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How is the course structured?

Lectures

* Tue, 2 pm + Friday, 2 pm

Weeks 2—-6: Miriam O’Duill

Weeks 7—11: Rob Stockman

Attendance recorded via SEALS app (QR code)

Lecture recordings and slides provided on Moodle
Don’t fall behind!

Tutorials

« Tutorials are important exam prep.

« The question sheets have been designed for you to
practice (and get personalised feedback on) exam-
style questions.

 Using ChatGPT / Al to complete them wastes this ~ Please scan the QR code in your SEALS app
opportunity to record your attendance.
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Expectations

What | expect of you

You can’t get good at a sport by
watching it on TV! The same thing
applies to chemistry.

Attend lectures and tutorials.

Self-study:

A 10-credit course requires on average
100 hours of study.

— go over lecture notes;

— attempt practice questions;

— recommended reading:

Clayden, Organic Chemistry: free ebook
Oxford Primers:

Organometallics and Catalysis,
Organometallic Reagents in Synthesis

What you can expect of me

* Lecture material provided on Moodle
in a timely fashion.

« Short practice questions + model
answers throughout to consolidate
material and prepare you for exams.

« University can be hard, so don’t be
afraid to ask for support!
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Part 1: Stoichiometric Organometallic Chemistry (Clayden, Chapter 9)

1. Introduction to organometallic reagents: structure, stability, synthesis and reactivity
2. Synthesis of organometallic reagents by Li—Hal exchange and transmetallation

3. Synthesis of organometallic reagents by deprotonation

4. Organocuprate chemistry

Course Overview

Part 2: Transition Metal Catalysis (Clayden, Chapter 40)

Important:

« We will be building on foundations laid in 1t and 2"d year — you need to be familiar
with your fundamental organic chemistry!



Learning outcomes

In this lecture course, you will learn to:

|dentify organometallic reagents, describe their structure, synthesis and reactivity.
|dentify the features that affect the stability of organometallic reagents.

Explain the difference in reactivity of hard and soft organometallic reagents.
Describe the effect of oxidation state, valence electron count and ligands on stability
and reactivity of palladium catalysts.

Draw catalytic cycles and describe the fundamental reaction steps for Suzuki, Heck,
and Buchwald-Hartwig cross-coupling reactions.



Lecture 1: Introduction to organometallic reagents

Structure, synthesis, stability and reactivity of organometallic reagents (R-M)

Learning outcomes

In this lecture, you will learn to:

|dentify organometallic reagents;

Describe their structure and reactivity with electrophiles and proton sources;
Synthesise organometallic reagents by oxidative addition;

|dentify the features that affect the stability of organometallic reagents.

Recommended Reading: Clayden, Organic Chemistry, Chapter 9



Structure of organometallic reagents

* Organometallic compounds contain a carbon—metal bond.

« Carbon is more electronegative than the metal, so the bond is polarised towards
carbon, making the carbon nucleophilic.

* The more electropositive the metal, the more ionic the bond:

S MeK almost completely ionic
5" 5_/ only stable in solution, will catch fire in air
M—C not stable to water

\ MeMgBr Fairly covalent

highly reactive, stable in solution

- nogt si/able to water
0 8+/ Me,Sn completely covalent
Cl—C— very stable, can be purified and isolate

doesn’t react with water

You have seen this in second year: Grignard reagents (more on these later!)



Stability of organometallic compounds

increasing

: : : K,
« Organometallics are highly reactive, but some are more PRaH eactivity

stable (i.e. slightly less reactive) than others. Li Bl 50 A

* When thinking about the stability of an organometallic

compound, we need to think about the stability of the ]

negative charge on carbon. L sBuli4s
* pK,4 (basicity) can be used as a guide to reactivity/stability:
The lower the pK_,, the more stable the organometallic. # "L nBuli 40
Li
©/ PhLi 37
5t &R R
/ /
M—C\—R = M@ @C\—R o
R R —Li 25 v

increasing
stability

8






Factors affecting the stability of organometallics

* The metal (see previous slide): More electropositive metal:
more ionic C—M bond: less stable organometallic Li

 The nature of the carbon:

Sp> < sp” < sp
—
Increasing stability

« For sp3 carbons:

30 < 20 < 10
—
Increasing stability

pK,y  increasing
reactivity
tBuLi 50 A
(The negative charge on C is more )L'\/ sBuLi 45
stabilised in orbitals with higher s
character: closer to nucleus)
AN\ nBuli 40
Y
(Inductively electron-donating alkyl ©/ | PhLi 37
groups destabilise the negative
charge on C)
——Li 25 Y
increasing

stability

10



Reactivity of organometallic reagents

« Organometallics are highly reactive (very unstable).
* Practical considerations: Organometallics
— are nucleophilic and basic: need to use aprotic solvents (e.g. THF, Et,O, Hex)

— react with O,: need to use an inert dry atmosphere such as N, or Ar.
— react rapidly and violently with H,O: need to be kept absolutely free of moisture.

M\
H—OR

Me—Li —>» Me—H + Li* + OR

11



Reactivity of organometallic reagents

 When we take the necessary precautions, organometallics are very useful reagents:
they are nucleophilic on carbon and react with a variety of electrophiles.

« Revision: reactivity of Grignard reagents:

Organometallic compounds
are nucleophiles.

12
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Draw the product of this organometallic reaction:

O

Ph)LO Et

Me—Li -
then: H;O"

13



Draw the product of this organometallic reaction:

O

Ph)LO Et

Me—Li -
then: H;O"

Me—Li —

H+
( Li*
@) ) o@
) —
Me Ph Me Ph
) Me

14



Synthesis of organometallics: Grignhard reagents

Grignard reagents are made by oxidative addition of Mg® into a C—halogen bond.
These reactions are fairly slow and often require heating.

If the surface of the Mg turnings is partially oxidized, the Grignard reaction can be
slow to initiate. To help activate the reaction, we can add |, or 1,2-dibromoethane:

Mgo ]|
Br BrCH,CH,Br Mg
©/ > ©/ Br
THF, reflux

Grignard reagent

Activation:
fast

M\
B N~B » gr\/\/MgBr —» XX + MgBn
Mg®

15



« Order of reactivity towards oxidative addition:

Mg?, I, R—-| > R—Br > R—Cl
R—=X y R—Mg—X
—
THF, reflux Gri d t . . . .
rignard reagen Increasing reactivity

» But: chlorides (R—CI) are often cheap, and the by-product (MgCl,) is insoluble and
therefore easy to remove.

« Alkyl iodides sometimes undergo an unwanted side-reaction (Wurtz coupling):

S
Mg° )
o~ — —> A~ + Mg

< Mgl
6+

THF

16



In this lecture, you learnt
* what organometallic reagents are and how they react;

EI*

* how to make them by oxidative addition;

MO
(Mg or Li) R-=MgX
R-=X _— or
X =|>Br>Cl ox. addn. R-—Li

slow, requires heating

 the factors that affect their stability.

The negative charge on carbon is stabilised by:

— sp > sz S Sp3

— sp3:1°>2°>3°

— conjugation, coordinating heteroatoms, a-heteroatoms

5 &/ Y / EI" / — nucleophilic on carbon: react with electrophiles
M—C— H—e= —— = B — strong bases: easily destroyed by very weak acids
\ \ then H* \

17




g

1. Which of the following solvents are suitable for organometallic reactions, and which
are not?

Practice questions

ethyl acetate, acetonitrile, THF, hexane, methanol, Et,0O

2. Draw a curly arrow reaction mechanism and product for the following reaction:

1. Mg®
<\O THF, reflux
>
Ph)LOMe

3. Hy0*

18



Lecture 1 practice questions — answers

1. Which of the following solvents are suitable for organometallic reactions, and which
are not? Why? acetonitrile, THF, hexane, methanol, Et,O

Suitable: THF, hexane and Et,O: aprotic solvents, compatible with organometallics.

Not suitable:
- ethyl acetate: organometallic reagents react with esters:
(o,/\ OH
/x ((OEt — )‘\ —> )g
+ M-OEt

ethyl acetate

- acetonitrile: organometallic reagents react with nitriles:

M. H*/H,0 H H*/H,0 5

S el Gl

R™ "Me workup R™ "Me imine R™ Me
acetonitrile hydrolysis
- methanol is a protic solvent and rapidly decomposes (protonates) organometallics:

H—OMe
NS

— R-H + M-OMe 19



2. Draw a curly arrow reaction mechanism and product for the following reaction:

1. Mg®
THF, reflux

<;ji\«/\\/c' 0 >

OMe
O ) 3 H30+
<T\O Ph7y ~OMe 0 oi)+M9C' <r~o 0y
— — — )\/\/U\
O)\/\/CI )\/\/MQCI O)\/\J\LOMG O Ph
( ) Ph <T~o (:
Mg MgCl

20
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In the last lecture, you learnt :
* what organometallic reagents are and how they react;

El" — nucleophilic on carbon: react with electrophiles

+ § +
8M_C/_ Mlc/_ i» E|_C/_ — strong bases: easily destroyed by very weak acids

\ \ then H*

* how to make them by oxidative addition;

MO
(Mg or Li) R-=MgX
R-=X _— or
X =|>Br>Cl ox. addn. R-—Li

slow, requires heating

 the factors that affect their stability.

The negative charge on carbon is stabilised by:

— sp > sz S Sp3

— sp3:1°>2°>3°

— conjugation, coordinating heteroatoms, a-heteroatoms

22




Halogen-Lithium exchange, ortho-lithiation

Learning outcomes

In this lecture, you will learn:

* how to synthesise organolithium reagents by halogen-lithium exchange

* how to synthesise organolithium reagents by transmetallation

* how to synthesise organolithium reagents by deprotonation of acidic C—H bonds
(ortho-lithiation).

Recommended Reading: Clayden, Organic Chemistry, Chapter 9

23



Synthesis of Organometallics: Halogen-Lithium exchange

« Organolithium compounds can be made by oxidative insertion of Li° into a C—
halogen bond. These reactions are slow and require heating.

* They can also be made by halogen-lithium exchange, where a C—Hal bond
exchanges with a C—Li (if it generates a more stable C—Li species). These reactions
are fast and occur at low temperatures:

Oxidative insertion

Br Li% (2 eq.) Li
@E + LiBr
OMe THF, reflux, 2 h OMe
Halogen-lithium exchange
less stable C(sp®)-Li

Br BuLi Li . . :
©i Driving force: formation of a more stable C—Li

o + BuBr :
OMe THF, —78 °C OMe from a less stable C—Li compound.

10 min

more stable C(sp?)-Li
24



Factors affecting Hal-Li exchange

To understand if a Hal-Li exchange is possible, we need to know the stability of the
product C—Li :

° Sp > sz > Sp3

¢« sp3:1°>2°>3° Li*
. L . © ©
« Conjugation increases stability: RO e AP =

* Internal heteroatom co-ordination increases stabillity:

Li---OMe NMe,
L
]
Li

 o-heteroatom stabilization:

PhS._Li @/Li

25
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A

Predict whether the following transformations will proceed:

1)

2)

THF

To answer this question, compare the relative
stability of the organolithium reagents
(carbanions).

26
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A

Predict whether the following transformations will proceed:

1)

2)

less stable sp3

Br AN Li To answer this question, compare the relative
> il lithi t
Ph/& r Ph/& (Sézlrotl)lgxigl;g.e organolithium reagents

more stable sp?

This reaction proceeds, because vinyl (sp?) carbanions are more stable than saturated
(sp?) carbanions: the increased s-character stabilises the carbanion / C—Li bond.

more stable primary

Br AN

L
\/i\/ >—> \/il\/ less stable tertiary
THF

This reaction does not proceed, because tertiary carbanions are less stable than primary
carbanions: electron-donating alkyl groups destabilise the carbanion / C—Li bond.

27



How much BulLi is necessary?

With tBuLi, we can get a secondary process happening, and thus we use 2
equivalents to overcome this.

y
“ N\
Ar—Br N Ar—Li + Brﬂ — \n/ + H + LiBr
H
2nd equiv. %gLi

ArLi is basic: it can react with tBuBr.
We use a second equivalent of tBuLi (more reactive than ArLi)
to eliminate HBr and prevent the decomposition of ArL.i.

28



An example from the pharmaceutical world

more stable C(sp?)-Li

Br less stable C(sp?)-Li Li @)
i OMe
tBuLi (2 eq)
> +
O-SitBuMe, Ul =g ™e O-SitBuMe; OMe
OM OMe
OMe  (protecting ©
group)
—_ MeO
MeO OH
OMe TBAF Me,'BuSi OMe
S HO S R o) O
s THF
'voct?;bmutl)e'e‘: 0 OMe OMe
1 SENLTER (You will see this reaction OM
(anti-cancer drug) OMe e

later in Rob Stockman's part
of the lecture course.)

29



Transmetallation: Tin—Lithium exchange

* Instead of halogen—lithium exchange (i.e. exchanging C—Hal and C—Li bonds),
organometallics can also be made by transmetallation (i.e. exchanging C—MgX or
C—Li with a less electropositive metal, e.g. C—Cu, C-Sn, etc. bonds).

* This gives us less reactive organometallics that are easier to control.

Tin-Lithium Exchange

 Like for Hal-Li exchange, the driving force for this reaction is the formation of a
more stable C—Li from a less stable / more reactive C—L.i:
R

R Z
\\\\ 4 equiv. nBuLi
Sn\/\R > 4 R\/\Li + Bu,Sn
Bu—L?/\ alkenyl lithium
R more stable C(sp?)-Li

less stable C(sp3)-Li

30



OBn

Advantages of tin compounds
 Available via several routes (e.qg.
hydrostannylation)

* Sn compounds are stable: can be easily
purified, stored, etc.

* Sn to Li exchange is rapid and high
yielding

OBn

[ OBn o i .
BnO,,, nBuLi BnO,, | e
0 o ’ O + l\( + nBuysSn —> _
Z THF, -78 °
BnO SnBU3 ’ 8 C Bno “ A BnO

OH

Disadvantages of tin compounds

* Tin compounds are very toxic
 By-products can be difficult to remove

* Indirect route compared to other methods
(often made from R—Br to R—Li to R—Sn)

* In lecture 4, we will see a less toxic
alternative (copper)

31



Ortho-lithiation (deprotonation) of aryl rings

« We can also make organolithium reagents by deprotonation of C—H bonds: strong bases
(e.g. nBuLi or LDA) can deprotonate aromatic compounds.

 In 5-membered heteroaromatics, lithiation occurs next to the heteroatom:

@QH - Oe@u = @Eu - Q\E
i=—nBu + H-nBu E®

You have already seen this in second year (CHEM2010)
Clayden Ch. 24, 29 32




Ortho-lithiation (deprotonation) of aryl rings

* Even benzene derivatives can be lithiated ortho to certain substituents (DG = directing
groups) that can help coordinate the lithium:

©:DG\ nBuL| E* DG

» LiTnBu

H A/ — nBuH E
regiochemically defined
product (ortho reactivity)

You have already seen this in second year (CHEM2010)

33



Ortho-lithiation (deprotonation) of aryl rings

« Directing groups for ortho-lithiation have heteroatoms that can coordinate to lithium:

NR

2
R< I/

......... Hal (halogens):
need to use LDA
as the base to avoid
Hal-Li exchange

decreasing directing groups ability / strength

* Factors that govern directing group strength: electronics, geometry

« We cannot use functional groups that would react with BuLi (esters, ketones, etc.)

34
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A

Which product is formed in the following reaction?

o+ o

1. nBuLi, THF, 78 ° Me
y or
2. Mel
Cl Cl Cl

A

Clayden Ch. 24, 29 35
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A

Which product is formed in the following reaction?

O ~N O ~N O ~-N

1. nBuLi, THF, —78 °C Me
or Me| or or
2. Mel
Cl Cl Cl Cl Cl

Clayden Ch. 24, 29 36



« Reinforcing: both groups direct to the same position

O? ENl\/lez
OMe

/ 0\ 1) 2 equiv. sBuLi
MezN\ ,NMez TMEDA
\
Li’ -
)\/ 2) Me;SiCl

TMEDA makes BulLi

more basic

MezN @)

« Competing: the stronger directing group ‘wins’

@) NEt,
—_— Meo\é/Me

Os U NEt;
Meo\&

1) sBulLi
—>

2) Mel

@) NMez
&S”\Ae:g
OMe

37



In this lecture, you learnt how to synthesise organolithium reagents:

* Dby Hal-Li exchange

less stable C-Li . . .
Buli Driving force: formation of a more stable C—Li
R=X ——>»  R-li species from a less stable C—Li species.
X=1>Br>Cl more stable
C-Li

* by transmetallation (metal-metal exchange);

R2
rR2__| R! R’
=Sn
| SJR2  —» 4 R—Li + >Sn<
R? more stable R’ R!

4 RI2—Lj
less stable C-Li

C-Li

» by deprotonation of aromatic C—H bonds (ortho-lithiation).

DG DG

N + DG
H strong base S El E|
> | —
e.g. LDA, BulLi

less stable C-Li

more stable
C-Li 38



1. Predict whether the following transformations will proceed:

Br nBulLi Li ANSnMeg L
©/ —_— AL > N + 2 SnMe;
it
Br  Meli Li 2 SnMe; > saMe, AL
o -
/\/Li

/\/Br —_— /\/Li

2. Predict the products of the reactions of A, B and C with BuLi and CO.;:

@)
©/802Ph @)‘\@\ MeO\©/OMe
Cl
A B C

39



1. Predict whether the following transformations will proceed: R-Li = R~ 2L

The first part of this question is about Li—Hal exchange.
Driving force: formation of a more stable C—Li species from a less stable C—Li species:

less stable S . . .
( sp? orbitals have more s-character, i.e. they experience

p°)
Br Li the positive charge of the nucleus more,
©/ —> ©/ reaction proceeds which stabilises the negative charge on the

organolithium carbon.
more stable ( sp

more stable (1°)
5 : -
Br  Me—Li 5_Li Electron-donating alkyl groups destabilise the
A@Q —K> reaction does not proceed negative charge on the organolithium carbon.

less stable (3°)

A UBr o+ [/\S/Li > L'\/\l %&F /\/L' reaction does not proceed

more stable less stable

Conjugation stabilised the negative

charge on the organolithium carbon. 0



Lecture 2 practice questions — answers

1. Predict whether the following transformations will proceed:

The second part of this questions is about transmetallation.
Consider the stability of the organometallics containing the more electropositive metal

(in this case: Li).

Pt & - ~L s /\SnMeg, reaction does not proceed

more stable (sp?) | table (sp®)
ess stable (sp

/\Li o
/\SnMe3 —_— T /\SnMe3 reaction proceeds

less stable (sp®)
more stable (sp?)

sp? orbitals have more s-character, i.e. they experience the positive charge of the
nucleus more, which stabilises the negative charge on the organolithium carbon.

41



2. Predict the products of the reactions of A, B and C with BuLi and CO.;:

This question is about ortho-lithiation:

DG. O
( = BuLi L cO, 30+
c-H —_— ! ,/O —_—
\1/}: Workup
@)

To predict the products, consider the strength of the directing groups:

stronger group 'wins'

Ph_ 0 \ o) CO,H both groups
sZ MeO oMme direct
~0 N to the same
T4 ol e
CO,H HO,C cl
A B C

42
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Recap Lecture 2

In lecture 2, you learnt how to synthesise organolithium reagents:
* by Hal-Li exchange

less stable C-Li
BulLi
R=X —_— R—Li

X=1>Br>Cl more stable
C-Li

* by transmetallation (metal-metal exchange);

R2
r2_ | R R
=Sn
(" | TR2 —» 4 R™—Li + >Sn/\
R? more stable R’ R!

4 RI1=—Lj
less stable C-Li

C-Li

* by deprotonation of aromatic C—H bonds (ortho-lithiation).

DG DG DG

trong b N EI" e : :
H SOn9 R L T El Driving force: formation of a more stable C—Li
e.g. LDA, BuLi species from a less stable C—Li species.

less stable C-Li

more stable
C-Li 44



Lecture 3: Synthesis of organolithium reagents Il

Organolithium synthesis by deprotonation (part 2)

Learning outcomes

In this lecture, you will learn:

* how to make organolithiums by deprotonating acidic protons (e.qg. alpha to
heteroatoms, enolates),
* how to generate “superbases” for the deprotonation of weakly acidic protons.

Recommended Reading: Clayden, Organic Chemistry

45



DG DG

* \We have seen directed lithiation of aromatics: ’ strong base ™
’

 Similar reactivity can be observed at other C(sp?)-H bonds, e.g. alkenes:

Li—Bu j.L
=L
o {BuLi T H” ~Ph O Hs0* + OH
\"(, _ . MeO oy —— Meoﬁ)\Ph
THE, - 65 °C ——
Hzo:

o Y |

acyl anion equivalent
O
Y\Ph
46



Lithiation a to Heteroatoms: Hoppe Lithiation

« sp3 C-H bonds are less acidic than sp? C—H bonds.
« But we can even deprotonate an sp3 C—H if it is next to a strong directing group:

» E.g. deprotonation alpha to oxygen:

electron-withdrawing
directing group

%’O sBulLi | %’O - %,O
O K| ="K

N —_— Ph O N

Ph
) \ﬂ/ TMEDA m/ \"/
H O _— L (\Lli/--—o | Me O
w Me groups LiOH
stop attack MeCI THF,
~ / \ - at C=0 reflux
N NQ
— Y
TMEDA makes sBulLi Me

more reactive

47



Lithiation o to Heteroatoms: Nitrogen

« We can also deprotonate sp® C—H alpha to nitrogen if there is an electron-withdrawing

group on the nitrogen.

« The N-Boc protecting / directing group works well:

i
sBuLi ( o)
{ e THEDA 3

. Co,
N H > N ,LI —
j\o,go q THF, -78 °C >|\

/
)\\ / then: H”
_ _ N N workup
electron-withdrawing /
directing group

48
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A

Draw the structure of the product formed in this directed lithiation:

1) sBuLi, -78 °C

cumene (solvent)
-
N

2) Me3SnCl
)to
tBuO

directing group

49
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A

Draw the structure of the product formed in this directed lithiation:

1) sBuLi, -78 °C

cumene (solvent)
-

2) Me3SnCl
)to
tBuO

directing group

Me3Sn—CI

©j>’lH SBuLl ©\/>) Me3SnCI ©\/>_
SnMe3
5 \-/ : ~-78 °C : N

tBuO tBuO tBuO

50



Revision: Enolate formation

« Enolate formation with strong, unhindered bases (e.g. BuLi) occurs at the most acidic
proton.

« Can you identify the most acidity proton in this molecules: Where would you expect
deprotonation / organolithium formation to occur?

O O BulLi O O O O O O Li
— or or ?
)J\)LOEt HJ\)LOEt )k(u\OEt MO)\
Li Li
A B C

51



Revision: Enolate formation

« Enolate formation with strong, unhindered bases (e.g. BuLi) occurs at the most acidic
proton.

« Can you identify the most acidity proton in this molecules: Where would you expect
deprotonation / organolithium formation to occur?

O O BulLi O O O O O O Li
— or or 2
)J\)LOEt HJ\)LOEt )k(u\OEt MO)\
Li Li
A B C

« Deprotonation occurs at the most acidic proton: the negative charge in B can be

delocalised into two carbonyl groups.
52



Dienolates

* |If we want to functionalise the less acidic position, we can form a dienolate using two
different strong bases:

N N ,Na
O O o0 o O O
NaH N M
OEt ) )I\KU\OEt e NLOEt - OEt

O O

pK, ~ 11 R A stronger base is required to
1st deprotonation occurs deprotonate the less reactive/
at the most acidic proton ¢ Buli (pPKaw ~50) | acidic proton.
B . N o Na\
Na\O O,L| a o o

@) O
R-=X
- —_— R N
Nko Et Nj\o Et \)\)LOE’[
Li -

= H;O" i workup
O O

reaction with electrophiles occurs at )l\/U\OEt O O
the most reactive (least stabilised) most © © R \)J\/U\
position vt more OEt

stable 93



* The combination of two bases (an alkyllithium base and a group | metal alkoxide)

gives rise to very powerful “superbases” that enable deprotonation at very weakly
acidic positions.

« E.g. Schlosser’s base, one of the most powerful bases known, will abstract protons
from allylic or benzylic positions and will even deprotonate benzene:

Schlosser's base
H tBuLi/tBuOK K K

S

>\O_;

54



In this lecture, you learnt:

* how to make organolithiums by deprotonating acidic protons, e. g
— enolates: o o O,Na

/
OEt )k(u\ H\)L
H pKaH ~ 25

pK, = 11 pKa 30

— alpha to heteroatoms: X=0,NR

R X< R X< * R X<
Y Ewe _sBubi o “JEWG By Y EWG
H TMEDA Li” El

 how to combine an alkyllithium base and a group | metal alkoxide to generate
“superbases” for the deprotonation of weakly acidic protons:

Schlosser's base
H BuLi/tBuOK K K

L Lo

55



Practice questions

)y

1. Provide curly arrow reactions mechanisms for the formation of product A, and
suggest a structure for A.

2. Suggest reaction conditions and draw a curly arrow reaction mechanism for the
formation of B from A.

0 j\ 1. sBuLi, TMEDA conditions? OH
N Q > A > Ol
O ) = o .

56



Lecture 3 practice questions — answers

1. Provide curly arrow reactions mechanisms for the formation of product A, and suggest a
structure for A.

TMEDA makes sBulLi
more reactive

~/ \ -

more stable C-Li:
stabilised by
alpha-heteroatom/EWG

aif



2. Suggest reaction conditions and draw a curly arrow reaction mechanism for the

formation of B from A.

OH
o Q Nﬂ\o ioH EXO;O“
© ﬁ THF, reflux 5 Ph
The question does not ask for a reaction mechanisms, but you should be able to draw this:

OH 5 j\ OH O%ﬂ\ o ﬂ\
F>gfo)l\l ] — ngc?gHN)e) - E>P2\h oH * sz_y)éo D PhOHOH * eo>\‘_">€o
coe

HO" H30"
workup



F University of
i B Nottingham
UK | CHINA | MALAYSIA

CHEM3065 Synthesis and
Reactive Intermediates

O’Duill lecture 4
miriam.oduill@nottingham.ac.uk




Recap: R-Li and R-MgBr

Previously, you learnt that:

« organometallic reagents with electropositive metals have
significant ionic character; they are highly reactive and
unstable above cryogenic temperatures (=78 °C).

&t o
_ 2 _ ®,9/
M C\ = M C\

M = Li, MgX

» they are nucleophilic on carbon and react with electrophiles:

« they are strong bases and easily destroyed by weak acids,
water and protic solvents:

/
M—=C— ——» H—C—  +LiX/MgX,
\ 60



lPrzzn
N™ Yy » "OH
2. HCI(aq - M

Draw a curly arrow reaction mechanism
for the Soai reaction.

Henri B. Kagan Kenso Soai

“for the discovery of non-linear
effects and autocatalysis
in asymmetric organic synthesis”

ISH ACADEMY OF SCIENCES o




Lecture 4: Organocuprate Chemistry

Organocuprate (copper) chemistry

Learning outcomes

In this lecture, you will learn:

* how to make organocuprate reagents;

* how the reactivity of organocuprate reagents differs from Grignard and
organolithium reagents.

Recommended Reading: Clayden, Organic Chemistry, Chapter 22
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Cu —Li* Cu—CN

« When making organocuprates, similar factors need to be considered as when making
Grignard reagents or organolithium reagents:

— Need to use aprotic solvents (THF or Et,0).

— Unstable > 0 °C. (Note: This is more stable than oganolithium reagents which usually
require reaction temperatures of =78 °C.)

— Prepared and used “in situ”.
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Synthesis of Organocuprates

« Organocuprates (organocopper reagents) can be made by transmetallation from an
organolithium (or Grignard) and a copper salt.

* There are two types of organocuprates:

— Lower-order cuprates (Gilman reagents): less reactive

CuX R _ .
2X R-M ,Cu Li + Li—X
_ X=Cl, Br, | R
M = Li or MgX .
RoCulLi

— Higher-order cuprates (Lipshutz reagents): more reactive

Li*

CuCN X 5
2x  R=M —>  Cu—CN
M = Li or MgX S i

(RzCUCN)LlZ
64



Reactivity of Organocuprates

« QOrganocuprates are nucleophilic and basic (like Grignard / organomagnesium and
organolithium reagents), with two important differences:

— Organocuprates are “softer” nucleophiles.
— They are less basic than Grignard or organolithium reagents.

 This results in different reactivity.
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Cuprate reactivity: Substitution reactions

1. Cuprates are less basic than Grignard (R-MgBr) and organolithium (R-Li) reagents.

* Problem: Because Grignard and organolithium reagents are strong bases, they do not
cleanly undergo S\ 2 reactions with alkyl halides because of competing elimination
reactions:

R=Li H

—) R—Li
//L:I<;; —» A~ R+ L
AN\

H R-Lj

E2 . . .
elimination Nlthlatlon

carbene
highly reactive!
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« Solution: Cuprates are less basic and undergo clean S\ 2 reactions with alkyl halides or
pseudohalides:

pseudohalides:

chU(CN)LIZ 9
X -
A~ > A~UR R=OTs .._Q_

= R-0-S
THF, 78 °C tosylate O
X =1, CI, Br, OTs, OTf @)
i
R=OTf = R—O—ﬁ—CF3
triflate O

</ ST
e.g. )\/ __Sw—CN
> A

THF, 78 °C

\

- Only one R-group is transferred. CN group always stays on Cu.
- Sp\2: inversion of stereochemistry.
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« Similarly, epoxides are cleanly ring-opened with cuprates, while Grignards or
oganolithiums are too basic and lead to elimination reactions:

Et

\ 2-
Me, Cu—CN : Me, OH
9D Et [EtZCUCN]L'; 3¢\ Et Epoxide opening is selective for the
THE, 78 °C less hindered position (sterics).

Br EtMgBr

/
%057 Mg_ THF, -78°C % ,OH
Et + EtH
V/ elimination
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Predict the products (A and B) of the following two reactions:
R

Q"l
PhLi P

[Ph,CuCN]Li, oroduct

product
- B

A

o

tBu

69



PhLi [Pho,CuCN]Li,

product product
A - y B
® Oy R
HO, R Li i (Qne”
H;O" E2 P
A -« Ph C
+ PhH elimination H
tBu tBu tBu
product A RLi are very basic: elimination @
Li
2 Li* h
NC- CuK/ —>
substitution
tBu
Organocuprates are less basic: substitution. product B 20

Attack on the less hindered site.



Cuprate reactivity: Conjugate addition

2. Cuprates are “softer” nucleophiles than Grignards and organolithium reagents.

» Grignard reagents are hard nucleophiles: direct 1,2-addition to a,-unsaturated ketones:

hard electrophile

o®

2\, EtMgBr O~ MgBr HsO OH
[ »=o0 — > R
7 Et,O Et workup Et

Et—MgBr
hard nucleophile

« QOrganocuprates are soft nucleophiles: conjugate 1,4-addition:

soft electrophile

)
EtMgBr Ve O
> Et
\

4 ) CuBr (cat.) Et @@ H;O" Et
o —> Cu —> \Q—O MgBr —_— 0
Et,0 MgBr, workup
soft nucleophile + CuBr

Hard reacts with hard, soft reacts with soft .




Hard and soft nucleophiles

Hard reacts with hard, soft reacts with soft

« Hard nucleophiles/electrophiles: small, high charge density
e.g. RO~, H,N-, R,C=0, MeLi, MeMgBr
— reactivity dominated by electrostatic interactions

« Soft nucleophiles / electrophiles: delocalised charge in large, ‘diffuse’ orbitals

e.g. RS, I, R3P, a,pB-unsaturated ketones and other conjugated alkenes, Me,CulLi
— reactivity dominated by HOMO-LUMO interactions

Clayden, Chapter 15 72



s

A

1. Each of the molecules below has a hard and a soft electrophilic centre. Identify them.

0O

©)‘\% NNAOTE

2. Are the following nucleophiles hard or soft? Where will they react with the two molecules
in question 1?

© -
F Ph—SH Me—Li Cu-Li
Me
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« Cuprates will cleanly displace a wide range of allyl substituted leaving groups.

« Soft nucleophiles: S\2’ reactions R Y
Cu—Li ' R\/\
] LG =ClI, Br, |,
OTs, OTf, OAc
e.g.
Et
\
/CH—LI
Et{ N
Et,Culi _
e > - Et NS O soft reacts with soft
soft electrophile 0= ] WY
5 THF, 78 °C o
hard electrophile Et—Li
¢ .
Et

= EtLi or Ef
—_— — M/ t hard reacts with hard
/\03\? EtMgBr m OH OH

Et=Li
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In this lecture, you learnt:

* how to make organocuprates by transmetallation from R—Li or R—-MgBr

Li*

CuBrorCuCN R -
R-MgBr or R-—Li > Cu—-Li or  Cu—CN
R R/ Li+

* how the reactivity of organocuprates differs from R—Li and R—MgBr:

— they are less basic and therefore less prone to elimination reactions:

RLi or .
RMgX R,Cu(CN)Li,
/\.. + /\ - AKX —_— > AR
elimination substitution

— they are soft nucleophiles and react with soft electrophiles:

soft electrophile

Et EtMgBr Et,CulLi Et
é
©<OH -~ t>=0 \O=O

hard nucleophile hard electrophile soft nucleophile
direct 1,2-addition conjugate 1,4-addition
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Organometallic compounds contain a carbon—metal bond: " s

They are highly reactive:

( )

strong base Ph Ph
nucleophile

They can be made by Li—Hal exchange, transmetallation, and deprotonation of
acidic C—H bonds.

The driving force in organometallic synthesis is the formation of a more stable C—M
compound (i.e. better stabilisation of the negative charge on carbon) from a less
stable C—M compound.

In the next lecture block, we will learn about transition metal chemistry (e.g. Pd).
76



Lecture 4 - Practice questions

Predict the outcome of the following reactions:

(a)

(b)

(c)

(d)

O
Bu,CuCNLi, | Buli
product? - AN ——»  product?

Et,CuCNLi, EtLi

product? —=& ©/\/OTS _'> product?
Me,CuCNLi, MeMgBr

product? =& /\/<| —»  prod

uct?

MGZCULI
product?
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1. Predict the outcome of the following reactions:

. OH
H30
— X Bu

a) o @
*D)
X 3 — WBU
Bu—Li

hard nucleophile / electrophile

@
O Li
O) Bu O N Bu OH Bu O
~ Z H30 Z e |
AN — — —_—
%J 2 Li" keto-enol
\ 2- tautomerism
Cu-CN
/
Bu

soft nucleophile / electrophile

78



Lecture 4 practice questions — answers

1. Predict the outcome of the following reactions:

H Et—Li

N + EtH
A + Li-OTs
( OTs

organolithium reagents are very basic: E2 elimination

Et 2 Li"
\ 2-
Cu-CN

Et’) e )

organocuprates are less basic: substitution (Sy2) reaction

79



1. Predict the outcome of the following reactions:

C)
BngGD
T | — wo —_— /WOH —_— NN\ 2
H Me + MeH keto-enol

_ _ L tautomerism
Grignard reagents are very basic: E2 elimination

OH

Organocuprates are less basic: substitution

80



I\ BnO Me H40* BnO Me
G0 ™ wed T I > el TP
KL Meitr @) Meitr
Me O 0] HO
- Li(-D

2 Lit

Soft nucleophiles attack at the soft electrophilic centre: Sy2' reaction

81
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Course Overview

g

Part 1: Stoichiometric Organometallic Chemistry
(Clayden, Chapter 9)

So far, we have covered stoichiometric reactions

(= 1 equivalent of metal required):

EIJ’7 -

M—R — EI—R w M—X

then H* metal salt by-product
(waste)

Part 2: Transition Metal Catalysis (Clayden, Chapter 40)
In the next section, we will learn about catalytic reactions
with palladium:

Pd (cat.)
R'—=X + Y—R? —» R'—R? + Pd(cat)

recovered
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Lecture 5 + 6: Introduction to Palladium Catalysis

Introduction to Palladium Catalysis

Learning outcomes

In the next two lectures, you will learn:

* The effect of ligands on stability and reactivity of palladium catalysts;

* The effect of oxidation state and valence electron count on the reactivity of
palladium catalysts;

* The three fundamental reactions that make up the catalytic cycle of the Suzuki
cross-coupling reaction: oxidative addition, transmetallation and reductive
elimination.

 How the coupling partner can be changed to give other cross-coupling reactions
using the same fundamental steps.

Recommended Reading: Clayden, Organic Chemistry, Chapter 40
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Transition metal catalysis

« Some of the most commonly used reactions in research /,;/
and industry make use of transition metals. I Ll
S Ti V. Cr MnFe Co 'Ni CuZn
« Four Nobel prizes have been awarded for work in this Y. Zr Nb Mo Tc Ru Rh Pd Ag Cd

nnnnnnnnn

area: e o

2001  Asymmetric synthesis (Rh, Ru, Ti)
2005 Metathesis (Mo, Ru) [Stockman lectures]

2010  Cross-coupling (Pd) [these lectures]
2022  Click chemistry (Cu)

« This course will focus on palladium-catalysed cross-coupling reactions. These reactions
are powerful transformations for C—C bond formation:

Pd (cat.)
R'—=X + Y—R? —>» R'-R? + Pd(cat)

recovered
85



The Suzuki reaction is the second most common reaction in medicinal chemistry.

R Pd cat. R
/ /
@—Br +  (HO)B — N
base

Examples of pharmaceuticals made via Suzuki reactions:
Cl

40 B 2014 Production Rxns . o
l 1984 Production Rxns
30
Z / \
Eﬂ N l}l F
SOzMe ~N

SOzMe
Etoricoxib Lapatinib
(anti-inflammatory) (anti-cancer)

~o° {1" ‘-" aF* aa*Q' ﬁ‘"f, //Z’ 0
S g
ﬁbaﬁﬁb Qéaaﬁ*b w""b > H!“‘“ o
P R Ve &
s o8 .

% Occurance

]
< Losartan lIlDiqunisaI
] (high blood pressure) (EHIn e )
Source: J. Med. Chem. 2016, 59, 4443 Aspirin derivative
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Pd cross-coupling reactions: Mechanism of the Suzuki reaction

3 mol% Pd(PPh3)4

KOH Driving force:
@—x + (H0>28—© — thermodynamics

toluene, A
X = halide (I, Br, ClI)
or pseudohalide (OTf)

weak C—-X bond weak C-B bond

strong C-C bond
(+ strong B—X bond)

What is going on here?

L,Pd°
Over the next 4 lectures, we will discuss:
reductive Oxiaeive - the properties of the Pd catalyst,
elimination  the fundamental steps that make up the

catalytic cycle,
L Pdu * how the catalytic cycle can be changed to
L Pd” . : : :
give different cross-coupling reactions.

HO
Ho-BO el
metallat/on 4

promoter HO
HO o)

HI_?O_ B=X weak B—C bond

K@ 87
strong B—X bond




Pd cross-coupling reactions: Mechanism of the Suzuki reaction

« The driving force for most Pd catalysed cross-coupling reactions is thermodynamics:
the formation of stronger bonds from weaker bonds.

* Arough guide to bond strengths:
— C—C and C-H bonds are strong

— C—-X/C-M bonds are weak
— M-X bonds are strong

; @—x C—Halogen bonds = 55-100 kcal/mol
C—C bonds = 100 kcal/mol " (C—1 55 < C—Br 65 = C—OTf 65 < C—Cl 100)

Pd—C bonds = 50 kcal/mol
Pd—C bonds = 50 kcal/mol kP Lopaf Pd—Hal bonds = 70 kcal/mol

M-Hal bonds = 100 kcal/mol
88



)y

« Ligands are required to stabilise the metal catalyst:

o palladium atoms L 1’\
aggregated S * L e

_ 'Pd-black’ .ﬁ,“. <:| Pd(0) l:> L5 stable, i 2
(not useful) ligands Group 10, d"  ligands " = useful catalysts \

* The nature of the ligands affects the oxidation state and number of electrons of a metal
complex and therefore its reactivity.

The metal catalyst
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The metal catalyst

» The oxidation state and number of electrons of 46 10642| s o 7 s o w0 n
a metal complex determine its reactivity. T | v |cr [mMalFelco| N |culzn
Pd Zr |[Nb |Mo | Tc | Ru | Rh | Pd | Ag | Cd
o AAASRS AR
104 |1 106 (107 [108 |10 110 (111|112
oxidation state = 0 — (formal charge of ligands) palladium /4{4:'55: sg | Bh | s | Me | Ds | o | on
electron count = (Pd valence electrons) + (electrons donated by ligands)
= (group number — oxidation state) + (electrons donated by ligands)
Ligand Formal charge Electrons donated
Anionic ligands (Cl-, =CN, ~OR) —1 2 Note: We've (briefly) seen
oxidation states before:
Neutral o-donor ligands 0 2 ;
(:PR;, :NR;, :OR,, :SR,, :CO, :NCR) —— Mg ph/Mgl
alkyl, aryl (n") —1 2 =l

alkene (n?) 0 2
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The metal catalyst

* Consider some common palladium pre-catalysts: OS =0 - (ligand charge)
e =(10-09S) + (ligand e")

formal charge: 0 electrons: 2 formal charge: 0 formal charge: -1
PhsP  _PPh; electrons: 2 electrons: 2
_Pd{ PhsP<_ _Cl
PhsP PPh, PhsP/Pd\C,
oxidation state =0—-0=0 Pd(0) oxidation state = 0 — (2x-1) =2 Pd(ll)
electrons: 10 + (4 x2) =18 e~ electrons: (10—-2) +(4x2)=16 e~
coordinatively saturated coordinatively saturated

« 18- and 16-electron complexes are coordinatively saturated and unreactive. Reactive,
unsaturated (14 e~) complexes are formed by ligand dissociation in solution.
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MeCN: and Ph4P:

MeCN. _ _PPhg neutral o-donor ligands
MeCN” ~“~PPh; formal charge: 0

electrons donated: 2

Oxidation state ?

Electrons ?

Coordinatively saturated or unsaturated?
Reactivity?

Determine the Pd oxidation state and electron count in the following complex:

OS = 0 - (ligand charge)
-=(10-09S) + (ligand e7)

Ligand Formal Electrons
charge donated

Anionic ligands —1 2

(Cl-, CN, -OR)

Neutral s-donor ligands 0 2

(:PRj, :NR;, :OR,,

:SR,, :CO, :NCR)

alkyl, aryl -1 2
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MeCN: and Ph4P:
MeCN<_ PPhs neutral c-donor ligands
MeCN”" ~“PPhg formal charge: 0

electrons donated: 2

oxidation state: Pd(0)
electrons: 10 + (4 x2) =18 e~
coordinatively saturated: unreactive

Determine the Pd oxidation state and electron count in the following complex:

OS = 0 - (ligand charge)
e~ =(10-09S) + (ligand e")

Ligand Formal Electrons
charge donated

Anionic ligands —1 2

(Cl-, CN, -OR)

Neutral s-donor ligands 0 2

(:PRj, :NR;, :OR,,

:SR,, :CO, :NCR)

alkyl, aryl -1 2
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The metal catalyst

18- and 16-electron complexes are coordinatively saturated and unreactive. Reactive,
unsaturated (14 e~) complexes are formed by ligand dissociation in solution:

formal charge: O electrons: 2
PhaP{ PPhj ligand dissociation
_Pdl —_— 2 PPh, + Pd’PPh3
PhsP PPh; —~— 3 “pPh,
oxidation state =0-0=0 Pd(0) oxidation state: Pd(0)
electrons: 10 + (4 x 2) =18 e~ electrons: 10 + (2x2) =14 e-
coordinatively saturated: unreactive coordinatively unsaturated: reactive

Pd(0) complexes (d'9) are electron-rich and highly nucleophilic.

94



The metal catalyst

18- and 16-electron complexes are coordinatively saturated and unreactive. Reactive,
unsaturated (14 e~) complexes are formed by ligand dissociation in solution:

formal charge: 0 formal charge: -1

electrons: 2 electrons: 2 : : oy
Bh.p cl ligand dissociation _Cl
3TN - —_——
Phap” O NC ~ 2 PPhg + Pds,
oxidation state = 0 — (2x —1) =2 Pd(ll) oxidation state: Pd(ll)
electrons: (10 —2) + (4 x2) =16 e electrons: (10—2) + (2x2)=14 e
coordinatively saturated: unreactive coordinatively unsaturated: reactive

Pd(Il) complexes (d®) are electron-poor and highly electrophilic.
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* The first step in a catalytic cycle is usually formation of the reactive catalyst from an
unreactive pre-catalyst:

PhsP<_ o 713 186 coordinatively saturated
PhsP™ "ppp, unreactive precatalyst

+2 PPhg “ — 2 PPh,

Ar! PhsP<_ 14 e™. coordinatively unsaturated
Ar2 phsp’Pd reactive catalyst
reductive Arl=X
elimination
Ar
PhaP o PhyP, AT
PhsP” N\ Pd,
2 %
’ Ar PhsP” Ny
\{e 2
(HO)3B—Ar
®
K
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Other ways of generating active Pd(0) catalysts

« Areactive Pd(0) catalyst can also be generated from Pd(ll) pre-catalysts:

» Option 1: Reduction of L PdX, (X = halide or pseudohalide) with an organometallic (M—R is
often the coupling partner in cross-coupling reactions, present in excess):

R—M
2X
Ph3P\( (,Cl transmetallation ~ PhaP\ R reductive PhaP
=1L > /Pd{r > _Pd® + R-R
PheP” i Phap” R elimination  PhyP
M = Li, MgX, SnBus, +2 MCl
ZnX, “B(OH);

» Option 2: Reduction of Pd(OAc), with phosphines:

PPh; PhaP
Pd(OAc), —» /Pdo

or: Ph;P

PR,

NEts
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In the last lecture, you learnt:

 How to determine oxidation state and electron count of Pd complexes
 How this determines their reactivity:

— Pd(Il) complexes (d®) are electron-poor and electrophilic.

— Pd(0) complexes (d'%) are electron-rich and nucleophilic.

PhsP< O,PPh3 18 e~ coordinatively saturated
PhgP” \PPh3 unreactive precatalyst

+2 PPhy “ — 2 PPhy

14 e~ coordinatively unsaturated

Ph?’P\ Pd® reactive catalyst
Ph3
'R—X
reductive dative
elimination oxigativ R PdO cat. R
/ /
addition @—Br .\ (HO), _@ : SN
— base —
||
Lol - L d”

X
% M—R?
metallation

M—X
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Fundamental reactions: Oxidative addition

« Pd(0) is nucleophilic and undergoes OX|dat|ve addition reactions: Ar—Ar LaPd"__~ Ar=X
reductive oxidative
k\ _X elimination addition
Ly Pdo |5 L Pd\: ] Ln Pd” L Pd”'Ar L Pd”'Ar
R n \ n \
4d10 Ar‘_,< X
electron rich  electrophilic electron poor m;::g:l;on(Ho)3B:Ar
nucleophilic electrophilic product
X=1>Br>Cl

The reaction requires two free coordination sites on Pd.
Selective cis-addition of X and R to the metal centre (concerted reaction).
The metal is oxidised from Pd(0) to Pd(ll), hence the name oxidative addition.

It is difficult to show transition metal reactivity with curly arrows. For a 3D animation of
the process, see: https://www.chemtube3d.com/suzuki/

We have seen oxidative addition before: Grignard reagents (lecture 1).

0
Mg R, ||'X
. Mg

R—X Etzo EtzO’ \O Et2 99


https://www.chemtube3d.com/suzuki/

» Oxidative addition is reversible. The reverse process is called Ar=Ar Ar—X
. .. . . reductive oxidative
reductive elimination: | N ?/ \g addition
via: ¥
X oxidative addition X s L Pdn L Pd..
LPd° + | = — L,Pd '—nPd‘\i Nar X
Y reductive elimination Y Y ) <
trans-' (HO)3B_— Ar
metallation

- Reductive elimination removes (eliminates) metal atoms and forms new single bonds
(X=Y). The metal is reduced from Pd(ll) to Pd(0) in the process.

- The substituents undergoing reductive elimination (X and Y) need to be cis to each

other:

Ph_ Ph Ph, Ph ‘ ‘
P A
~_ Me . E\

Pd{ — Me—Me
E|:>/ “Me

Me,

P Ph P Ph F,h,F’—Pd\—P—Ph —K>  Me—Me
Ph Y PP

ligands cis: ligands trans:

reductive elimination occurs. reductive elimination does not occur. 00



Fundamental reactions: Reductive elimination

« Driving force: thermodynamics (formation of stronger bonds).

— Reductive elimination is easy and fast when strong bonds are formed:

R fast R
LnPd{_ —>» L Pd° + |
R R
weak Pd-C bond strong C-C bond

— It does not occur if the new bond would be weak:

X
> X
L,Pd! —>X>» L P o+

X X
X = ClI, Br, OTf weak X-X bond
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s

A

Draw the missing intermediates / products A and B:

R
Z
N

Br

Pd(PPh3),

oxidative addition

r o

KOH

transmetallation

reductive
elimination
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s

A

Draw the missing intermediates / products A and B:

(HO),B
~
Pd(PPh3), - PhgP. S
Z > BEAN N > \Pd” N
N~ “Br Pd s :

oxidative addition 7 \ KOH Ph,P —~N
Pl Br transmetallation [ N
A —
reductive
elimination
Ph;P. | ~
N
Pd® * X N7
Phyp” |
3 ~N
B
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Fundamental reactions: Transmetallation

[ [ [ -— 0 —
. Transmetallation transfers a carbon ligand from one metal (e.g. Li, A ?/ L”Pd\g’” .

- reductive oxidative
Mg, Cu, Zn, B, Si, Sn) to another metal (e.g. Pd). e addition
A M JAr JAr
r== I I
( ( LnPd\Ar LnPd\X
X transmetallation AT V——<
L, Pd” > L,Pd! + M—X frans- 10y B—Ar
AN AN metallation S
Ar Ar
M = ZnX, SnBus, "B(OH)3, etc. driving force:

strong M-X bond

* This step is important, because it allows the transfer of different groups onto palladium
which can then be coupled together in the reductive elimination step.

* We have seen transmetallation before: tin-lithium exchange (lecture 2).

R

R =
4 equiv. nBulLi

Bu=Li 104



Fundamental reactions: Transmetallation

L] [] L] [] -— O —
« What is the role of the base in the Suzuki reaction? Ar=Ar ?, L“Pd\g’” X
rgdqcti\(e oxidngive
» Boronic acids are not very nucleophilic (C—B bond not very polarised): “™"**"( oo
transmetallation is slow. L pd'f L.pd'’
\Ar‘ < \X
* The base acts as an activator, increasing nucleophilicity by generating trans- o o
2 ‘ y 1 i 3
a negatively charged "ate’ complex, and speeds up transmetallation: metallation
L Pd”/Ar
"N
HO" S ( X
@/OH KOH /OH transmetallation AT o
@— —> B—OH » | Pd! + (HO);B—X

N N\
¢ ©H © “oH \© ®
K@ “

more nucleophilic 'ate’
(borate) complex

« Other activators can be used, e.g. CsF (F~ has a very high affinity for B) .
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Summary: The Suzuki reaction

3 mol% Pd(PPh3),
KOH

O+ ool

X =1, Br, Cl, OTf

toluene, A

Pd(PPhs),
18 electrons

strong C—-C bond

L, Pdo
weak C—X bond
14 e~
reductive oxidative
elimination addition
||
L, Pd L Pd“
HO, e KOH
trans- HO—B
metallation activator
@ HO nucleophlllc
HO= B X ‘ate' complex
HO'

strong B—X bond

- O

Driving force: thermodynamics

(formation of strong C—C and B—X bonds).

Active catalyst is coordinatively unsaturated.

Pd(0) is nucleophilic (electron-rich) and undergoes
oxidative addition.

Pd(ll) is electrophilic (electron-poor) and undergoes
reductive elimination.

An activator (HO~ or F~) is required to increase the
reactivity of the boronic acid coupling partner for
transmetallation.

HO
<)

HO
weak B—-C bond
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Boronic acids: the coupling partners in Suzuki reactions

« Boronic acids and esters are readily available reagents that can be made in different ways.
— Transmetallation from organolithium reagents:

B(OMe); H;O"
R—Li R—B(OMe), > R—B(OH),
transmetallation fast
hydrolysis

— Hydroboration of alkynes and alkenes:
l“ + H—B’O:© L B’O:©
R 0 =7 o
— Pd cross-coupling (Miayura borylation):
%
X j:o\ o/ PACly(dppf) cat. By
+ B—B\ '
©/ o o\ KOAc, A ©/

X =Br, |, OTf Bopin, Ph-Bpin

« But if the required boronic acid is not available, we can do a different cross-coupling reactionao7



Alternative coupling partners

If the boronic acid / ester coupling partner for a Suzuki reaction is not available, a different

transmetallating reagent can be used:

R1—X

L,Pd°
oxidative
reductive addition
elimination
R1
Ly Pd” T
\R2 L, Pd\

X
%\ M—R?
metallation

M—X

M = SnBuj,
M =2ZnX
M = Li

M = SiMe,

Stille reaction
Negishi reaction
Murahashi reaction
Hiyama reaction
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Alternative coupling partners

Suzuki (M = B(OH),)
Hiyama (M = SiMe;)

Stille (M = SnBu,)

Negishi (M = ZnX)

Murahashi (M = Li)

Advantages

Very reliable, good substrate scope.

Boronic acids readily available.

Good functional group compatibility.

More reactive than R—B(OH),: no
activator necessary.

Good functional group compatibility.

More reactive than R—-B(OH),: no
activator necessary.

More reactive than R—-B(OH),: no
activator necessary.

Disadvantages
Activation necessary.

Similar reactivity to R-B(OH),:
activation necessary.

Very toxic!

Oganozinc species are very
air and moisture sensitive.

Organolithium species are
incompatible with many
functional groups.
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Example in medicinal chemistry

F
N
BULl PPh3 4 cat. \
- \ y
Bu3SnI Bu3Sn S
\
N
N
0 RO
Ar

Y .

SMe SMe Ar
JNKS inhibitor

drug target for
neurodegenerative disorders
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In the last two lectures, you learnt about:

« The stability and reactivity of palladium catalysts: Palladium catalysts are more
stable than organometallic reagents (R—-MgBr and R—Li).

» The three fundamental reactions that make up the catalytic cycle of the Suzuki
cross-coupling reaction (a powerful transformation for C—C bond formation):
oxidative addition, transmetallation and reductive elimination.

Summary

1 1
T L PdC R=X
2
R oxidative
reductive addition
elimination
R’ ’
’ R
LnPd. \
" Ng? LaPd

X
%\ M—R?
metallation

M—X
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1. Determine the Pd oxidation state and electron count of the following complexes:

Practice questions

0
| Y~ Ph  Ph
N
SN ol = o
/ N _/Pd\__
U A
Ph  PH
A 0
Pd(dba),
(bipy)Pd(OAc),

2. Draw a catalytic cycle for the following Suzuki reaction:

Me
B
] Me  pycl,(PRs), cat. O
o) © >
(HO),B CsF ®)
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Practice questions

3. Draw the product of the following Suzuki reactions:

Br Pd,(dba);
+ > A
MeO,S (HO),B K2CO3

B(OH
0 (OH), PdCl,(dppf)
Br N32CO3
~ water, toluene
N™ Cl 90 °C, 1 h
Cl
oL O

Pd(PPh3),
N~ + Z C
B(OH), NaOEt
BnO
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Lecture 5+6 practice questions — answers

1. Determine the Pd oxidation state and electron count in the following complexes:

formal charge: electrons:
O —

S 7 \ Q
| o ﬁ/ e Y J_

~N.2 O -1 N N o)

\Pd/ . .
2 / \O 1 neutral pyridine ligand anionic “OAc ligands

= |N 0 S formal charge: O formal charge: —1
X O)\ electrons donated: 2 electrons donated: 2

(for each nitrogen)
(bipy)Pd(OAc),

oxidation state = 0 — [2x (-=1)] = 2: Pd!
electrons: (10-2)+ (4 x2)=16 e

oxidation state = 0 — (ligand charge)
e~ = (10 - 0S) + (ligand e7)
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formal charge: electrons:

O

0, Ph Ph

0
— 2 =

O%Pn pH O

% Pd d orbital
Pd Pd

R\;I:\ _ NI\ _ ‘8:‘8‘ alkene ©* orbital

R R R

alkene ligand (n? bonding: the metal interacts with 7* orbitals on both alkene carbons)
formal charge: O

electrons donated: 2

(for each alkene)

oxidation state = 0 — [4x 0] = 0: Pd°

electrons: 10+ (4 x2) =16 e~

oxidation state = 0 — (ligand charge)
e~ = (10 - 0S) + (ligand e7)
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2. Draw a catalytic cycle for the following Suzuki reaction:

Pd''CI,(PR3),

0O 18 electrons
@ RSP\
oxidative
reductive 14 e addltlon

elimination

R3P\ d\
_Pd\ d.

|
\ \ @ CsF
trans- -
metallation

nucleophlllc

HO B Br 'ate’' complex
HO

Cs
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3. Draw the product of the following Suzuki reactions:

= Pd(dba), O
+
MeO,S (HO),B K2CO3

MeO,S A
B(OH
0 Oz paciy(app) 0 e
Br N32CO3
MeO | R + > MeO AN
Z water, toluene | _
N Cl Cl 90 °C,1h N Cl
C-Br bonds are weaker / B
more reactive than C-Cl bonds
Oo. .O Oo. O
R R
Pd(PPhs),
N~ S Z - P
B(OH), NaOEt
BnO BnO C

Alkenes can also be coupled in Suzuki reactions. 117
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g

In the last two lectures, you learnt about:

« The stability and reactivity of palladium catalysts;
» the three fundamental reactions that make up the catalytic cycle of the Suzuki
cross-coupling reaction: oxidative addition, transmetallation and reductive

Recap lectures 5+6

elimination.
1 1—
Ff L, Pdo R=X
2
R oxidative
reductive addition
elimination
R’ .
’ R
L,Pd! i
" Ng2 LPdy

X
% M—R?
metallation

M—X
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Example in medicinal chemistry

F
N
BULl PPh3 4 cat. \
- \ y
Bu3SnI Bu3Sn S
\
N
N
0 RO
Ar

Y .

SMe SMe Ar
JNKS inhibitor

drug target for
neurodegenerative disorders
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Topic 7: The Heck reaction

The Heck reaction

Learning outcomes

In this lecture, you will learn about:

* two more fundamental reactions in palladium catalysis: beta-hydride elimination and
ligand migration / carbometallation;

 their role in the Heck reaction.

« How allylic electrophiles react with soft nucleophiles under Pd catalysis.

Recommended Reading: Clayden, Organic Chemistry, Chapter 40
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« Alkyl halides (R(sp3)—X) are rarely used in Pd cross-coupling reactions because the Pd(ll)
o—alkyl complex rapidly decomposes by beta-hydride elimination:

R
R L,Pd° _\—X

reductiv oxidative 0
el?m?:vcatioen ' cleleiifilt baPd
. * — HCI
||/\/ |
L,Pd beta-hydride
D OJ elimination H
Ly Pd” > L,Pd! R
) \ R
‘ fast X
e M_@ An empty d-orbital on the electrophilic Pd(ll) ‘reaches
slow out’ and captures the electron density in a C—H bond

transmetallation two atoms away (beta) from the palladium.
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4) beta-hydride !
Q elimination HO) |K>0

Pd”

For a 3D animation of this process, see:
Nph g https://www.chemtube3d.com/pdheck/

id \ lnsen‘/on N

A cis free coordination site on palladium is required.
Palladium is not oxidised or reduced in this process.

B-Hydride elimination is syn specific, i.e. only H, is eliminated in this complex:

v/ H; :
Nt |5d\(”)
L, X

B-Hydride elimination is reversible. The reverse process is called insertion.
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Fundamental reactions: Insertion, Carbometallation / Ligand migration

« Carbons (R groups) can undergo insertion reactions as well. In this case, we call the
process ligand migration or carbometallation.

— Pd is not oxidised or reduced.

- Q=/R' . — The reaction is syn-specific (R and Pd add to the
a):\r 2 1 same face of the alkene).
R :
\F',an o SO — Regioselectivity: R attaches to the less
7 N ligand migration/ ” N substituted end of the double bond (to avoid
CeidopS iduatian steric clash with the substituents on the alkene).

— The reverse process does not occur readily.
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The Heck Reaction

* B-Hydride elimination and carbopalladation are important steps in the Heck reaction:

PdO cat. MeO,C

M602C
\=

base

A: Pd! is electrophilic:
coordinates to electron-rich alkene.

B: Carbopalladation: Pd-C and C-Ph bonds
form at the same time, so these groups are cis
to each other, but Pd and H must be cis for 3-H
elimination to occur: rotate this C-C bond.

C: Dissociation of PPh; gives a free
coordination site (empty d orbital) on Pd
required for B-H elimination.

+  Br—Ph > =

Pd°(PPhs),

MeOQC\z\ ﬂ

Ph
+ HNEtsBr PN PhP

O

AN 0 L »
red. /Pd oxidative addition
MeO,C, elim. PhsP :

]
: Ph base Ph3P\
PhsP_ ! H Pd" A
e 7 '\
_Pd. PhsP Br
PhsP” | Ngr —
n-complex CO,Me
] alkene coordination
beta-hydride
elimination MeO,C .
[}
MeO,C.  Ph Ph3P\( l ‘\/©
\ Lol
Ph3P v /Pd\
\Pd" ( §

7/
Br V)
i \ MeO,C

C PhsP_

PhsP”

I
Pd\

PhaP” g

/ n-complex

ph  ligand migration /
carbopalladation
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The Heck reaction: An example from medicinal chemistry

* Heck reaction in the synthesis of Naproxen:

CO,H

Br Pd0 cat.
#
MeO MeO MeO

2C CH»

Naproxen
non-steroidal
anti-inflammatory
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1. What is the product of the following Heck reaction:

5 mol% Pd(PPh3)ZC|2

/@iOMe \/@ NEt;
+
MeO I X DMF, 100 °C

2. Propose a reagent for the following Heck reaction:

OEt

OTf Pd(OAc),, ligand
5, ligan
Et iProNEt, A Et
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A

1. What is the product of the following Heck reaction:

5 mol% Pd(PPh3)ZC|2

OMe
OMe NEt, O
¥ N > MeO z
MeO I DMF, 100 °C

2. Propose a reagent for the following Heck reaction:

OEt

OTf OFEt Pd(OAc),, ligand
2 1907 | X NOEt
+
/©/ \)\OEt !
Et iProNEt, A Et
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Pd catalysed allylation: The Tsuji-Trost reaction

* We saw previously that allyl electrophiles can undergo S\2 and S\2' reactions. This often
gives a mixture of products:

Nu™
NN SN AN s Y
Nu

« Palladium catalysis allows for highly stereo- and regioselective allylation:

Pd(0)
N AN — > S AN
Nu~
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Pd(0) cat., base
R\/\/X >
Nucleophile, THF

X = leaving group

RN

s

O O

MeO OMe
malonates

soft nucleophiles =

HoNR
amines

« Pd(0) coordinates to the alkene before undergoing
oxidative addition to form a Pd-allyl complex

stabilised by conjugation.

* The nucleophile attacks the sterically less hindered

allylic position.

« The reaction occurs with retention of stereochemistry:

inversion /@

X PdXL,

Pd(0)
—_— ﬁ
inversion
R R

Pd coordination occurs
on the less hindered face

Nucleophile attacks from the
less hindered face (Sy2-like)

R\/\/Nu

d/ssomat/on}/

R\/\/Nu

nucleophilic
addition

Pd°|_4

—2L

L2Pd
x association

L2Pd0
n-complex

oxidative
addition

n2 allyl complex
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The Tsuji-Trost reaction: examples

 Intramolecular reactions give rings:

OAc CO,Me

Pd(PPhs),
COzMe > COzMe
NaH : k ;
COzMe

* Vinyl epoxides provide their own base:
H,oN

XY
NH, 4
0 N Ay PP OPr3]4 Pd* \Q_ =N HO . N/)
D * </| /) \@/ E WNHz -

NN N =

S S 2
alkoxide base NN HO OH
aristeromycin
(antibiotic)
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Summary Topic 7

In this part of the lecture, you learnt:
+ that Pd(ll) o—alkyl complexes undergo rapid beta-hydride elimination:

Q‘j j beta-hydride H, L

Pd” y Pd” + =\
L7 \ elimination id \X R

 that electrophilic Pd(ll) complexes can react with alkenes:

QN
Ro) )” L » Q l;
Pd insertion/ Pd
/
7 N ligand migration/ LY N

carbopalladation

* how these two processes play a key role in the Heck cross-coupling reaction:

Pd° cat. MeO,C
HEOAS +  Br—Ph > =
Ph

base
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Practice questions

1. Draw the catalytic cycle for the following Heck reaction:

Pd(OAc), (1 mol%)

PAr3; (2 mol%
D - T —a— e
S Br ~N

2. ldentify the products of the following Heck reactions:

COQMG

Pd(OAc),, NEt;

a) + 2 Cco,Me >
Br 100 °C

Pd(PPh3),Cl, cat.
OTf O NEt,
0 (7 -
DMF, 70 °C
COzMe
Br Pd(OAc), (2 mol%)
z PPh3;, TMEDA
0 X .
l}l DMF, 125 °C
Ac
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1. Heck catalytic cycle:

oxidative addition
‘ A\

7
ArsP | ArsP r

N\
B
| /
JPd /\G
Ar3P Br ~N
k( alkene

Pd!

b?ta.-hyc.iride Ar coordination
elimination @ N \
]
SN ArsP ( : ‘\Q
ar O b
i >Pd” { N I
Br O \ Ar /
PAr; ligand migration /
Dissociation of PAr; gives A"3F’\Pd|| —  carbopalladation

free coordination site on Pd 7 N\, S_
, o ArsP Br
required for B-H elimination

(empty d orbital). Carbopalladation: Pd-C and C-thiophene bonds

form at the same time, so these groups are cis to
each other, but Pd and H must be cis for 3-H
elimiation to occur: rotate this C-C bond.
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Lecture 7 practice questions — answers

2. ldentify the products of the following Heck reactions:

CO,Me CO,Me

Pd(OAC),, NEt,
a) +  Z2Co,Me >
By 100 °C 2 Co,Me

Pd(PPh,),Cl, cat.

oTf O NEt,
+ >
b) O/ d DMF, 70 °C

CO,Me
COzMe
5 Pd(OACc), (2 mol%) C ] .
= PPh;, TMEDA -~ tH
C) o H —>
N DMF, 125 °C N . o
) \ iIsomerisation
Ac Ac

Heck reaction

COZMe

A\

N
\
Ac

driving force: aromatic
resonance stabilisation
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Recap lecture 7

In the last lecture, you learnt:
« that Pd(ll) o—alkyl complexes undergo rapid beta-hydride elimination:
QJT beta-hydride He L

Pq' r Pd” + =\
L7 \ elimination id \X R

« that electrophilic Pd(ll) complexes can react with alkenes:

QN
RO) ) L - Q j
dII insertion/ Pdl
/
L/ X ligand migration/ Ly \

carbopalladation

* how these two processes play a key role in the
Heck cross-coupling reaction:

PdO cat. MeO,C

MeO& __ + Br—Ph > \—=
base Ph
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Lecture 8: The Buchwald-Hartwig reaction

The Buchwald-Hartwig reaction

Learning outcomes

In this lecture, you will learn:

* how to form C—N bonds using palladium catalysis,
* how this reaction compares to SyAr chemistry.

Recommended Reading: Clayden, Organic Chemistry, Chapter 40
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Recap: Pd catalysed cross-coupling reactions

* The reactions we have seen so far, have been C-C cross-coupling reactions:
— Suzuki reaction:

\_R \_R

(HO)zB—@ 3 mol% Pd(PPhs), </_\>—</_§

— KOH
O - - -

R toluene, A R

(HO)ZB—//— ©—//_

X = halide (I, Br, Cl)

or pseudohalide (OTf)

— Heck reaction:
Pd(OAc), /R
= + 2 - O
PPh,, NEt,

« Butitis also possible to form carbon—heteroatom bonds through Pd cross-coupling
reactions.
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Pd,(dba)s, P(0-Tol)3

RY R’ NaOtBu
— R2 dioxane, 100 °C

X = halide (I, Br, Cl) primary or
or pseudohalide (OTf) secondary
amines

» Ligand exchange occurs because
amines are good ligands for palladium.

* The same reaction can be used to
couple amides to aromatic rings.

— ‘Rz
sz(dba)3 ©\/P/©
PR3 = P(o-Tol)3 =
ﬂ P(0-Tol)s \©

ox:datlve addition
reductive elimination

R3P.

\
Pd” Pd”
7 N N
RsP”  N—R X
R2
R’
Pd” R
NaOBu 1—N\ ligand exchange

(base) B I

R3P
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 When alkyl amines are used in this reaction, competing beta-hydride elimination can lead to
unwanted by-products:

R3P\Pd” beta hydride _ _R!
“N=R' elimination - )'

RP ;

« Chelating phosphine ligands can suppress beta-hydride elimination by blocking the vacant coordination site
required for this process, e.g. dppf:

R Ar—Br R /@
PdCly(dppf) ~— C Pd° > ( PLiN —> N\
P /\N/\ P N/\ B Pd(O) l\
H /K
H
@—P{Ph = no free coordination site on Pd:
dppf = F'e Ph C no beta-hydride elimination

<> "
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Draw the product of the following Buchwald-Hartwig cross-coupling reaction:

tBu OAc

/
tBu~p—pg

OZN\@/CI . (\o (Pd catalyst) .
HN\)

NaOiBu, NEt;

The molecule below is a drug to control blood clotting. Identify the bonds that could be made via

Buchwald-Hartwig cross coupling.
F
H
F3C:<)/N\;©
N
N
T
\©/ CO,H
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A

Draw the product of the following Buchwald-Hartwig cross-coupling reaction:

tBu OAc

/
tBu~p—pg

O,N Cl (\ o
2 \©/ . N(\JO (Pd catalyst) o OZN\©/N \)

NaOiBu, NEt;

The molecule below is a drug to control blood clotting. Identify the bonds that could be made via

Buchwald-Hartwig cross coupling.
F
H
FgCUN\J@
N
N
s aglle
\O COH

143



Application in medicinal chemistry

In the med chem synthesis of this drug, one Pd-catalysed step was used:

Pdg(d ba)3
. LIHMDS

'Sl o @

Buchwald-Hartwig

F4C NO,
N Ij
FsC N\) Cl
\©/ iProNEt

nucleophilic aromatic
substitution: no Pd necessary

o™
e %

>
iProNEt

nucleophilic aromatic
substitution: no Pd necessary CO,Me

O F

NH
H,, Pd/C

i » F3C N\)
deprotection \©/
F3C©/NOZ F3C©/NH2
(\N
N\)

Sn/HCI FaC

reduction

F
H = N
LiOH, THF/H,0 o a

reductive amination

N
= O N\ N\) Q
NaBH;CN CO-H
deprotection 2
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Pd catalysis vs. S Ar

The previous slide showed that the Buchwald-Hartwig coupling achieves the same as nucleophilic
aromatic substitution (SyAr). So what are the differences?

’R
H=N
R (j/x R N l{l
! e é \R
| , |
“ base R'—

SNAr

Nucleophilic aromatic substitution:
* Leaving group: F > Cl>Br > |

* Regiochemistry: There must be an electron-
withdrawing group (R’ = F, NO,, CF, etc.)
ortho or para to the leaving group

* No expensive Pd catalyst required.

H-—N R
Xr* R N
0—UU ﬁ ~
R M ] R
Pd cat. i

base
Buchwald-Hartwig

Buchwald-Hartwig reaction:

* Leaving group: | >Br>CI>>F
lodide is the best at the oxidative addition
step, but chloride works as well (aryl
chlorides are cheaper).

« Regiochemistry: Any substitution pattern (R’)
works.
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In this lecture, you learned how to form C—N bonds using palladium catalysis and when this is a
powerful alternative to SyAr chemistry.

’R
H—N
R (j/x ? N l{l
[] é \R
] , |
“Z Pd cat. R'—G

base
Buchwald-Hartwig

146



Practice questions

1. Draw the catalytic cycle for the following Buchwald-Hartwig reaction:

Pd,(dba)s (cat.) Ne

NX® Meo LPh FIRg (lirgEne), NV ph
P * N -
H NaOtBu

N N

2. ldentify the products of the following Heck reactions:

Pd(OAc),

MeO,C Br j)\ XantPhos (PR3 ligand)
a) \©/ v Mes Ny >
H

C82C03
CO,Et Pd(dbay),, P(oTol)3
o) LT -~
gr NH2 Cs,CO;3
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3. The two bonds highlighted in red in the anti-fungal drug (Sopranox) below can be made via Pd-
catalysed Buchwald-Hartwig reactions.

a) Suggest a three-step synthesis for this molecule (reagents and conditions for each step).
b) Why is it not possible to use an SNAr strategy for the synthesis of this molecule?

Practice questions
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1. Draw the catalytic cycle for the following Buchwald-Hartwig reaction:

sz(dba)3

N\\| 1} PR3
@ S
Me‘N 2 R )I/\/j
[ ~-N
Br

,Pd°
Ph R5P
. . oxidative addition
reductive elimination
N N
7 \\}\l /4 \\\
RaP,_ A RPN
Pd' Nl
/7 N\ ,Pd\
RsP” N—Ph RPN
Me
N M
RsP & \\\ Me
H—N
RPN \
Pdl a
i
Me/;\l:) X ligand exchange
ph H
tBqu
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Answers to practice questions 8

2. ldentify the products of the following Heck reactions:

Pd(OAc),

HE0ZC =l & XantPhos (PR li HEOHE
3 gand
a) \©/ * |\/le‘NJLH \©/ \ﬂ/
H C32CO3
CO,Et Pd(dba),, P(oTol)
’COx P (Yoo
BlrNHz Cs,CO; N

H
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Answers to practice questions 8

3. a) Suggest a three-step synthesis for this molecule (reagents and conditions for each step).

RO
RO HN/\ Pd,(dba)s (Pd catalyst ) \©\
+ K/ y N/\
Br

N_-Ph LiIHMDS (base)
N._-Ph

H2 Pd/C \©\ \©\ \©\
Pd,(dba); (Pd catalyst)
BINAP (PR3 ligand)
Ar

NaOiBu (base)

b) Why is it not possible to use an SyAr strategy for the synthesis of this molecule?

S\Ar reactions require electron-deficient aromatic substrates (electron-withdrawing groups in the
ortho- and para-position relative to the leaving group). The aromatic substrates required for this
synthesis are electron-rich and therefore will not undergo reaction with nucleophiles.
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