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1. Introduction

The ability of certain enzymes to interact with a functional
group and to selectively modify a remote C-H or C-C bond has
been a continuous source of inspiration for the synthetic
chemist. The introduction of the concept of remote functionali-
zation in chemical synthesis can be traced back to the 1970s
with the emergence of biomimetic approaches.' Since then,
numerous effective synthetic methods have been developed to
selectively activate and modify a distal position from a func-
tional handle.” Even more remarkably, cases of remote stereo-
chemical control have also been reported, in particular with
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in recent years as the most viable tactics to construct C(sp®)-C, C(sp®)=N or C(sp®)—O bonds at a distance
of at least three carbon atoms from the carbonyl functionality. The specific aspects of each of these
approaches are discussed in detail (reaction conditions, substrate scope and limitations). As the reading
progresses, their complementarity should also appear clearly.

the recent explosion of organocatalytic methods.>* As many of
these achievements have already been reviewed, for the sake of
clarity and brevity, they will not be discussed again in this per-
spective. Instead, emphasis will be specifically placed on the
most recent and important tactics to remotely functionalize
carbonyl derivatives (or surrogates thereof) using Pd catalysis
and that generate C(sp®) centers. The structure of this article is
articulated around the three strategies that have been dominat-
ing over the last two decades: (i) the remote functionalization
of carbonyls by direct C-H activation of C(sp®)-H bonds; (ii)
the direct arylation of extended enolates (or enolate equiva-
lents); (iii) the Heck arylation of isomerizable double bonds
remote from a carbonyl or an alcohol.

Furthermore, as the notion of ‘remote functionalization’
might be somewhat subjective, a distance of at least 3 carbon
atoms between the carbonyl group and the position being
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modified (y position or further) was used as the threshold for
our selection.

2. C—H activation of C(sp®)—H bonds

An ever increasing number of methods based on the regio-
selective functionalization of C(sp?)-H bonds in heteroarenes
and arenes have been reported in recent years.® In comparison,
less progress has been made for the selective modification of
C(sp®)-H bonds, in particular for remote aliphatic positions.®
A common aspect of these approaches is the use of directing
groups to facilitate C-H activation. Nonetheless, from a practi-
cal point of view, this imposes that, beyond its efficiency, the
prerequisite auxiliary must be easily installed and equally
easily removed.

Daugulis and co-workers first demonstrated the ability of
picolinamide (PA) to facilitate the Pd-catalyzed direct C-H
arylation of remote aliphatic positions.” However, this was
achieved at the cost of relatively demanding reaction con-
ditions (5 mol% Pd(OAc),, 4 equiv. aryliodide, 1 equiv. AgOAc,
130-150 °C). Inspired by this precedent, the Chen group has
elaborated milder and more general methods for the remote
functionalization of y C(sp®)-H bonds (5 mol% Pd(OAc)s,
1.5 equiv. aryliodide, 1.0 equiv. Ag,COj, 80 °C).® Electron-rich,
electron-neutral, electron-poor as well as ortho-substituted
iodoarenes were coupled with cyclic PA-modified amino esters
in moderate to excellent yields (47-85%) (Scheme 1A). In con-
trast, linear substrates such as the threonine methyl ester
shown in Scheme 1(B) were usually obtained in reduced yields.
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Both an increase in temperature and the use of benzoquinone
(BQ, 10 mol%) allowed y-alkenylation to occur selectively on
cyclic systems; albeit in more modest yields (12-69%). The
removal of the PA directing group was found to be challenging.
The use of an ortho methyloxysilyl analogue proved to be a
viable alternative as it could be cleaved under acidic conditions
(Scheme 1D). Preliminary mechanistic investigations were sup-
portive of a C-H activation/arylation sequence.

Having laid the fundamental basis in the remote functionali-
zation of C(sp®)-H bonds, the same group next developed a set
of Pd-catalyzed directed intramolecular amination reactions
leading to azetidines, pyrrolidines, indolines and pyrrolidones
by simply changing the oxidant (PhI(OAc),, 2.5 equiv.).”"°
Representative examples for each compound are shown in
Scheme 2 (respectively in eqn (1)-(4)). Yields and diastereo-
selectivities were usually high when 2.0 equivalents of AcOH
were used. Of note, access to pyrrolidinones required the use
of 8-aminoquinoline (AQ) as the directing group. Additional
studies showed that 8-methyl-5-methoxyquinoline (MQ) not
only provided enhanced performances in the cyclization reac-
tions but was also best suited in view of post-reaction ablation
(3 equiv. CAN in CH;CN-H,0 at room temperature).""

The observation that acetoxylation took place preferentially
over intramolecular amination when AcOH was used as a
solvent prompted the authors to develop an intermolecular
Pd-catalyzed PA-directed remote alkoxylation.'> The isolated
yields were usually high and the reaction featured a broad
substrate scope by simply changing the nature of the alcohol.
Typical products obtained by this method are shown in
Scheme 3.
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Scheme 1 Pd-catalyzed picolinamide-directed C(sp®)-H activation of the y position of modified-amino esters. (A) Arylation of cyclic systems. (B)
Arylation of linear systems. (C) Vinylation of cyclic systems. (D) Directing-group removal and recovery.
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Scheme 2 Pd-catalyzed directed azetidines (eqn (1)), pyrrolidines (eqn
(2)), indolines (eqn (3)) and pyrrolidinones (egn (4)) formation.
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Scheme 3 Intermolecular alkoxylation of PA-modified amino esters.

The Carretero group has recently introduced 2-pyridyl-sulfo-
nyl (PySO,) as an easily installable and removable directing
group in a variety of Pd-catalyzed C(sp*)-H bond activation
protocols.’® As a further extension of this work, they recently
demonstrated that PySO, was also efficient in the remote acti-
vation of C(sp’)-H bonds of amino ester derivatives."* Their
optimized conditions for the y-arylation of r-valine methyl
ester required elevated temperature (150 °C) and the use
of 10 mol% of Pd(OAc),, 2.5 equivalents of iodo arene,

This journal is © The Royal Society of Chemistry 2014

Scheme 4 Pd-catalyzed PySO,-directed intermolecular arylation of
amino esters.

1.5 equivalent of oxidant (Ag,CO;) and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP), a privileged solvent in C-H activation pro-
cesses.'” Although the desired mono-arylated product could be
isolated in appreciable yield, its formation was often plagued
by the presence of the bis-arylated compound. Consequently,
the scope of the reaction was mostly centred on PySO,-modi-
fied amino esters with sterically distinct y and y' positions
(Scheme 4). The corresponding mono-arylated products were
usually isolated in good yields (60-72%). Further investi-
gations established that electron-rich and electron-poor iodo
arenes were equally tolerated (average yield of 72% with allo-
isoleucine). Removal of the 2-pyridylsulfonyl auxiliary was
achieved by treatment of the arylated product with Zn in THF-
NH,Cl(,q) for 16 h at 60 °C without any erosion of the enantio-
purity (73% yield).

A related study was reported almost concomitantly by Fan
and Ma."® Their approach for the Pd-catalyzed y-arylation of
amino esters consisted in demonstrating the superior utility of
2-methoxyiminoacetyl (MIA) as a directing group for C(sp*)-H
bond activation. Whereas Pd(OAc), and HFIP proved to be the
catalyst and the solvent of choice respectively, a combination
of AgOAc and PivOH as additives was found to be optimal
(100 °C, 24 h). Under these conditions, a wide number of
iodoarenes (2.5 equiv.) were efficiently introduced in the y
position of MIA-modified homoalanine (see Scheme 5 for
representative examples). Substituted amino esters were
usually arylated at the less hindered y position. Consistent
with the observation of the Carretero group, the t-valine

Org. Biomol Chem., 2014, 12, 233-241 | 235
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Scheme 5 Pd-catalyzed MIA-directed
amino esters.

intermolecular arylation of

derivative resulted in a mixture of mono and bis-arylated pro-
ducts (58% and 19% respectively). The MIA directing group
was found to be easily removed by simple hydrolysis of a
variety of arylation products with 1 M KOH in dioxane at room
temperature (the corresponding amino acids were usually
directly re-protected using (Boc),O: 5 examples, 65-82% yield;
no erosion of the enantiopurity).

3. Arylations of extended enolates

The Pd-catalyzed arylation of enolates with aryl halides or aryl
halide equivalents has progressed at an impressive pace over
the last decade,’” culminating with the development of
enantioselective a-arylations of amides,'® esters,'® ketones®
and even of the more sensitive aldehydes.”" Yet, the corres-
ponding vinylogous coupling of a,p-unsaturated carbonyl
derivatives has not reached the same level of refinement.”> A
first explanation for this discrepancy is certainly, the regio-
selectivity issues associated with the development of such
coupling methods (« vs. p vs. y arylation).

Miura and co-workers first disclosed that the Pd-catalyzed
arylation of enals and enones can occur with perfect y regio-
selectivity under conditions similar to those developed for the
a-arylation of ketones or aldehydes.>® With a combination of
PPh; and Pd(OAc), (5 mol% and 10 mol% respectively),

236 | Org. Biomol. Chem., 2014, 12, 233-241

View Article Online

Organic & Biomolecular Chemistry

ArBr (1.0 equiv)
Pd(OAc), (5 mol%)
0 PPh3 (10 mol%) o

Cs,CO3 (1.2 equiv) RL 7
B — e RS
R2 DMF, 60-120°C, 4-24 h Ar R?

o o
¥ Ve
A H Me A H Me A H
Me Me Me

Cl 64% yield

Ph  41% yield

(0]
Me
Me ' 4

OMe 60% yield

56% yield 56% yield

(w./ 2.equiv PhBr)

40% yield

Scheme 6 Pd-catalyzed y-arylation of a,f-unsaturated aldehydes and
ketones.

temperatures ranging from 60 to 120 °C, DMF and Cs,CO; as
the solvent and the base of choice, they were able to couple
electron-rich and electron-neutral bromoarenes with linear
aldehydes and cyclic ketones. A representative selection of the
products formed is displayed in Scheme 6. Most of them were
obtained in moderate isolated yields (40-64% yield). The
authors noticed that the presence of an a-blocking substituent
in the linear aldehydes was required to favor perfect y-selective
arylation.

Huang and Hartwig have developed an efficient Pd-cata-
lyzed y-arylation and y-vinylation of a,f-unsaturated esters
starting from the corresponding preformed silyl ketene
acetals.>* The reaction proceeds at room temperature with low
loadings of palladium (typically 1 mol%). Optimization of the
catalytic system led to the identification of three different sets
of reaction conditions (see Scheme 7 for details). However, the

ArBr (0.75 equiv)

OSiEty z[Fc’:T] 8 ;"°'%,) ) , 1
n .5 equiv M
Me AP ome 2 - e\/Y\)LOMe
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[Pd] = [Pd(dba),] + tBusP (1:1) or [(tBuzP),Pd] or [{(tBusP)Pd(.Br)}o]

R! R, R?, R®=EWG, EDG
R Br over 30 examples 4 heterocyclic
34% < yield < 96% bromoarenes
_________ R N7 . averageyield=78% disclosed
o Q yield " yMe Q yield
e\l/\)j\oa 40% (E) e NA"Nort 57% (E)
Ph Me +10% (2) Ph +5% (2)
Mo Q yield Me , Q yield
P:NOEt 75% Me)Y\/U\OEt 68%

Me Ph

Scheme 7 Pd-catalyzed y-arylation of silyl ketene acetals.

This journal is © The Royal Society of Chemistry 2014
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Scheme 8 Pd-catalyzed y-arylation of «f-unsaturated y-branched
aldehydes and e-arylation of a,B,y,8-unsaturated e-branched aldehydes.

beneficial use of a triethylsilyl group (TES) on the ketene
acetals, of ZnCl, as the additive and of ¢tBuzP as the ligand,
was found to be a common feature of these arylations.
Impressively, more than 30 different bromoarenes were evalu-
ated to delineate the scope of the electrophilic component of
the reaction. Noticeably, the average yield is approaching 80%
and functional groups such as amine, ether, ketone, ester,
cyano, indole, pyridine, quinoline, and thiophene were all tol-
erated. Introduction of a substituent on either the a or the p
position of the silyl ketene acetals resulted in the formation of
stereoisomeric mixtures of the corresponding arylated pro-
ducts. Although the exact role of ZnCl, in these reactions is
not fully understood, preliminary investigations suggested that
it did not only serve as a source of chlorine but also facilitated
labilization of the halide on palladium.

As part of their program aimed at the enantioselective aryla-
tion of aldehydes, Mazet and co-workers recently developed an
efficient Pd-catalyzed y-arylation of y-branched o,f-unsaturated
aldehydes.>® The precedent from Miura with linear substrates
favoured rapid optimization of the reaction conditions and led
to the identification of a robust protocol that allowed quatern-
ary centers to be forged exclusively at the y position without
any detectable traces of the o- or p-arylation products
(Pd(OAc), (1 mol%), tBu;P (2 mol%), Cs,CO; (1.2 equiv.), DMF,
110 °C).*® The reaction proved very general with respect to
the electrophile as electron-rich, electron-poor and sterically

This journal is © The Royal Society of Chemistry 2014
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demanding aryl bromides were coupled in usually practical
yields (19-87%, average = 68% yield). A slight erosion of the
geometrical purity of the substrates was observed upon coup-
ling, although the E/Z ratio was still relatively high (typically
>10:1). The orthogonal reactivity of the o,f-unsaturated alde-
hydes obtained was demonstrated through a series of standard
derivatizations and - more remarkably - without any optimiz-
ation of the initial protocol the ¢ arylation of a,p,8,y-unsatu-
rated was achieved and the corresponding product isolated in
a promising 43% yield (Scheme 8).

The Pd-catalyzed intermolecular migrative p-arylation of
ester lithium enolates was recently reported by Baudoin and
co-workers as a viable alternative to directed C-H activation
strategies for the functionalization of carbonyl compounds.””
This original approach relies on the rearrangement of
congested palladium enolates to palladium homoenolates.
Detailed theoretical mechanistic investigations have lent
support on the B-H elimination, rotation and re-insertion
sequence initially proposed.*® Although the primary system,
focused on carboxylic esters, was limited to aryl halides with
an electron-withdrawing substituent in the ortho position, a
much more general B-arylation was subsequently reported for
benzyl-protected alanine esters.>® During these investigations,
the authors were also able to extend the arylations to the term-
inal position of amino esters with longer alkyl chains. Even if,
in these cases again, only aryl halides with at least one fluori-
nated withdrawing ortho substituent were tolerated and the
yields of the products decreased as the alkyl chain length
increased, it is remarkable that arylation occurred exclusively at
the terminal position of the carbon chain (as far as 6 carbon
atoms away from the carbonyl functionality, see Scheme 9).

4. Heck-type

Buchwald and Hyde recently reported the Pd-catalyzed y-aryla-
tion of y-substituted f,y-unsaturated linear and cyclic
ketones.?® Although this reaction could have well been categor-
ized as a direct arylation of dienolates, we arbitrarily decided
to discuss it in the ‘Heck-type’ section. Our decision stemmed
essentially from the striking difference observed between the
y-arylation of a,f-unsaturated and p,y-unsaturated ketones. In
the optimized system, a ligand as simple as dppe (dppe =
diphenylphosphinoethane; 4 mol%) in combination with
Pd(OAc), (2 mol%) Cs,CO; (1.5 equiv.) proved general for a
variety of vinyl and aryl bromides (toluene, 100 °C, 8 h) and
the products possessing a congested y quaternary center were
systematically obtained in good to excellent yield (50-81%
yield; Scheme 10A). Subsequently, the use of ortho-bromo-
aniline derivatives allowed the efficient one-pot preparation of
several ketoindolines by a y-arylation/conjugate addition
sequence. Further refinement of the system led to the identifi-
cation of DTBM-Segphos as a highly selective ligand for the
asymmetric variant of this transformation. Although the yields
of the product were modest, the enantioselectivity levels were
very high (Scheme 10B). Later, the same authors reported the

Org. Biomol Chem., 2014, 12, 233-241 | 237
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Scheme 9 Selective and remote arylation of linear amino esters using ortho-substituted electron-deficient aryl bromides.
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P, av. yield =75%
R :

Ligand: O
PCyZ

(e}
15 les:
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Scheme 10 y-Arylation of y-substituted cyclic ketones (A) and Angelica lactone derivatives (C). Enantioselective synthesis of ketoindolines by a

y-arylation conjugate/addition sequence (B).

regioselective y-arylation of Angelica lactone and some
analogues using a related procedure (2 mol% [Pd,(dba);],
4 mol% Me-Phos, 1.2 equiv. K,COj3;, toluene-t-amyl alcohol
(2:1), 100 °C, 12 h), thus providing a straightforward access
to 5,5-disubstituted butenolides - a ubiquitous structural
motif in the synthesis of biologically active compounds

(Scheme 10C).*"*?

Distinct from the above-described approach, Sigman and
co-workers have recently reported a Pd-catalyzed enantio-
selective redox-relay Heck reaction of acyclic alkenyl 1° and 2°

238 | Org. Biomol. Chem., 2014, 12, 233-241

alcohols where aryl addition is followed by olefin migration
through the carbon chain and eventually oxidation of the
alcohol.*® The authors capitalized on previous works which
described
employed.® Key to the success of this approach was the use of
an electrophilic catalyst which favoured migration (i.e. chain

similar outcome when allylic alcohols were

walking) over dissociation from the C=C bond. This was
achieved by combining aryldiazonium salts with a chiral pyri-
dine-oxazoline ligand. The overall results are spectacular as
chiral centers were installed with almost perfect stereocontrol

This journal is © The Royal Society of Chemistry 2014
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Scheme 11 Pd-catalyzed enantioselective redox-relay Heck reaction of alkenyl primary and secondary alcohols.
not only at the f but also at the y and & positions of the result- Ar-B(OH); (3.0 equiv)
. . P . %
ing carbonyl group. In the latter cases, site selectivity remains Me E’;&gmcg)ﬁgg/s))ﬂ (6 mol%) s 0
J
to be improved. Of additional note, higher yields were I—'E/okH Ligand (ﬁ3 mol%) AfNR
. . R >
obtalr}ed when starting from (Z) rather than (E) alk('enes. A e O, (ballon), 3AMS, DMF.RT, 24 Me
selection of the aldehydes and ketones that were obtained by selectivity R=H, Me
this method is represented in Scheme 11. Ugand. T
igand 18 examples:

To circumvent some of the limitations of their initial
system, Sigman and co-workers have next developed an
enantioselective redox-relay Heck arylation of linear alkenyl
alcohols using boronic acids (i.e. oxidative Heck).?® In addition
to the coupling partners, the optimized protocol required the
combination of [Pd(CH3CN),(OTs),] (6 mol%), [Cu(OTf),]
(6 mol%), the chiral ligand (13 mol%), O, and 3 A molecular
sieves in DMF. The reaction for homoallylic alcohols turned
out to be very general as electron-rich or electron-deficient aryl
boronic acids were equally tolerated, producing the corres-
ponding y-arylated aldehydes and ketones in high yield, excel-
lent enantioselectivity and much improved regioselectivity.
Extension to alkenols with longer carbon chains proved also
feasible, with the more distant C(sp®) being systematically pre-
ferred for aryl insertion. While the yields and enantioselectivi-
ties remained very high, the regioselectivity of arene insertion
was found to decrease as the length of the alkyl chain
increased (Scheme 12).

5. Conclusions

The ability to selectively functionalize carbonyl derivatives at
more and more distant positions from the C=O bond using

This journal is © The Royal Society of Chemistry 2014

16-85% yield ; av. yield = 62%
84-98% ee ;av.ee=94%
y/ B typically > 20:1

Representative examples:

Me 64%y., 55%y.,
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Scheme 12 Pd-catalyzed oxidative reaction of

alkenyl alcohols.
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Pd catalysis has attracted increased interest in recent years.
Progress in the directing group remote functionalization strategy
has been mainly focused on elaborating more efficient auxiliaries
that can not only facilitate the C(sp*)-H bond functionalization
but can also be installed and removed easily. In addition to the
C-C bond forming process, intra and intermolecular C-N and
C-0 bond forming reactions leading to ubiquitous heterocyclic
structures have also been developed. As most of the
approaches reported permit functionalization at the y position,
it would be interesting to develop novel directing groups to
functionalize efficiently more remote C-H bonds. The vinylo-
gous coupling of enolates now allows to introduce indifferently
electron-rich, electron-poor or even congested aryl halides with
high levels of efficiency at the y position of a,f-unsaturated car-
bonyl derivatives. Generalization of these arylations to more
remote positions is certainly an important objective. Further-
more, additional studies are expected to be focused on the
development of the asymmetric versions of these reactions.
The formidable achievements in the enantioselective redox-
relay Heck and oxidative Heck reactions of alkenyl alcohols
developed by Sigman and co-workers have paved the way for
further studies. The scope of these reactions certainly needs to
be extended. For instance generating quaternary stereocenters
at remote positions from the carbonyl group produced upon
isomerization of the C=C bond would constitute an important
achievement.
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