palladivmat al-gz g Ha®Hi on reaction to cons
bet ween the Leu Cb a-ardatioh repctio@ procgeded snoothbyrio. givel hi s

the coupling product on a muljram scale with complethastereoselectivity.
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Scheme3.19Synthesis oCelogentin C vidPalladiumc a t a | -Argadiach b

(200 mol%)

Similar

Ci1

BocHN- 02U

| \

N
Ts

(100 mol%) o.

Pd(OAc), (20 mol%)
AgOAc (150 mol%)

H

> PhthN™
¢-BUOH, 110 °C, 36 h

85% Yield, 4 gram scale

complete diastereoselectivity

celogentin C

functional i

zati

COxtBu

on

strategies

construction of the unsymmetrical cyclobngacores of piperarborenines (Sche®20).26

Cyclobutane3.15 containing a Z2Znmet hy |l t hi o

ani

n

e

directing ¢

arylation with 3,4,&rimethoxyliodobenzene under the optimized conditions-aByation on

both methylene groups was nobserved presumably due to the sterically hinderedisll

orientation of the trsubstituted cyclobutanésl16. Different epimerization conditions were then

applied to invert either the ester or amide stereocenter on the cyclobutane ring to afford

diasteeoisomers3.17 and 3.18. With reduced steric hindrance, the second arylations with 3,4

dimethoxyiodobenzene proceeded smoothly to give-tetibatituted cyclobutane core structures

3.19 and 3.20, which, upon further modifications, led to piperarboreninar8l the proposed

structure

of

pi perarborenine
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functionalization logic to the synthesis of the proposed structure of pipercyclobutanamide A,

where a CTH arylation/ ol ef($chem8R19’°’h sequence wa

Scheme3.20Synthesis oPiperarborenine B and D vige q u e nArylatidn b

MeQ
© OMe
) o (0]
OMe LiOt-Bu (100 mol%) Jl’ OMe
MeO OMe PhMe, 50 °C, 36 h ’
200 mol%)
0 ( ) 79% Yield, >10:1 OMe
MeO OMe ar
N 3170
MeS H —
Pd(OAc), (15 mol%) MeO
OMe Ag,COj (150 mol%) N ome
PivOH (100 mol%)
e A eviol KHMDS (225 mol%) 0
3.15 3.1 oM
52% Yield THF, -15°C,3min DG e
? then aq NH,CI
65-80 % Yield "7,/0Me
single diastereomer 0348
MeQ
oM © OMe
e OMe (0]
MeO J? oM
(200 mol%) 0 [N, ©
| pc, OMe  —>
‘ e
3.17 > N
Pd(OAc), (15 mol%) o MeO
Ag,CO; (100 mol%) MeO o 3
t-BUOH, 75 °C, 36 h MeO
46% Yield MeO 3.19 Piperarb
orenine
OMe
MeO
(200 mol%) i
| —
3.18 > —
Pd(OAc), (10 mol%) MeO
Ag,CO3 (100 mol%) MeO
PivOH (100 mol%)
HFIP, 75°C, 24 h MeO MeO
81% Yield 3.20 Piperarborenine D

(proposed structure)

Recently, Ting and Maimone reported a concise synthesis of aryltetralin lignan
podophyllotoxin via a palladiuro a t a | -@ Zz d datidn reaction (Schen®22) 22 The major
competing reaction of -ltahcet aawr yflcartmaotni ot etph rvoaus
reductive elimination. The authors discovered that the conformation of the rigid polycyclic
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system was important to controeth sel ecti vity between the Ci

formation.

Scheme3.21Synthesis oPipercyclobutanamide A viRalladiumc at al-yzed b

Arylation/Olefination Sequence

\C[ 2 (200 moi%) o7 I\/\C[?

o) o)
Pd(OAc), (15 mol%) (o} (200 mol%)
AQ > AQ >
Ag,CO3 (100 mol%) Pd(OAc), (15 mol%)
PivOH (100 mol%) AgOAc (150 mol%)
OMe  BuOH, 85 °C, 15 h OMe PhMe, 80 °C, 10 h
0 54% Yield 0 59% Yield
o
o i
0 i y o
AQ © < :N_<= [ ]
\ OMe \ NI/
’ o
0
{ Q o)

Pipercyclobutanamide A
(proposed structure)

Scheme3.22Synthesis oPodophyllotoxin viaPalladiumCa t a | yAzykttbn b

X MeO OMe >\‘ QHH
0" o logle) : H
OMe o] :
) (200 mol%) < 0
< Pd(OAc), (15 mol%) < ., DG 0 )
Z '( K,CO3 (150 mol%) T > o ©
HHN (BnO),PO,H (40 mol%) 0 >
t-AmylOH (0.1 M) MeO' OMe
MeS 110 °C, 24 h MeO OMe OMe
58% Yield OMe i
(100 mol%) podophyllotoxin
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3.2.3 Type B. Weaker coordinating directing group

The use of weaker coordinating mpyridinet ype direct i-&sp) igH oups
functionalization of carbonyl compounds was pioneered byaivdi coworkerg? Compared to
bidentate directing groups, such asarBinoquinoline, using a monodentate directing group
should form a | ess thermodynamically stable
metallation (Schem®.23). The enhanced readtiv of the metallated intermediate has enabled a
coll ection of chall enging CiH functionalizati
coordination site becomes available when using monodentate directing groups, the role of ligand
is expected to benor e | mport ant in controlling the re

functionalization reaction.

Scheme3.23Palladacycles frorBidentate oMonodentatd®irecting Groups

Il n 2007, Yu and c o wearylétierr rsactioneopsomnple eatboxylih e f i
acids with aryl iodides (Schen®24, Eq. 7)° As proposed by the authors, tinesitu generated
potassium carboxyl ate guiCdeds bpalldl & dnrembergthn sae rf ti
palladacycle, which, uponoxd at i ve addition of aryl il odi de a
el i mi nat i o-arylatiog predect Phenylleorofiic acid pinacol ester (PhBpin) could also
be coupl e@i Wi bondbei b the presencec@xasbdxiddnts,nz oqu

albeit with lower efficiency (Schen&25, Eq. 8).
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Scheme3.24Palladiumc a t a | -Arylagiah of Bimple CarboxylicAcids

o Arl (200 mol%)

Pd(OAC), (10 mol%) Q Q
NaOAc (200 mol%)
o OH 1 OH AT OH (g )
Ag,CO3 (200 mol%)
H Ar Ar
di

K,HPO, (100 mol%)
(100 mO'%) t—BuOH, 130 OC, 3h

Selected examples:

(0] o (0]
Ph">fLOH Ph"?ﬁLOH 06H4p-Me?fLOH
Ph Ph -MeCgH
MeO,C p-Meteta
70% Yield 72% Yield 43% Yield
(mono:di 5:2) (mono:di 4:1) (mono:di 5:1)

Scheme3.25Palladiumc a t a | -Arylagiah with Aryl OrganobororReagents

Later, by employingO-methyl hydroxamic acids as the directing group, Yu and
cowor ker s i mpr ov edlationhreactigniwihl odyanobbron trdagentsb(Scheme
325, Eq. 9¥'Not abl vy, a ralkymtiom leactgpo with alkyl boroniccads was also
achieved. In this transformation, 2,2 B¢iramethyltetrahydrofuran was used as solvent, which
might act as a bulky ligand to inhibit undesired hemo u p | i n-lgydride relimindiion
(Schemel.26). Besides silver salts, air was also demmatestl to be a suitable terminal oxidant

f or -aryhaon dnd alkylation reactions.
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