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1.1 An Organocatalytic Cyclopropanation Reaction

[Background]

The cyclopropane motif is a common feature in the synthesis of complex molecules and in medicinal chemistry owing
to a unique combination of reactivity and structural properties

1 1958 5
E The formation of Simmons-Smith reagent Simmons-Smith reaction :
i I Zn/Cu | Znl CHal, E
e — - 5
! H H H H Zn/Cu :
; 1967 E. J. Corey, JACS, 1967, 89, 3912, !
S 0 0 e
| R -70~-30° R |
| Ph,S {@ . >:%L 70 ~-30°C, 3 h + SPh, |
I _— I

_________________________________________________________________________________________________________

' 1995 S. Hanessian, JACS, 1995, 117, 10393. !
: 1 ’ O . a 4 '
: N 0 Mo 7 OzN\ O Me 2. TESCI !
| P > Cl + P~ g 3.0 |
JON SV R SN S L
Me Me H H
i Me 7 — e 40/ |
! O% Epimerization !
E TH DBU H |
M. J. Gaunt's works
2003 Stoichiometric "one-pot" ammonium ylide based cyclopropanation M. J. Gaunt, ACIE, 2003, 42, 828.
™
0] 1. N/\/ (1eq.) 9]
Ph)K/CI > )I,,,, OtBu
2. X _COtBu, NaOH, MeCN, 80°C ~ Ph
0]

single diastereocisomer

The reaction proceeds without the formation of byproducts, and simple aqueous workup affords pure cyclopropane
that does not neessarily require further purification.
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Catalytic cyclopropanation
0 Na,COj, MeCN

N
Ph)J\/CI ' @ T 80 °C, 24 h »j DP~ewe

1 equiv 0.2 equiv 1.5 equiv

high diastereoselectivity

Enantioselective Organocatalytic Cyclopropanation M. J. Gaunt, ACIE, 2004, 43, 4641 .

1 equiv 3a,
% O  3a,CsCO; Q o 96% yield, 80% ee oMte fz]
tBuO” > i N
fBuO \)ztph MeCN, 80°C u n/ 0.2 equiv 3a,

b Br 4a O  96% yield, 86% ee A Peone
M high diastereoselectivity N” 3a
Reversing the role of the S.M t > & .
high enantioselectivity

This enantioselective catalytic cyclopropanation process via ammonium ylides has a number of advantages.

1) There are no transtion metals involved in the reaction.
2) The starting materials are readily available and conveniently handled.

This is the first general intermolecular enantioselective organocatalytic cyclopropanation reaction

* Intramolecular Cyclization M. J. Gaunt, ACIE, 2004, 43, 2681.

=
20%50r6. O OMe
N82C03 H 0
N OMe
MeCN Ph z
Ph 80°C H | x> "OMe | N
2a N& 5 Na” 6

additive

[Catalytic cycle]

Finally the bicycloalkane 2 is generated
through displacement of the ammonium
group, concurrently regenerating catalyst I.

0 NR;
H 2 I
COR
COR
H
The amine catalyst | displaces the chloride
? iR NH N in 1 to give the quaternary ammonium salt II.
Intramolecular conjugate - 8
addition forms IV. COR COR
Na,CO,
NR3
COR NaCl + NaHCO,

Deprotonation forms
the ammonium ylide Ill.

mall Summar
They have developed an organocatalytic inter- and intramolecular cyclopropanation reaction as single
diastereoisomers. This powerful catalytic process effects the controlled formation of stereocenters in

single transformation.
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2.1 Palladium-Catalyzed Intermolecular Arylation of Indoles
Selective C-2 Arylation of (NH)-Indole

Phl (1.2 equiv) D. Sames, JACS, 2005, 127, 8050.
D. Sames, OL, 2004, 6, 2897.
Pd(OACc)> (5 mol%), PPhs (20 mol%)
N MgO (1.2 equiv), dioxane N
H 150 °C, 12-15 hrs H
84%

i) The Key Reaction Pathway in the C-2 Arylation of 1-Methylindole

- PdO(L)x (L’
ArX + Pdi(Li(L) The first step proceeds to an aryl-palladium halide

intermediate, which may then undergo two
competing pathway:

vy |
N substrate Ar-Pd-X(L)2 : ) , i
Ar =——— Ar-Pd-X(L), ——= ArAr | (1) cross-coupling with the substrate to furnish
N |

V3 V2 the disered product

Me or
D S S I (2) formation of byproduct biphenyl.
. key issues: 1) the choice of base oo
| 2) formation of the biphenyl side product LT ﬂ ------------------------------- ’
4000 100 biphenyl formation required a bimolecular
3500 ——poaet 80 transmetalation of the allyl-palladium species.
3000 —— biphenyl = 60
—a&— Phl conversion 2 .
ggg% 2 40 [Hypothesis]
20 . :
F 1500 " i Decrasing the catalyst loading should
1000 000 100 200 300 400 500 increase the rate ratio vs/v, and thus favor
508 Pd mol % roduction of the desired product.
T . aam T i ™ L ™ T T T T T '
0.00 1.00 2.00 3.00 4.00 5.0(1
Pd mol %

Figure 2. Chemical yield and TON as a function of catalyst loading
in reaction of N-methylindole and Ph-I: Pd(OAc),/PPh; (1:4),2.54
M in substrate, CsOAc, DMA, 125 °C, 24 h.

> 0.5 mol%: biphenyl formation

< 0.5 mol%!: |ed to a sharp decline in yeild, which was accompanied by a dramatic increase in the catalyst
turnover number.

|:> At such low concentrations, catalyst decomposition processes, including biphenyl formation were
suppressed.
Good functional group tolerance was demonstrated.

ii) Mechanistic Stu

0.5 mol % Pd(OAc)s, 2 mal % PPh
N N

Mo 10 eq Ph-l, 5 eq CsOAc, DMA 125 °C Me 7

a value too small for the
cleavage of this bond to be
involved in the rate-limiting

knkp=12 -~ | SteP ;

(HD) (H/D)

0.5 mol % Pd(OAc),, 2 mol % PPhs . :

m mPh  the large KIE value was
N 10 eq Ph-I, 5 eq CsOAc, DMA 125 °C N _-+ obtained for the 3-position !

Me Me .--~ ' where the substitution does !
kukp=16 -~ ' not occur. !
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Possible Reaction Mechanisms in the Arylation of N-Alkylindole

@
L electrophilic H Pd-ArL), Pd-ArL)n reductive Ar
A-PA-X(L) pdt ituti N iminati
n ~ Pd substitution base elimination
Ny — /? ‘Ar —_— @ —_— N —_— N
N N N N N
R R R R R
ﬂmigranon C3-Arylation
H
D n
Z.1Pd-Ar(L),
N
R
base
direct l reductive
metallation elimination A
b N—Pd-Ar(L), At
N N
R R
Pd(L)n C2-Arylation
Ar-Pd-X(L),, H Base )
 EEE— \
carbo-metallation N A Pdo(L),l

R
There are three reaction mechanisms that may rationalize the strong preference for C-2 arylation.

(1) Electrophilic metalation-migration
(2) 5-Bond metathesis
(3) Carbometalation, that is, Heck-type reaction

(2) This is primarily due to the large KIE at C-3.

(3) Carbopalladation of indole, following by isomerization and syn-p-hydride elimination, should also be considered.
A plausible mechanism for the isomerizaiton step is a reversible a-hydride elimination, proceeding via a palladium
hydride-carbene intermediate.

(1) The most likely candidate seems to be the electrophilic palladation pathway, supported by the kinetic studies.

Electrophilic Pathway for Arylation of Indole

Ar-Pd-X(L) LoA-Pd (LnAr-Pd Ar
+ 1 & base re.
OB = (1% . o
k- N ke N N
N 6 R 9 R 1M1 R
5 R s
C3-Arylation
ko ﬂ k2 ryras!
® H
":d‘A'(L)" Formation of 6 and/or 7
N H is kinetically relavent
7R
n=1-2
base l k3
re.=
reductive A ke A
S Pd-Ar(L)n At
elimination N N
8 R 10 R
C2-Arylation

The first step involves the formation of intermediate 6 by
electrophilic addition of an aryl-palladium(ll) species to the 3-
position of indole. If the reverse step (k;) and the migration (k5),
then the formation of 6 and the migration may become kinetically
relevant.

In such instance, k3 must be faster
than k,, and k, must be slower than k,.

The driving force for this migration is related to stabilizaiton of the carbon-palladium bond by the
adjacent nitrogen atom.
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M. J. Gaunt's works
iii) Intermolecular Alkenylation of Indoles by Solvent-Controlled Regioselective C-H Functionalization

New swichable solvent-controlled regioselective palladium-catalyzed M. J. Gaunt, ACIE, 2005, 44, 3125.

indole alkenylation by C-H functionalization.

The natural reactivity of indole suggested

cat. PdX; y cat PdXz o _R2 that palladation and Heck coupling would
| g2 | 22 | take place preferentially at the 3-position.
N“NF g2 [0] N [0] N
H R solvent 1 H H solvent 2 H H

Table 1: Optimization studies for indole functionalization.”

Qj cat, PA(OAC),; ‘ s COunBu
| - | [

solvent, oxidant, 70°C
N olvent, oxidan N"NAcony

1a H = -COmBu - 45 H 2a H 3a
Entry  Catalyst Oxidant (equiv)  Solvent (v/v) Yield of 3a/2a
loading [% 243 [%]" .
oading [%] +3 1%l reversal of selectivity
1 10 Cu(OAc), (1.8)  DMF 54 >95:5 0
2 10 Cu(QAc), (1.8)  DMSO 66 >95:5 _
3 10 Cu(OAc), (1.8)  1,4-dioxane n.r. _ .~ acid effect
s 0 1BuOOBz (09) [Tddiowane T ag T Tay o
5 10 Cu(OAc), (1.8)  DMF/AcOH (3:1) 4 [
6 20 tBuOOBz (0.9) |1,4-dioxane/AcOH (3:1) 58 ... 1:7 7
7 10 Cu(OAc), (1.8) |DMF/DMSO (10:1) 79 2955 f--eee improve the yield
: 10 tBuOOBz (0.9) MeCN/AcOH (3:1) 65 >95:5
9 10 tBuOOBz (0.9)  1,4-dioxane/AcOH/DMSO (3:1:0.4) 66 >95:5
[a] For all reactions the mixture (0.4 M) was stirred for 18 h. [b] Yields after isolation and purification by
flash silica-gel chromatography. n.r.=no reaction. Bz=benzoyl, DMF=N,N-dimethylformamide,
DMSO = dimethyl sulfoxide.
~o 1 They propsed plausible pathways for the two reactions in
3 Pd° PdX. deg Scheme 2. Palladation at C3 is thought to occur via
)/ c \/ \@ intermediate I, and following rearomatization to Il a Heck-
3 R . . . .
Functionelization Functiclization ~-R"  type reaction forms the C3-functionalized indole 3.

attack of indole on Pd(OAc), will readily remove a proton
from I to form the C3-palladated species Il.

QIPdXAIem\\% / Under acid_ic condition they propose that this

deprotonation would be slow, which could allow a

g

Q\I Under neutral conditions, the acetate ion formed from the

IZ+

controlled
palladation migration of the C3-PdX bond in I to the highly activated
retention migration 2-position of the iminium intermediate to give
Scheme 2. Proposed mechanism of C—H functionalization. intermediate Il and ultimately IV.

The effect of the cosolvent is also important since the results in Table 1 suggest that strongly coordinating solvents
(DMSO, MeCN) override any effect that the presence of acid may have, thus leading to C3 selectivity.

o Pd(OAC), o
oM _(20 mol%) ~~""otBu . . .
W ’ {BuOOBz, 4a N I onB This strategy thus allows the selective installation of
H 70 °C, 18h H o substituents at either position in any order and provides access
3b 1,4-diowane/AcOH 5. 41% 00 to highly functionalized indoles by catalytic methods.
Pd(OAc), |
| (10 mol%) | A OnBu
BuOCBz, 4a =
N omu 70°C, 18h N OfBu
2b O 1,4-dioxane/DMSO 6,71% O

Scheme 3. Formation of bis (alkenyl)indoles.
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M. J. Gaunt, JACS, 2008, 130, 8172.

H MX‘: Pd(ll) — d& = Cu(lll)------- highly electrophilic aryl-Cu(lll) intermediate
7 U

N N™ X~
|:" |:" enable a mild arylation process
C3 Arylation .-—--._
S Ph  In order to improve the conversion, 10 mol% of the
Q—\) oy T—"Ph 10 mol% Cu(OTf), Q—§ Cu catalyst was required, prusumably because the
N . 6, f CH,Cl,, 35 °C, dtbpy, 73% N ﬁgr;%ltri\\(;,itsase binds to the Cu center and reduces
1a Me so2d PP~ >20:1 C3:C2 Me 3a ’

~o _ - ~~o

a. Proposed catalytic cycle for the Cu(ll) catalyz;a&‘c-ﬂ atylaiion

h [Ph—I-Ph]OTf 2b ™~~~ ~ - _
Cu()OTf -~ poor aryl transfer of a large group
oxidatixeg addition
reductive élimination Cu(lll)-arylintermideate I would react initially
.-~ through the C3 position before migration to C2.
TIQ
C |
“ph T @
\ [PhCu”lOTf]OTf, I
N
g o They reasoned that the use of an N-acetyl
group might render the intermediate iminium
base-TfOH o C3 attack ion IV more likely to accept the migrating C-
rearomatization oTt Cu bond at the C2 position.
Q_& Cu'"
+.
base 5
b. Proposed C3 to C2 migration of the C—Cu bond
oT H H
Q.
H \
oTf 4 Ph oTt I. /' Ph
,&O v Me)\\ o v Me)\o Vi M0 g
C2 Arylation
10 mol% Cu(OTf),
N\ [TRIP=I-ArOTf N\ . C2:C3=26:1~6.5:1
DCE, 70 °C, dtbpy .
ia & 2 5gp Ac 49 ~ 82% yield
Small Summary

Free(NH)- and N-alkylindoles — C3-arylated product
N-acetylindoles — C2-arylated product
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2.2 Arylation with Diaryliodonium Salts

i er-Catalyzed Alkene Arylation with Diaryliodonium Salt W. C. MacMillan, JACS, 2011, 133, 13782.
M. J. Gaunt, JACS, 2011, 133, 13778.
o Phl PhalX ¢ commercial, air stable
XJH — A broadly expanded array of carbonyl systems
R might be readily accessible using chiral copper
carbony! catalysts in the presence of iodonium salts
o with silyketene acetals.
Copper
Catalysis X
i - L,Cu(l R . b .
Resi-Cl Sculih=Ph #5 GE— %-li(‘)“"enar‘\ﬁée'ﬁﬁchéa ——————— high electrophilic chiral copper(lll) species
a-aryl carbonyl
OSiR;
xR Additon- | .~ [TTTTTTTTTTTosooommomoosooommmoooooooooooooooooooe

Reductive

1) formed as single (2)-isomers,
elimination ) 9 (Z)

2) rigidify a transition state via stabilizing interaction
with a chral copper complex, !
3) a-functionalized N-acyloxaxolidinones are less :

QSIRs * OSiR _ R4SIOH susceptible to postreaction racemization than other
XX R carbonyl compounds,
R 4) the products can be transformed into useful
. . . . intermediates.
talytic Enantioselective Arylation L !
Me_ Me N\
oho N
_SiMe N

L e SER i

‘R) Ph TiG OTf Ph : Q. (R)

o)j\ N \(\E/’ Mes—I—Ph » Q" N7 ~—

) 5-10 mol% catalyst (4c)

\‘\\_/, h
CHoCl, (0.25 M), temp. ~--
1.2-2.0 equiv. 1 2c 3

75 ~96% yield electron-deficient arenes
90 ~95% ee electron-rich arenes
meta- and para-substituted aryl rings
heteroaromatic systems

“oan

o o The order for divalent ions in the first transition series indicates that Cu(ll) forms the most
S:”)QH/ ,x- Stable ligand-metal complex and dissociation of the chelating chiral ligand in derived

e~ complexs apparently not a complication.
MesC O/ o CMeg
H/\\\)kN)ko Mn <Fe <Co<Ni<Cu>Zn

M. J. Gaunt, JACS, 2012, 134, 10773.

readily available ubiquitous alkene arylated alkene

aryl coupling partners feedstocks product
TfO\””] —
N Cugry = < > /\/\/ —_— PR -~ This combination of a Cu catalyst and a
— /I diaryliodonium salt appears to behave as an
activated aromatic electrophile, paralleling the

proposed Cu(lll) union of alkene and __---""  possible carbocation Friedel-Crafts type reactivity.
aryl electrophile aryl electrophile  ~ intermediate
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Exploiting the diverse reactivity of a possible carbocation intermediate

R'i/\ 4 Pinacol rearrangements
RAS — i Ar [———> ¢ Grob fragmentations
R

(+) ¢ Cascade reactions

key functionalized
X) functional group intermediate

This new Cu-Catalyzed arylation may proceed by a reaction pathway displaying carbocation-like character,

allowing the development of a number of novel tandem and cascade reactions that could expedite the synthesis of
complex molecules.

(c) Arylation — semi-Pinacol reaction

O R
10 mol% CuCl
R HO? L N\ ()F
(+)Ph
d/& ,2|on DTBP . )

R=Me, H (2t 2u) DCCE 70°C 9t 71%, 9u 74%
(d) Arylation — Grob-type fragmentation

Ph
10 mol% CuCl o o+
@ P
HO" HO

wa2IOTf DTBP

o}
o,
DCE, 50 °C, 61% 10

Small summary

They have shown that the product out comes differ significantly from these commonly obtained by the Heck reaction.
Preliminary studies have shown that a carbocation-type mechanism may be involeved in these reactions.
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3.1 Meta-Selective C-H Bond Activation

Introduction Chemical transformations of benzene derivatives have been guided by the high selectivity for
electrrophilic attack at the ortho/para positions in electron-rich substrates and at the meta
position in electron-deficient molecules.

H electrophlllc aromatic
H subsmu'uon

H
ortho directing meta directing para directing
if X = directing group  if X = electron withdrawing if X = electron donating group
eg NHAc group, eg NOg eg NMe,
Pioneerting Work
Friedel-Crafts Reaction
0
AICI . .
rIL = + 0 —_— R R’ electron-donating substituents — ortho and para
~— J‘L ' R4~ electron-withdrawing substituents — meta
X* 'R =
Precedent & Other Works P. Knochel, ACIE, 2008, 47, 1503.
meta and para Functionalization of Arenes
FG FG rc 2: TMP,Mge2 LiCl
2 Nu~
5 o E E not completely selective meta functionalization
(Me,N),R; (Me;N)RS Nu
o} o]
3 5 7
FG FG FG
@ 0 2 0 N
o PNMey),  E o P(NMea), NG
E E

Carboxylic Acid as Traceless Directing Groups for meta Selective Direct Arylation |. Larrosa, ACIE, 2011, 50, 9429.

Me
COzH 2 mol % Pd(OAC)2 . . .
R A~ H | Me 1 equiv AgoCO3 H harch condition and long reaction time
g T+ \Q 3.5 equiv AcOH R 5 Me Pd(OAc), were needed.
R, o 130°C, 16 h /P 4
Me
58 ~ 83% yield

Why was meta-selective C-H bond activation difficult and elusive ?
The several mechanisms that usually rationalize the majority of selective metal-catalyzed C-H bond activation.

a) oxidative addition (OA) at electron-rich low-valent transition metal centers
b) o-bond metathesis (SBM) at electrophilic early transitionmetal centers

c) electrophilic activation (EA) at electron-deficient late transitionmetal centers
d) concerted metalation-deprotonation (CMD)

I:> These mechanistic pathways most commonly form the ortho-substitution product.

\

But there i ity of meth for metal-catalyz -H bon tivation at the met ition.
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Meta-Selective C-H borylation

i) Meta Halogenation of 1,3-Disubstituted Arenes via Iridium-Catalyzed Arene Borylation

1. 0.1 mol % [Ir(COD)(OMe)], (1), J. F. Hartwing, JACS, 2007, 129, 15434.
R 0.2 mol % dtbpy (2), THF, 80 °C R
0, 0 then evaporation
+ B-B Br
o 0 2. 3 equiv. CuBry,
R' B,pin, MeOH/H,0 (1:1) -

They reported the development of such a one-pot method for synthesis of bromo- and chloroarene.
Q§ ' 1. iridium-catalyzed borylation of arenes
but....... ' 2. halogenation of the resulting aryl boronate esters !
+ with copper(ll) bromide or copper(ll) chloride !

The regiochemstry of the products results  ~ ~7--7--7-7----------------ommomoomom oo oo oo m oo !
more from steric than electroic control.

Regioselectivity was low.

Substrate scope was narrow.

M. J. Gaunt's works M. J. Gaunt, Science, 2009, 323, 159.

EDG EDG M. J. Gaunt, ACIE, 2011, 50, 463.

H meta-selective Cu(ll)-catalyzed ACIE. 2009. 48. 9052

H C—-H bond arylation

Circumventing the inherent ortho/para-selectivity of electron-rich aromatic systems to generate the meta product
remains a largely elusive and unmet goal for chemical synthesis.

(C) This study — meta-C-H arylation of acetanilides with Cu(ll) catalysis

-H H. /& H.
o N @ Pd(ll) catalysis (ref. 32) N "0 Cu(ll) catalysis N" "0
e R e
Ph—1—Ph | PFs Ph—1—Ph | BF, Ph
ortho-arylation - complementary reactivity ¥ meta-arylation

(D) Proposed mechanistic hypothesis

R R R
step 3 H‘N/&

R
H. H.
H‘N/&O step 1 R’I&L? step 2 N/L& o

N O
cat. Cu(OTf), S P
P —— L
PholOTH (i) cu(im P

TfO~— OTf oTf
meta-C—H bond cupration via dearomatizing 'oxy-cupration’
Step 1: Step 2: Step 3:
A possible rationalization could involve the The dearomatizing Reductive elimination
highly electrophilic Cu(lll)-aryl species transformation would place the
activating the aromatic ring sufficiently to Cu(lll)-aryl species at the
permit an anti-oxy-cupration of the carbonyl meta position, and
group of an acetamide across the 2,3- rearomatizing deprotonation.

positions on the arene ring.
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ii) Meta-Selective Copper-Catalyzed C-H Bond Arylation

A Substrate scope

CMej CMejz
H‘NAO H.n"So
10 mol% Cu(QTf)2
= =
x@ PholX (X = OTf or BF,), DCE, 50-70°C, 24 to 48 h X— |
T =
1 2f-w . . .
__-- ortho-substituted pivanilides
T CMes CMes CMes CMes " CMes! __---"CMes
I -
! Hoy g Me NS0 Hn S0 Hay g Hay o ! o
: Me MeQ Ph F. 1Me0,S
h Me :
: Ph Ph Ph Ph Ph! Ph
1 1 . . T
| 2f, 79% 2g, 86% 2h, 93% 2i, 84% 2j,55% | 2%, 11% -~ meta-substituted plyanllldes
R : =T poor reactivity
CMe; CMes CMej CMej CMe3 , PE e CMes '

1

A P !

~ ~ ~ 1

1

1

Jii Q Q Jii |
Me Ph Br Ph F Ph Cl Ph EtO.C Ph:
1

R meta-dirylation product

2l, 67% 2m, 65% 2n, 62% 20,61%-----—° 2p,31% ! : 2q, 66% ! . . .
piointiuintoiutoteintoteintyintpiolntpiytotulyiotuistolesscs -yl P controlling the stoichiometry (2s)
! CMes CMeg 1! CMej; CMesz ! CMeg MesC
! ! 1
v HnSo HoySo 1! H.n"So H‘N”J*o I H‘N/J*o N/EO
| 'l Me Br | Me Me
: — o |
' Ph Ph Ph i1 Ph Ph ' Ph Ph Ph
! Me Me ' Me Me o Me . more complex (tri- or
E 2r, 83% 2s,51% : E 2t, 81% 2u, 67% : 2v, 44% 2w, 77% tetraSUbStltUted) amllde
______________________ P A bt

B Scope of aryl group transfer
CMez CMe; X vield
Ho g 10 moi% Cu(OTf; Hoy o e e
Me DCE, 70°C,24t0 48 h Me 3¢ 4_|CO gg%
3d 4- Et %
> 10 ) s
s Vap | S _ % o4NO:  on
X 3g 3-Br 72%
1f 3 3h 2-Me 44%
Controlling the site selectivity of the C-H arylation
CMes CM93 CMeS
H. H. H.
N0 10 mol% Cu(OTf), N0 10 mol% Cu(OTf), N (I:h
4 equiv. PhylBF, /@ 1.5 equiv. PholOTf controllable swich
TsO Ph DCE, 70°C, 48 h RO DCE, 50°C, 22 h MeO in regioselectivity
2x 64% yield 76% yield 2y
3-OTs group  — 1,3,5-trisubstitute arene product
3-OMe group — 1,3,6-trisubstitute arene product

In certain cases the meta-selectivity can be overridden by strongly electron-donating substiruents.
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iii) Concerted Metalation deprotonation (CMD)

Proposed transition states and calculated agostic intermediate Dalton Trans, 2009, 30, 5820.

Me  Me R an electrophilic substitution via a Wheland intermediate
“ /OAC N OAc . with subsequent intramolecular deprotonation by
Pd = \Pd/ . __.---~ coordianted acetate via a 6-membered transition state (5).
0 N UL
@ H. /)\ H,r‘o PP ___---~4-membered transition state for
Wy Me -G “Me PP intramolecular deprotonation (6).

semtT T agostic structure > Wheland intermediate

& i

The rate-determining step is computed to be formation of the agostic intermediate
via the x2-x! displacement of acetate.

The agostic structure is sufficient to polarize the C-H bond and allow acetate to form an intramoleular
hydrogen bond to the transferring hydrogen.

Computed reaction profiles for C-H activation el
[DMBA-H with (Cp*5IrCl,)] ' Pathway [: via a 6-membered transition state
' Pathway II: via a 4-membered transition state

307 309 Pathway IlI: by oxidative addition
athway [ll]  s— !
’:‘ TSBa-Qc |@+ o T
; MeNn 1o
' H
o> Jzs 9c No intermediate agostic complex was obseved.
) T TSgb.gp’s,
meN” 0N > o @
+16. N vl . - .
H { Pathway | ﬁ N, MeNY SR The main activation energy barrier seems to be related
o, TSsasa, . H to converting a k2-acetate to «!.
8b ./ R R 9b
, e * *\
— ” ’: \\
88y Ry +9.6 [Small summary]
;' /. I+ I N 6-Membered transitionstate to give 9a was favoured over
L7 MepN” ””QL.. MeNV' ™o . a 4-membered process via 8b to 9b or oxidative addition
— o Ho N to an Ir(V) species, 9c.
0 0 —
8a 9a -2.4

Transition state energy decomposition study of C-H activation

similar

Hydroxide can only act as an intramolecular base with a
4-membered transitionstate (21).

—_
[\%]
e

\fo 125 but acetate can have a 4-membered or 6-membered

1.41 }-35 1.28 transisiton state (22, 23).

HOL |\ 128 O-“H 132 070

209 213 206 144

[Ir}----- c l----- C [If]=----- H
2.21 218 2.21 "¢N\1.25 The authors conclude the most significant contribution to
the energy difference between 23 and 22 is the energy
21 2 23 required to deform the reactants into their transition state
[Ir] ={Ir(acac),} geometries.
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Analysis of the Concerted Metalation-Deprotonation Mechanism K. Fagnou, JACS, 2008, 130, 10848,

» Concerted Metalation-Deprotonation (CMD)

[Feature] 1. Very little charge is present on the aromatic ring.
2. Retention of aromaticity is observed for all substrates at the CMD TS.

Free energy of activation for direct arylation via the CDM pathwa

-

: ¢ 27.1 :
| A He 29.2 F :
| Y y—Hb 309 |
! g H225 13 S L S !

n'- and 1?>-C-Pd coordination compleses,
not Wheland intermediates

- 14 reacts preferentially over the more nucleophilic
] \ PA(OAC), / POy HBF, Q Ar 13 in a competition reaction.

13 5 Ar-Br (0.1 equiv.) @

* F  PivOH (30 mol%)

15 16
\ K»CO3, DMA, 100°C 1: >20
14 g Ar=4-CgH,CO,EL It conforms with CMD values.

Activation-Stain Analysis

+1v

distortion energy, Eg;s; : associated with
distortion of the catalyst and arene from
ground state /and Ilto TS geometries Il
and IV.

electronic interaction energy E;; :
arising from bringing /Il and 1V together to
form TS V.

E;+ = strength of the carboxylate-H,, and Pd-C,, interaction
Eqist = ongoing study

thIaZO|e N-OXIdeS ne &Ez Ed.a[ Epmﬂ Ehl Quea, . Bpo_cc
] (ArH)  (PdL)" (ArH)

small Eqist 1 58 203 166 401 0039 045
large Ejnt QUSRS 124 338 167 -381 0078 0.44
3 165 388 154 357 0065 043
- PP 4 145 388 168 -392 0041 051
electrondeficient arene _---- 5 159 398 174 414 0014 0.52
not large Ej |8 156 425 178 448 +0008 056
low E el SR b 111 422 183 494  +0017 058
OW Eist P 8 131 481 19.8 -54.9 +0.065 0.62
T~o__ |9 125 501 204 580 +0.078 0.59
. =T T 10 128 400 186 458 +0.003 0.51
n-electron-rich arenes - PP T 119 288 153 322 0092 0.44
large negative Ejy ST 12 251 446 158  -353 0010 051
| £ benzene - 13 167 375 168 376 -0.035 050
arge Edist not favored either value 14 123 324 12 O3 0041 048
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iv) Mechanistic Understanding
The three calculated reaction pathways. Relative free energies including the solvent effect (AGs,) are given in kcal/mol.

HN*O

44.9 Rearomatization R.E.

P-meta

' TFOH Cﬁ.ﬁ‘. Cu'OTf

separated positive and
negaitve charge

H [Path a]

A Antioxycupration mechanism

“p-meta 1. the highly electrophilic Cu(lll)-aryl

SN species activates the aromatic system
-ortho . .

P& as Lewis acid

% HN 2. the carbonyl oxygen attacks the

Ph 8 _ e )
oo soﬁéu,L\ @ﬁé u L\H ortho position, pushing electrons out to
X PN > a -
—_ Jp— g “L—H %8 L form a C-Cu bond at the expected meta
1 @ L=om Pfl1 e position. i’

Path a is extremely unfavorable for the following reasons;

(a) the amide group is a weak m-electron donor, and the site being attacked is the unfavorable electron-rich ortho
position.

(b) copper shifts from the preferred electron-rich para position to the unfavorable meta position.

(c) the aromaticity is brocken without adequate compensation.

[Path b]
Starting Z-type carbonyl The apical OTf anion . o
coordinated complex 2 with the The other f disassociates from the Rﬁ_dlrl]qtlve ellgnnatlon, .
; e other four which is easy because o

(lz:ch_p péleri_?::n'[frtar_r:olecular I:> ligands roughly I:> copper and abstracts I:> the strong driving force for

ledel-Lraits-type in a plane the proton from Corino Cu(lll) reduction, results in
electrophilic attack at Cg;ino in an intermolecular the ortho-arylated product.
takes place. fashion.
[Path c]
path ¢ shares with The phenyl group bonded to copper is Free OTf anion abstracts the proton
path b the :> :—rlaercl;?(fﬁir&(zdf:)%:-rjri;nrﬁt)ae?ggl.t;?nn via the :> at the meta positon, recovering the
electrophilic-attack 9 aromaticity and resulting in the meta-

transition state TS1-c, leading to
step from 2 to Int0. intermediate Int1-c. arylated product.

20 1, 3y
-t
g

- Aromaticity is not completely destroyed in path c.
/5 |



The effects of the terminal R! proup and the aromatic substituent B2 group JACS, 2011, 133, 7668.

R1
g1 TO @ pe NS HN,&
HN’&O/'Cub B HN q\:u,OTf @m( ,~OTf g Hiu/oﬁ
D Sy G
e - R

R' R!

1 [l
)~ Y
1 2 TS1-b TS1-¢
entry R! R? 1 2 TS1-b TSl
. y u 0w a1 1a 199 * Alarge R' group pushes copper to the trans position,
5 CMe H 00 02 18.0 161 facilitating the electrophilic attack at the ortho carbon.
) ) ) ' X
3 Ph H 00 25 209 180 (entry 2)
4 p-MeCgH, H 00 30 210 19.1
5 pOMeCH, H 00 19 196 176 * The electronic character of R' has a small effect on the
6 p-FCsH, H 0.0 2.7 204 184 reaction. (entry 3,.,7)
7 p-CFsCeH, H 00 3.0 21.6 18.6
8 CMe; 0-OMe 06 00 19.2 137 _____
o CM: s 00 181 126 ~7 * All of the ortho, meta, and para EDGs lower the
3 e s . . o ’ . .
10 CMe IR 00 00 190 178 .+ barrier for path ¢ because they can increase the
3 -, ' A ! ! o s 1 . .
== .~/ electron density at either C1 or C2.
11 CMe 04 00 135 123 ./
12 CMe m-Me 01 00 167 143/ _ _
13 CM: TR 00 o1 178 68 * EWGSs generally raise the berriers for both pathways.
14 CMe, 06 00 186 139 -
15 CMe; p-Me 0.5 0.0 17.9 14.1
16 CMe, i pF 00 04 199 17.8
“The numerical values are relative free energies in solvent (AG,,) in
kcal/mol.

R' — reflect the steric character of the Cu(lll)-Ph species
R2 — reflect the electrophilic character of the Cu(lll)-Ph species

v) Activation of remote meta-C-H bonds Jin-Quan Yu, Nature, 2012, 486, 518.

P(OPiV), (10 mol.%) |

xZ 7 T R* AgOPiv (3.0 equiv) = & | By +-Bu
NS - 1 _
¥ RJ/ DCE, 90 °C , T=""igu
H 30-48 h ~ R
1.1-2.0 equiv. R t-Bu

high meta-selectivity

4. Summary

Meta-selective C-H activation chemistry has room to improve the range of substrates so on.

but I think......
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