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Format and scope of presentation

Formation of metal aryls:
— Reductive metalation (Barbier conditions)
— Halogen-metal exchange (halogen-lithium and Grignhard metathesis)
— Deprotonation [directed ortho-lithiation (DoM)]
Transmetalation & cross-coupling reactions:
— Transmetalation to Cu, Zn, Sn, B, Ge, & Ce
— Kumada-Corriu, Negishi, Stille, Suzuki, Hiyama/Denmark, Heck, Sonogashira & sp?
Buchwald/Hartwig amination & etherification:
— Amination of aryl chlorides
— Biaryl ether formation
Birch reduction:
— Reduction/alkylation
'‘De novo' aryl synthesis reactions:
— Fischer carbene chemistry (D6tz reaction)
— Cobalt mediated [2+2+2] reactions (Volhardt reaction)
— Ring Closing Metathesis (RCM)



Utility of aryl metals - overview
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Reductive metalation

* By using an aryl halide and an activated free metal (Mg, Li, Zn)
— Review: Yus Tetrahedron 2003, 59, 9255(DOI); Clayden ‘Organolithiums: Selectivity for Synthesis’ 2002

(Pergamon)
Mg(m), Et,0, A Ar-Mg-X
Li(m), THF, A NB. alloys with 1-2% sodium often
Ar-X > Ar-Li employed and/or metals with high
surface area e.g. 'Reike metals'
X=Cl, Br, |
Zn, THF, A Ar-Zn-X

— Mechanism: Single Electron Transfer (SET): Andrieux J. Am. Chem. Soc. 1986, 108, 638 (DQI)

PYS m +0 n r\.
Ar-X + Mg —> Ar-X + Mg — Ar Mg-X —> Ar-Mg-X
Y/

S y el

Ar-X + Li —_— Al’-X_.+ L-i+- — Li + Ar Li-X —>  Ar-Li +
v/
Features:

* Wurtz coupling a side reaction particularly for iodides and bromides
* Requires elevated temperatures (i.e. >25 °C)

e.g. for pyridines (using Barbier in situ electrophile quenching)
+ Sugimoto Tet. Lett. 2002, 43, 3355 (DOI) & J. Org. Chem. 2003, 68, 2054 (DOI)
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http://dx.doi.org/10.1016/j.tet.2003.09.065
http://dx.doi.org/10.1021/ja00264a013
http://dx.doi.org/10.1016/S0040-4039(02)00513-0
http://dx.doi.org/10.1021/jo026492a

Reductive metalation — zincation promoted by LiCl

reductive zincation promoted by LiCl:
Knochel Angew. Chem. Int. Ed. 2006, 45, 6040 (DOI)

ortho-directing affect of FGs — esters, ketones, aryl sulfonates, acetates, carbamates, triazenes:
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Knochel J. Am. Chem. Soc. 2007, 129, 12358 (DOI)
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http://dx.doi.org/10.1002/anie.200601450
http://dx.doi.org/10.1021/ja074060h

Halogen-metal exchange - overview

By exchange of an aryl halide with an alkyl metal (discovered by Gilman & Wittig)

— reviews: Schiosser Synlett 2007, 3096 (DOI) — Hal-M exchange and deprotonation of heterocycles; Knochel Chem. Comm. 2006,
583 (DOI); Schlosser Angew. Chem. Int. Ed. 2005, 44, 376 (DOI); Yus Tetrahedron 2003, 59, 9255(DOI); Clayden ‘Organolithiums:
Selectivity for Synthesis’ 2002 (Pergamon); Knochel Chem. Eur. J. 2000, 6, 767 (DQI)

NB. use of 2 equiv of t-BuLi common.
Irreversibility ensured by 2nd equiv. eliminating X™ from t-BuX:

SBuLi, THF 'PrMgBr, THF

Ar-Li <7— Ar-Br T» Ar-Mg-Br .t-BuLi.
L (o)
s i ; 1%te
BuBr 'PrBr ' a - _
: t-B+UX tB)ULI )\ * /& + LIX
2ndeq

— Mechanism: depends on structure, for aryls halophilic displacement likely:
e Driven by thermodynamics: sp? to sp? anion

/\@ @ Y ,IA\r @ @
Ar-Br + R M —> "Blr—: M —> Ar-M + RBr
[J
R

possible intermediate ate complex

 Initial complexation of the alkyl metal to the halide supresses competitive addition

— Features:
* Proceeds at low temperature (e.g. -100 °C); supresses addition to C=N groups & deprotonation
* Rate of exchange: Ar-l > Ar-Br > Ar-Cl >> Ar-F
» Solvent dependent selectivity due to aggregation & Schlenck equilibrium (Grignard reagents):

2 Ar-Mg-X Ar-Mg-Ar + X-Mg-X


http://dx.doi.org/10.1055/s-2007-992384
http://dx.doi.org/10.1039/b510866g
http://dx.doi.org/10.1002/anie.200300645
http://dx.doi.org/10.1016/j.tet.2003.09.065
http://dx.doi.org/10.1002/(SICI)1521-3765(20000303)6:5<767::AID-CHEM767>3.0.CO;2-X

Halogen-Mg exchange

e PrMgBr at -40°C:
— indole synthesis: Knochel Org. Lett. 2002, 4, 1819 (DOI)

7 1) PPrMgBr, THF, -20°C | ® 7
Nx - NMe; 2y cucN-2Licl VN @ N
> — y Me
X | 3) OMe
Br X X
MeO X = CO,Et, Y = 1[90%)]
X = COEt, Y = | [75%] X =NC=NMe;, ¥ = H [71%]

X = NC=NMe,, Y = H [68%)]

— one-pot Mg-halogen exchange / Kharasch cross-coupling:
— Queéguiner Tetrahedron 2002, 58, 4429 (DOI); Knochel Synlett 2002, 1008 (DOI)

1) 'PrMgCl, THF, -40°C

| . EtO,C
2) Pd(dba), cat. dppf, |
CN -40°C, 6h ~

N

EtO,C
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http://dx.doi.org/10.1021/ol025597x
http://dx.doi.org/10.1016/S0040-4020(02)00411-8
http://dx.doi.org/10.1055/s-2002-31914

Halogen-Mg exchange — advances

LiCl acceleration: 'PrMgCI-LiCl participates in Br-Mg exchange faster than 'PrMgCl itself:

— Knochel Angew. Chem. Int. Ed. 2004, 43, 3333 (DOI) & Org. Lett. 2004, 6, 4215 (DOI) & Chem. Commun. 2005, 543 (DOI); &
Synlett 2007, 980 (DOI) & Chem. Commun. 2007, 2075 (with free carboxylic acids) (DOI)

— e.g. Knochel Chem. Commun. 2006, 726 (>998:1 regioselectivity) (DOI)

'PrMgCI-LiCl
B X8 THF,-30°C,2h B MgCl @ B F
| - | — |
~ ~ ~
N OTs N OTs N OTs
[95%] 8 examples

[71-93%)]

chelating diamine supresses addition reactions — pyrimidine I-Mg exchange:
— Wang Org. Lett. 2006, 8, 3141 (DOI)
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http://dx.doi.org/10.1002/anie.200454084
http://dx.doi.org/10.1021/ol048363h
http://dx.doi.org/10.1039/b415588b
http://dx.doi.org/10.1055/s-2007-970784
http://dx.doi.org/10.1039/b618923g
http://dx.doi.org/10.1039/b515168f
http://dx.doi.org/10.1021/ol061156s

Halogen-Zn exchange

using 'Pr,Zn & Li(acac) (presumed to form ‘ate’ complex):

— also tolerates ketones and aldehydes
— Knochel Angew. Chem. Int. Ed. 2004, 43, 1017 (DOI)

'Pr,Zn (0.55eq), I
T\ Li(acac) (10mol%) T\ \©\ / \
M M CO,Me Me 9
GYQ\IH O/NMP (1-10), 25 ce Sz : ° o
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Negishi coupling

using Et,Zn & a phosphazine base (tBu-P4) as catalyst:

— tolerates esters
— Kondo Chem. Commun. 2006, 3549 (DOI)

1) Et,Zn, 'Bu-P4 (5 mol%)

| DMF, RT, 5 hTHF .
o \/\@\ (98%]
CO,Et  2)allyl bromide
2 ) ally CO,Et



http://dx.doi.org/10.1002/anie.200353316
http://dx.doi.org/10.1039/b605807h

Halogen-Cu exchange

even wider functional group tolerance:

— using lithium di(neopentyl)cuprates - tolerates ketones and aldehydes
* Knochel Angew. Chem. Int. Ed. 2002, 41, 3263 (DOI)

| 1) Neopent,CuLi, THF, -40-0°C §Z
20 2)allyl bromide Y

P

Neopent
— using lithium di(neophyl)cuprates — tolerates highly functionalised indoles
* Knochel Org. Lett. 2004, 6, 1665 (DOI) & Chem. Commun. 2006, 2486 (DOI)
| |
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http://dx.doi.org/10.1002/1521-3773(20020902)41:17%3c3263::AID-ANIE3263%3e3.0.CO;2-8
http://dx.doi.org/10.1021/ol049498q
http://dx.doi.org/10.1039/b604259g

Deprotonation — overview

Reviews: Schiosser Synlett 2007, 3096 (DOI) — Hal-M exchange and deprotonation of heterocycles; Schlosser Angew. Chem. Int. Ed.
2005, 44, 376 (DOI); Clayden ‘Organolithiums: Selectivity for Synthesis’ 2002 (Pergamon).

Deprotonation of benzene derivatives:
— thermodynamically possible for alkyl metals (pK, BuH ~45, pK, ArH ~38), but kinetically slow
— no regiocontrol (without directing groups)

Deprotonation of aromatic heterocycles (ortho- to ring heteroatoms):

— Thermodynamically more favourable (pK, Ar._yH ~35) and kinetically faster than for benzene particularly:
e orthotoring N

» ortho to directing substituents (DoM — see later)

\/DG

DG

T TERTE and | ~ + chelative : pair-pair

% Li stabilisation 7 stabilisation electron
N Li

~\~ Li" repulsion

— Kinetics: due to:

~ "¢ : e ~, PG  Complex Induced
| inductive acidification g | it Proximity Effects
22 ¥ of ortho-protons 7 S

N™ *y--R  stabilising TS*
— Low temperatures & bulky bases required to supress addition reactions to C=N function:

* Queéguiner Tetrahedron 2001, 57, 4059 (DOI) .
RLi as RLi as

base
nucleophlle AN N
O\ | P — O\ + RH (q)

addition N lithiation N Li


http://dx.doi.org/10.1055/s-2007-992384
http://dx.doi.org/10.1002/anie.200300645
http://dx.doi.org/10.1016/S0040-4020(01)00100-4

Thermodynamic vs kinetic deprotonation (Li)

thermodynamic deprotonation using hindered lithium/magnesium amide bases:
— amine anions are poorly nucleophilic and undergo slow competitive addition reactions
— reversible equilibration, success depends on the pK, of the ortho-proton being lower than that of the amine:

>(j< LiTMP /L /‘\ LDA
N PK, 37.3 N pK, 35.7
Li

I
Li

ArH + R,NLi — ArLi + RoNH
reversible

kinetic deprotonation using alkyl lithium bases (RLi):
— branched alkyl lithiums undergo slow competitive nucleophilic addition

— irreversible loss of RH, maximum basicity of alkyl lithiums in non-co-ordinating solvents e.g. hexane with
TMEDA co-solvent

— review (structures of lithium complexes): van Koten Angew. Chem. int. Ed. 2005, 44, 1448 (DOI)

AH+RLI —— ALi+RH(9) | L| ~ LN pK, ~45
. . ; |
irreversible : MezN /\‘/ Me,N

mechanisms - disputed:
— acidity due to two factors: i) inductive activation, and ii) Complex Induced Proximity Effects (CIPE)

— review: Snieckus & Beak Angew. Chem. Int. Ed. 2004, 43, 2206 (DOI); see also Collum J. Am. Chem. Soc. 2000, 122, 8640 (DOI)
& J. Am. Chem. Soc. 2007, 129, 2259 (DOI); Mortier Org. Lett. 2005, 7, 2445 (excellent discussion of specific case of DoM of m-
anisic acid) (DOI)


http://dx.doi.org/10.1002/anie.200462103
http://dx.doi.org/10.1002/anie.200300590
http://dx.doi.org/10.1021/ja001471o
http://dx.doi.org/10.1021/ja068057u
http://dx.doi.org/10.1021/ol050761c

Thermodynamic vs kinetic deprotonation (Li)

* regioselectivity: kinetically and thermodynamically most acidic protons may differ:
— Fort J. Org. Chem. 2003, 68, 2243 (DOI); J. Org. Chem. 2002, 67, 234 (DOI); Org. Lett. 2000, 2, 803 (DOI)
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http://dx.doi.org/10.1021/jo026559u
http://dx.doi.org/10.1021/jo015855o
http://dx.doi.org/10.1021/ol005538o

Directed ortho-metalation (DoM, Li)

directed metalation groups (DMGs) attached via carbon can assist ortho-metalation

— Reviews: Snieckus & Beak Angew. Chem. Int. Ed. 2004, 43, 2206 (DOI); Sniekus J. Organomet. Chem. 2002, 653, 150 (DOI);
Quéguiner J. Het. Chem. 2000, 37, 615; Sniekus J. Heterocyclic Chem. 1999, 36, 1453; Sniekus Chem. Rev. 1990, 90, 879 (DOI)

— benzylic carbon-based DMGs:
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— for DMGs readily ‘unmasked’ to give CO,H see:
* Wutz Tet. Lett. 2000, 41, 3559 (DOI); Sniekus Org. Lett. 1999, 1, 1183 (DOI)

0] ' @)
E)LHXF)“ HH)J\H/NMeZ

unmask: H® unmask: [O]


http://dx.doi.org/10.1002/anie.200300590
http://dx.doi.org/10.1016/S0022-328X(02)01164-6
http://dx.doi.org/10.1021/cr00104a001
http://dx.doi.org/10.1016/S0040-4039(00)00462-7
http://dx.doi.org/10.1021/ol990846b

Directed ortho-metalation (DoM, Li)

e non carbon-based DMGs:
— Snieckus Org. Lett. 1999, 1, 1183 (DOI)

—  Familoni Synlett 2002, 1181 (sulfonamides, review) (DOI)
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Other weak DMGs include:
F, Cl, Br, CF3, SR, NR,, |

halogen directing groups (review):
Schlosser Eur. J. Org. Chem. 2001, 3975 (DOI)

e.g. iodine as directing group:
Mattson J. Org. Chem. 1999, 64, 8004 (DOI)


http://dx.doi.org/10.1021/ol990846b
http://dx.doi.org/10.1055/s-2002-32945
http://dx.doi.org/10.1002/1099-0690(200111)2001:21%3c3975::AID-EJOC3975%3e3.0.CO;2-
http://dx.doi.org/10.1021/jo9824955

‘Temporary’ DoM groups

» the SO,NEt, (sulfonamide) group: removed by -
— 1) hydrogenolysis using 'Pr,Mg/cat. Ni(acac),
— 2) Ni(0) catalysed Kharasch-type cross-coupling
— Snieckus Angew. Chem. Int. Ed. 2004, 43, 888 (DQOI) & 892 (DOI)

iPrZMg
Ni(acac), (cat) H
Et,O, RT
1) SBuLi, THF C'Z“ 2
SO,NEt, 2) 1, SO,NEt, OMe SO,NEt,
©/ > OMe
| Pd(PPh3)4 THF Ph
O'V'e PhMgBr
Ni(acac), (cat) O
 the OSO,NEt, (O-sulfamate) group: removed by - dppp OMe

toluene, 110 °C
— Ni(0) catalysed Kharasch-type cross-coupling

— Snieckus Org. Lett. 2005, 7, 2519 (DOI)

BrMg Me
OSO,NEt, ©Me

B —
_N . N [829%]
NiCICpIMes (2.5 mol%) | N
40°C8h =

 the SO,NCMe,Ph (N-cumyl sulfonamide) group: deprotected to SO,NH, by -

— TFA — saccharin syntheses
— Snieckus J. Org. Chem. 2007, 72, 3199 (DOI)


http://dx.doi.org/10.1002/anie.200352633
http://dx.doi.org/10.1002/anie.200352634
http://dx.doi.org/10.1021/ol050393c
http://dx.doi.org/10.1021/jo062385v

Pharmaceutical preparation by DoM

losartan potassium: antihypertensive
— Process route for Merck (Rouhi Chem. Eng. News 2002, July 22, 46) (DOI)

N—NH N—NH N—NO Ny k®
1/ \

B
N N
75 1BuL N N N/\&
—_— Cl
2) B(O' F>r)3 B(OH), — KIQN
S

DOM & transmetalat’on Iosartan potassium
angiotensin Il receptor (type AT 1) antagonist

efavirenz: anti-viral, anti-AIDS
— Process route for Bristol-Myers Squibb (Rouhi Chem. Eng. News 2002, July 22, 46) (DOI)

Cl\©\ 0 1) "Buli cl
T —— O —>
K 2R —
H F3C™ OEt 5
| DoM & electrophile quench ' efavirenz
non-nucleoside reverse transcriptase inhibitor

Cl



http://pubs.acs.org/cen/coverstory/8029/8029finechemicals.html
http://pubs.acs.org/cen/coverstory/8029/8029finechemicals.html

Transmetalation

» Aryl cuprate formation (ArLi — Ar,CulLi):

— Aryl cuprates are less basic and more nucleophilic than ary! lithiums.
— e.g. ‘Organocopper reagents’ 1994, (Oxford), R.J.K. Taylor:

CuBr. SMez, -20°C ' 1 é ‘
—»
“somin 2) TMSCI O

conjugate addition [93%)]

» Aryl zincate formation (ArLi — ArZnX):

— Aryl zincates are less basic and more oxophilic than aryl lithiums & useful for Negishi coupling.
— e.g. Sakamoto Heterocycles 1993, 36, 941 (DOI)

ZnBr,, 0°C
X Li 50 min N ZnBr

VAt VoAt
CO,'Bu CO,'Bu

Phi N
P W/
Pd(PPhs), (cat.) N

CO,'Bu
Negishi coupling [78%]

— NB. arylzincs can also be prepared by
* reductive metalation of Arl with Zn (see previous slide)
e DoM using (tmp),Zn-2MgCl,-2LiCl. See: Knochel Angew. Chem. Int. Ed. 2007, 46, 7685 (DOI)


https://www2.heterocycles.jp/data/download/HC360509410803.pdf
http://dx.doi.org/10.1002/anie.200701984

Transmetalation

» Aryl stannane formation (ArLi — ArSnR;):

— Aryl stannanes are useful for electrophilic ipso-substitution & Stille coupling.
— e.g. SaaJ. Org. Chem. 1992, 57, 678 (DOI)

oTf MeO QMe

MeO,C OMe
©/ BuganI -78°C SnBus O O
—>

Pd(PPh3)2C|2 (cat.) MeO,C

Stille coupling [87%]

— NB. arylstannanes can also be made by Pd(0) cat. stannylation of ArBr/I (see later).

» Aryl boronate formation [ArLi — ArB(OR),]:

— Aryl boronic acids and esters are useful for Suzuki coupling.
— e.g. Spivey Tet. Lett. 1998, 39, 8919 (DOI)

OBn 1) B(OMe)3 -78°C - 1t. OBn N O ER
—> \
2) 1M wac Pd(PPhy), (cat.) |

Suzuki coupling

[82%]

— NB. (1): in situ quenching of ArLi with B(OR), often superior: Vazquez J. Org. Chem. 2002, 67, 7551 (DOI)
— NB. (2): arylboronates can also be formed by Pd(0) cat. borylation of ArBr/I (see later).

— NB. (3): arylboronates are excellent precursors to phenols by Baeyer-Villager-type process:
— e.g. Hawthorne J. Org. Chem. 1957, 22, 1001 (DOI)


http://dx.doi.org/10.1021/jo00028a051
http://dx.doi.org/10.1016/S0040-4039(98)01951-0
http://dx.doi.org/10.1021/jo026087j
http://dx.doi.org/10.1021/jo01359a619

Transmetalation

Aryl germane/silane formation (ArLi — ArSiR/ArGeR;):

— Aryl germanes/silanes are useful for electrophilic ipso-substitution reactions.
— Moerlein J. Chem. Soc., Perkin Trans. | 1985, 1941 (DOI)

/©/MgBr GeMe3CI -50°C GeMeg ag. Nalt3? /@/
—»
30 min e dichloramine-T =
radiochemical yield
[88%]

|131

electrophilic ipso-substitutive
radio-iodination

Aryl cerium formation (ArLi — ArCeX)):

— Aryl ceriums are less basic and more oxophilic than aryl lithiums.
— e.g. Imamoto J. Org. Chem. 1984, 49, 3904 (DQI); H.-J. Liu Tetrahedron 1999, 55, 3803 (DOI)

O I|3r

/@)J\/Br HO o

Li Ce|3, -65°C Ce|2 Br X
—_— —

©/ 30 min ©/ - . O O B

addition to highly
enolisable ketone [89%]

r



http://dx.doi.org/10.1039/P19850001941
http://dx.doi.org/10.1021/jo00195a006
http://dx.doi.org/10.1016/S0040-4020(99)00114-3

Pd(0) Catalysed 'metalation’ of aryl (pseudo)halides

 Aryl pinnacolatoboranes from pinnacolatoborane or bis(pinnacolato)diboron
— Developed originally by Miyaura: J. Org. Chem. 1995, 60, 7508 (DOI)
— Bis(pinnacolato)diboron: e.g. Eastwood Tet. Lett. 2000, 41, 3705 (DOI)
— Pinnacolatoborane: e.g. Yamamoto Bull. Chem. Soc. Jpn. 2000, 73, 231 (DOI)

o ot L3
N H B_O o
NS >
PdCIz(dppf) PdCl,(dppf)
KOAc

EtoN
ot dioxane, 80°C ! CbzHN™ ~COzBn dioxane, 80°C CbzHN™ "CO2Bn
[85%] o

» Aryl silanes/stannanes from disilanes/distannanes:
— Hexamethyldisilane: e.g. Goossen Synlett 2000, 1801 (DOI)

— Hexamethylditin: e.g. Siegel Tet. Lett. 1997, 38, 4737 (DOI)

“
SnzMEG Pd(PPh3)4 (1 3m0|%) AN

DME, 3h, 80°C ST N

OMe

[81%)]


http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1016/S0040-4039(00)00447-0
http://dx.doi.org/10.1055/s-2000-8672
http://dx.doi.org/10.1016/S0040-4039(97)01025-3

Catalytic biaryl cross-coupling

» General process is sometimes known as KUMADA-NEGISHI cross-coupling

— review: Hassan Chem. Rev. 2002, 102, 1359 (DOI); Stanforth Tetrahedron, 1998, 54, 263 (DOI);
‘Metal-catalyzed Cross-coupling Reactions’ 2004, (Wiley-VCH), Armin de Meijere & Francgois
Diederich (Eds.) [ISBN 3-527-30518-1]

transition metal
M X X catalyst
A + R'» .
Rw (

M = Li, Mg, Cu, Zn, Hg, Ti, Al, Zr, Tl, Sn, B hetero- or homo-
X = Cl, Br, I, OTf, OMs, OTs, ONf, N,* biaryl product

cat. = Pd(0), Ni(0)

 The classical procedure is known as Ullmann biaryl coupling
— Not to be confused with Ullmann biaryl ether condensation.
— gives very poor yields, many side products, and is non-regioselective

I Cu powder R
ZNy p Cu < L
Ry~ o,
= R 1 _

homo-biaryl product


http://dx.doi.org/10.1016/S0040-4020(97)10233-2
http://dx.doi.org/10.1021/cr000664r
http://www.wiley-vch.de/publish/en/books/bySubjectCH00/bySubSubjectCH50/3-527-30518-1/?sID=

Kumada-Corriu cross-coupling (MgX)

* Overall scheme:
— highlight: Negishi J. Organometal. Chem. 2002, 653, 34 (DOI);

] =
o MgX N Y Ni(0) [or Pd(0)] cat. R
Ry + R — N X
7 = R
=
X = Cl, Br, I.
Y =Cl. Br. I, OTf, ONf. hetero- or homo-

biaryl product

e  Mechanism:

oxidative addition
reductive elimination Ar- NIII Ar' Ar- Nl”

-«— transmetalation (Mg -> Ni)

X-Mg-Y Ar'- MgX


http://dx.doi.org/10.1021/cr000664r

Kumada-Corriu cross-coupling (MgX)

e Features:

— Polar nature of aryl Grignard precludes use of several functional groups including: aldehydes,
ketones, esters, & nitro groups.

— Reaquires rigorous exclusion of oxygen which oxidises active Ni(0) catalyst.
— Can provide very hindered biaryls (cf. Suzuki & Stille) and has asymmetric variants.
— Often proceed efficently at low temperatures

« Examples:

Mal ! I Ni(acac), cat. Ph  Ph
J Et,O-benzene
* > [70%]
-10°C
1o i NiBr, cat.

Me . (S)-(R)-PPFOMe cat. i O

> + meso isomer
Br

[87%, 93%ee€]

Q

MgBr_ TfO I OTf Pd[(S)-phephos]Cl, cat.
L ]



Negishi cross-coupling (ZnX)

Overall scheme:
— review: Negishi in 'Metal catalysed cross coupling reactions' Eds Diederich & Stang, Wiley-VCH 1998, pp1-42

Z
- ZnX N Y Pd(0) cat. "R’
L} J 1
=
N ' ' biaryl product

Mechanism:

Y oxidative addition

reductive elimination Ar-Pd"-Ar Ar- Pd"

«— transmetalation (Zn -> Pd)

X-Zn-Y AI’ -ZnX



Features:

Negishi cross-coupling (ZnX)

— Tolerates aldehydes, ketones, esters, amines, nitrile, nitro groups etc.

— Popular for heteroaryl cross-coupling.
— Can provide relatively hindered biaryls

Examples:

ZnBr

?z

@}m :
HO™  cr(co),
ZnCl
BocHN

SO
0~
0

PhO,S

Nickel aryls are less basic than arly Grignards and can be prepared under milder conditions.

sz(dba)3
P(2-furyl); cat.

[84%)]

> O

COzMe

Pd(PPh3)4 Cat

@

(CO)3Cr

[82%]

SO,Ph

Pd(PPhj), cat. O F N
> /
X O [47%)]
BocHN | ~N



Stille cross-coupling (SnR,)

* Overall scheme:
— review: Mitchell in 'Metal catalysed cross coupling reactions' Eds Diederich & Stang, Wiley-VCH 1998, pp167-197.

. Pd(0) cat. =
o SR - X R
1 1 \
VAN + R'\/VVV ﬁ
Ry d TN

X = Cl, Br, I, OTf, OMs, OTs, ONf, N,"
R" = Me, Bu

hetero- or homo-
biaryl product

Mechanism:

~(
/ Y ~——— oxidative addition
Ar-Pd"-Ar

reductive elimination Ar-Pd'"-X

-«— transmetalation (Sn -> Pd)



Stille cross-coupling (SnR,)

Features:
Reaction proceeds under very mild conditions & has wide functional group tolerance.

Expensive Pd catalyst, recyclable and only used in <5 mol% quantities.

Also applicable to heteroaromatic systems.

Lithium chloride or bromide is an essential additive when using triflates.
Aryl stannanes and the halostannane by-products are very toxic!

Examples:

AN SnBU3 AN

»

N
/©/Sn8u3 /©/ Tf
COZMe

. T

SnMe3

/

Pd(PPhs), 5 mol% = |
xylene S
> N N
NG [79%]
NO,
Pd(PPh3)2C|2 5 mol%
LiCl, DMF
- I
MeO [48%]
COZMe
Pd(PPh3)2C|2 5 mol%
THF, 65 C> X

[95%]



Suzuki cross-coupling [B(OR,)]

Overall scheme:
— review: Kotha Tetrahedron, 2002, 58, 9633 (DOI)

Pd(0) cat.

/ 1
N B(OR"), X X '‘base’ (leq+) AR
VAL + R‘«vv\. N
Ry , — > N
= = R~
7
X = Cl, Br, |, OTf, OMs, OTs, ONf, N,* het h
R" = H, Me, Bu, -CH,CH,- E'erol_ or OIomto-
base = KOH, K3PO,4, Na,CO3, Cs,CO3, TI,CO3,TIOH, Et3N. iaryl produc

Mechanism:

/ V ~——— oxidative addition

Ar-Pd"-Ar Ar-Pd"-X

B(OH)3 ‘%\ X
~—— ligand exchange

Ar-Pd'"-0

transmetalation (B -> Pd) ArB(OH) (or boron 'ate' formation)
2

reductive elimination


http://dx.doi.org/10.1016/S0040-4020(02)01188-2

Suzuki cross-coupling [B(OR,)]

Features:

— Reaction also proceeds under very mild agueous or non-aqueous conditions.

— Nature of ‘base’ used can dramatically influence success of coupling, Cs,CO, or TIOH in DME

preferred for hindered coupling.

— Wide functional group tolerance & applicable to most heteroaromatic systems.
— Aryl boronic acids and esters are essentially non-toxic (cf. stannanes).

Examples:

Pd(PPh3)4 5 mol%
N32CO3
O~

Pd(OAc),-P(o-Tol); cat.
Et3N

DMF
[93%]

- |
DMF, 100°C ~

Pd(PPh3)4 cat.
KsPO,

>
THF-H,O
~-N




Overall scheme:

Hiyama/Denmark cross-coupling (SiX,)

— Review: Spivey Curr. Org. Synth. 2004, 1, 211; DeShong Tetrahedron 2005, 61, 12201 (DOI)

Mechanism:

Pd(0) cat. =
- SiYs o X 'Nuc' (leg+) MR
i sl el N
R \ TN
= % R

X=Cl, Br, |, OTf
Y =F, Cl, OH, OR biaryl product

hetero- or homo-

Nuc = F (e.g. KF , CF, TBAF), OH’

Pd(ll)
| R
Ar—Ar Ar-X
Pd(0) L,
reductive oxidative
elmination addition
A ) ligand exch
r igand exchange
[ L ©) L > g
Ar-Pd—L I Fs I
ll_ Ar—IIDd—F - Ar—IIDd—X
L L
|
) 'I:BGFBG FO ]
Ar—SiF3R AF-SIS @ ppSISF
_ Ar—Pd—F F© R
F—SiF,R I
+ Si hypervalency

e ) transmetalation


http://dx.doi.org/10.1016/j.tet.2005.08.057

Hiyama/Denmark cross-coupling (SiX,)

Features:
— Uses non-toxic silanes as coupling partners (cf. stannanes for Stille).
— Trialkylslianes do not couple; require heteroatom-substituted silanes.
— Addition of nucleophile is essential to render silane pentavalent
— Addition of fluoride makes most couplings incompatible with silyl ether protecting groups

Examples:

Br

/@\ CF3
Pd(OAC)z, PPh3,

NaOH, THF, 60°C [85%] CFs
9 0
Bz~ |
N Bz< Ph
Ph N N
A | FMeSi” X Py |
0~ "N F N
HO (allylPdCl), HO
(@] )
TBAF, THF, 60°C w (64%]
OH OH
5 0
O/\O FzEtSi—Q”Bu Q/\O
.
| Pd(OAc),, P(2-furyl); O
KF, DMF, 120°C [100%)] N

Bu



Ar-C(Sp?) alkene coupling

Kumada-Negishi type cross-coupling can also be used to couple aromatics to alkenes

This type of coupling performed in two ways:
— using an aryl metal and alkenyl halide/triflate. e.qg.:

B(OH), e Pd,(dba)s-PPh), cat. OTES | CN
= KOH =
Me =
+ / OoTf > Me T
g N THF-CH,Cl, N/
CN CO,PMB © copm 9%
2

— oran aryl halide/triflate and an alkenyl metal. e.qg.:

Pd(PPhj3), cat.

OTf ol N
P + oluene
=nBug /\/©/ > [92%]
Me;Ge Me3Ge

Alkenyl halides are often prepared by Wittig type processes or from alkynes
Alkenyl triflates are often prepared by O-triflation of enolates

Alkenyl metals are often prepared by halide-metal exchange, or by carbo- or hydro-metalation
of alkynes (e.g. hydroboration of alkynes)




e Overall scheme:

The Heck reaction

— review: Overman in 'Metal catalysed cross coupling reactions' Eds Diederich & Stang, Wiley-VCH 1998, pp231-266

*  Mechanism:

Pd(0) cat.
X xR
RV:W\ N T base RE A
— =
X =Br, |, OTf conjugated aromatic
R' = almost anything product
base = typically EtzN
Pd"
EtaN.HX [R]
reductive elimination ——wH -
EtsN \(\
1y Ar-Pd''-x oxidative addition
/\( Ar- Pd”
B-elimination Pd y i alkene complexation
4———-—-—'/ R
\

C-C bond formation



The Heck reaction

e Features:

— The palladium catalyst is generally added as a Pd(ll) salt (these are generally more stable) which is
reduced in situ either by the phosphine ligand or the Et;N

— The reaction works well for both electron withdrawing and electron donating substituents on the
alkene

— Stereochemistry of f—hydride elimination is always syn to the palladium

« Examples:

Pd (OAC)2

Br PPhj; cat. / X -CO-Me
7/ + 2 co,Me >
N [53%]
N H

EtsN, DMF, 100°C

H
= Pd(OAC), &
PPh3 cat. —
I N+ A - s LR
s Br N~ EtzN, DMF N
M
CO,Me SO, CO,Me
Br =~ PPh; cat. N\
. [43%]
N
N Et;N, DMF Ac



Ar-C(Sp) Alkyne coupling: the Sonogashira reaction

Overall scheme:
— review: Sonogashira in 'Metal catalysed cross coupling reactions' Eds Diederich & Stang, Wiley-VCH 1998, pp203-227
R
X Pd(0) & Cu(l) cat. Z
N R — base TN
Ry . R
57 o7

X =Br, |, OTf tolan product

R' = usually alkyl or aryl
base = typically Et,NH or 'PrEt,N

Essentially a Heck reaction with an alkyne.
— Role of copper not well understood...in fact copper not necessary for some couplings.
— Copper thought to form transient copper acetylide (cf. Stephens-Castro reaction).

Useful variant involves use of trimethylsilyl alkynes which are ‘deprotected’ in situ:
— Nishihara Chem. Lett. 1997, 1233; Schultz J. Org. Chem. 1998, 63, 4034 (DQOI)

Ar
X Pd(PPh3),, Cul (cat.) gz
= piperidine, THF ~
Ar—lI + >
(X = SiMe3: + K,CO3, MeOH)
, N [X =H, 18%]
Ar = porphyrin derivative [X = SiMes, 79%]

X =H or SiMe3


http://dx.doi.org/10.1021/jo980098o

Ar-C(Sp3) alkyl coupling

Kumada-Corriu type couplings:
— e.g. Spivey Tet. Lett. 1998, 39, 8919 (DOI)

a
NiBrz(PPhg)z (Cat.)
MeN Et,0, 35°C MeN
+ MeMgBr - [85%]
® ®
Me =
oTf \N/ N

Stille type couplings:
— e.g. Vedejs J. Am. Chem. Soc. 1992, 114, 6556 (DOI)

Pd(PPhs), (cat.)

A
O,N Br C';'J} toluene, 75°C O3N Me
O T e g O [93%]
|
Me
Boronate couplings:

— e.g. Furstner Tetrahedron 1995, 51, 11165 (DOI)
— see also potassium alkyltrifluoroborates: Molander Org. Lett. 2001, 3, 393 (DOI)

O

Pd(PPhs),Cl, (cat.)
OO, 30, TR ol
Br Me L|

Me

[91%]


http://dx.doi.org/10.1016/S0040-4039(98)01951-0
http://dx.doi.org/10.1021/ja00042a044
http://dx.doi.org/10.1016/0040-4020(95)00677-Z
http://dx.doi.org/10.1021/ol006896u

Advances/frontiers in cross-coupling technology

Use of aryl chlorides as substrates (i.e. difficult oxidative addition):
— review: Fu Angew. Chem. Int. Ed. 2002, 41, 4176 (DOI)

— e.g. bulky alkyl phosphine ligands (bi-PhP'Bu,): Buchwald J. Am. Chem. Soc. 1999, 121, 9550 (DOI) & Stable N-
heterocyclic carbene ligands (IMes): Nolan J. Organometal. Chem. 2002, 653, 69 (DOI)

Atropisomer-selective asymmetric cross-coupling to form highly hindered biaryls:
— e.g. Suzuki with chiral binaphthyl ligand: Buchwald J. Am. Chem. Soc. 2000, 122, 12051 (DOI)

Br Q B(OH), e Ne O
P(OEN); ve QI T Me W
OO + - P(OEt),  [97%, 87%ee]
szdbag, K3PO4 OO

toluene, 80C

ALKYL — ALKYL coupling:

— ligands that supress B-hydride eliminarion: e.g. Fu J. Am. Chem. Soc. 2007, 129, 9602 (DOI)
Room temperature coupling reactions:

— e.g. Heck reactions: Fu J. Am. Chem. Soc. 2001, 123, 6989 (DOI)
One-pot aryl metal formation/cross-coupling:

— Hydrostannylation/Stille coupling: e.g. Maleczka J. Am. Chem. Soc. 2001, 123, 3194 (DOI)
Diazonium salts as cross-coupling partners:

— Andrus Org. Lett. 2001, 3, 3761 (DOI) iPr M\® iPr C@
U0
R
R NOJRO) Xy Ph
X2 BFa X Ph iPrpri
| > o HOE Y iPr Pri _ |

Pd(OAc),, THF, RT, 3h [68-87%]


http://dx.doi.org/10.1002/1521-3773(20021115)41:22%3c4176::AID-ANIE4176%3e3.0.CO;2-U
http://dx.doi.org/10.1021/ja992130h
http://dx.doi.org/10.1016/S0022-328X(02)01154-3
http://dx.doi.org/10.1021/ja005622z
http://dx.doi.org/10.1021/ja074008l
http://dx.doi.org/10.1021/ja010988c
http://dx.doi.org/10.1021/ja0035295
http://dx.doi.org/10.1021/ol016724c

C-N bond ‘cross-coupling’ — nucleophilic amination

prior art: S Ar nitration, then reduction, then alkylation or reductive amination; Goldberg reaction.

reviews: Mauger Aldrichimica Acta 2006, 39, 17 (DOI); Kunz Synlett 2003, 2428 (Cu) (DOI); Prim Tetrahedron 2002, 58, 2041 (Pd)

(DQI); Hartwig Angew. Chem., Int. Ed. 1998, 37, 2046; Frost, J. Chem. Soc., Perkin Trans. 1 1998, 2615 (DOI); Hartwig Synlett 1997, 329
(DOI)

overall scheme:

Pd(0), Ni(0), Cu(l) cat. '
Rl N N” base TN R"

X =1, Br, Cl, OTf, N,"

aniline derivative
R', R" = NOT too BIG

base = NaO'Bu or Cs,COg3

mechanism (Pd):
— Buchwald, Hartwig & Blackmond J. Am. Chem. Soc. 2006, 128, 3584 (DOI)
Pd”

— Maes J. Org. Chem. 2004, 69, 6010 (‘base effect’) (DOI)
Pdo
Y “\ oxidative addition

reductive elimination Ar Pd'-NR'R" Ar-Pd'-x

amine coordination
HNR'R" 42/
base. HX

d"—Ar

base ~N<_.
deprotonation R™ R


http://www.sigmaaldrich.com/aldrich/acta/al_acta_39_1.pdf
http://dx.doi.org/10.1055/s-2003-42473
http://dx.doi.org/10.1016/S0040-4020(02)00076-5
http://dx.doi.org/10.1039/a703886k
http://dx.doi.org/10.1055/s-1997-789
http://dx.doi.org/10.1021/ja045533c
http://dx.doi.org/10.1021/jo049774e

Historical development

1906: Goldberg reaction (Cu) CO,H CO,H

—  Goldberg Chem. Ber. 1906, 39, 1691 . ©/NH2 ‘
Cu (cat.), K,CO3
CgHsNO,
210°C, 3h [56%]

1995-2000: Buchwald-Hartwig amination [Pd (& Ni)]

— FIRST GENERATION (G1):
» ligand: P(o-Tol),
» aryl halide substrate: X = Br or |; Ar = non-hindered, electron poor or neutral
» amine nucleophile: cyclic secondary
» typical conditions: Pd(0), P(o-Tol);, NaO'Bu or LIHMDS, toluene, 80-100 °C
— SECOND GENERATION (G2):
» ligand: chelating diphosphines
» aryl halide substrate: X = Br, | or OTf; Ar = electron rich, poor or neutral, heteroaromatic
* amine nucleophile: cyclic secondary, primary and anilines
» typical conditions: Pd(0),DPPF or BINAP, Cs,CO; or K;PO,, toluene, 80-100 °C

— THIRD GENERATION (G3):

» ligand: electron rich monodentate phosphines OR N-heterocyclic stable carbenes (NHCSs)

» aryl halide substrate: X = Cl, Br, |, OTf or OTs; Ar = electron rich, poor or neutral, heteroaromatic

* amine nucleophile: secondary (cyclic & acyclic), primary and anilines

» typical conditions: Pd(0),electron rich monophosphine/carbene, NaO'Bu, Cs,CO, or K;PO,, toluene, rt-100 °C

2000-: Renaissance of Goldberg-type amination (Cu):
» chelating diamine and diol ligands



Intermolecular coupling of 2° amines (Pd)

» Ar-Br & Ar-Cl — 2° amines (Pd):
— G3 phosphine ligand systems. Highlight: Stirmer Angew. Chem. Int. Ed. 1999, 38, 3307 (DOI)
— Ph-MAP: Kocovsky Tet. Lett. 1998, 39, 9289 (DOI)
— Cy-MAP: Buchwald J. Am. Chem. Soc. 1998, 120, 9722 (DOI)

— 'Bu-MAP, Cy-BP, ‘Bu-BP: Buchwald Angew. Chem., Int. Ed. 1999, 38, 2413 (DOI) & J. Org. Chem. 2000, 65, 1158 (DOI) & 2001,
66, 3820 (solid-supported) (DOI) & Org. Lett. 2002, 4, 2885 (DOI)

—  P(tBu);: Nishiyama Tet. Lett. 1998, 39, 617 (DOI), & Hartwig J. Org. Chem. 1999, 64, 5575 (DOI) & 2002, 67, 6479 (DOI)
—  PPFditBuP: Hartwig J. Org. Chem. 2002, 67, 5553 (DOI)

— azaphosphatranes: Verkade Org. Lett. 2003, 5, 815 (DOI) & Org. Lett. 2005, 7, 4427 (vinyl halides) (DOI)

— XPhos: Buchwald J. Am. Chem. Soc. 2003, 125, 6653 (DOI) & Org. Lett. 2005, 7, 3965 (heteroaryl halides) (DOI)

— cataCXium?®: Beller Tetrahedron 2005, 61, 9705 (DOI)

.
l NMe, NMe NMe PtBUZ ip Bu
PPh PC g
O 2 Y2 P Bu2 pR2 By \tB PCy2

Ph-MAP Cy-MAP 'Bu-MAP 'Bu-BP (R=Bu) P'Bus  PPFdi-‘BuP  XPhos  cataCXium
Cy-BP (R=Cy) [Pd(P'Bus),]

®

e.g. Me Me O
HN
Cl ij N

'
Pd(OAc), 1mol%, {Bu-BP 2mol% [91%]
NaO'Bu, toluene, 25°C, 21h
Me Me


http://dx.doi.org/10.1002/(SICI)1521-3773(19991115)38:22%3c3307::AID-ANIE3307%3e3.0.CO;2-5
http://dx.doi.org/10.1016/S0040-4039(98)02088-7
http://dx.doi.org/10.1021/ja982250+
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3c2413::AID-ANIE2413%3e3.0.CO;2-H
http://dx.doi.org/10.1021/jo991699y
http://dx.doi.org/10.1021/jo010025w
http://dx.doi.org/10.1021/ol0262688
http://dx.doi.org/10.1016/S0040-4039(97)10659-1
http://dx.doi.org/10.1021/jo990408i
http://dx.doi.org/10.1021/jo0258913
http://dx.doi.org/10.1021/jo025732j
http://dx.doi.org/10.1021/ol027450b
http://dx.doi.org/10.1021/ol051612x
http://dx.doi.org/10.1021/ja035483w
http://dx.doi.org/10.1021/ol0514754
http://dx.doi.org/10.1016/j.tet.2005.06.067

Intermolecular coupling of 2° amines (Pd) cont.

Ar-Cl — 2° amines (Pd):
— G3 N-heterocyclic carbene (NHC) ligand systems:
— in situ generation: Nolan Org. Lett. 1999, 1, 1307 (DOI); Nolan J. Org. Chem. 2001, 66, 7729 (DOI); Nolan Org. Lett. 2002, 4,
2229 (DOI); Hartwig Org. Lett. 2000, 2, 1423 (DOI)
— pre-formed: Caddick Chem. Commun. 2001, 1388 (DOI) & Tetrahedron 2005, 61, 9710 (DOI)
— no catalyst!: using CsOH-H,O in DMSO via arynes? Adapa Synlett 2004 1747 (DOI)

_ 4 O ©
'pr Pr c 'Pr Pr BF, R R
/\ M\ N N
Gt [ fanels
. . “H
I 'Pr P | 'Pr P R R
imidazolium salt NHC1 dihydroimidazolium salt NHC2 R = 2,6-di(Pr)CgH; NHC3 & R = t-Bu NHC4
LYol (Hartwig) Pd(0) complexes (Caddick & Cloke)

0 Ar
/©/Cl HN - ,Q [:@ carbene

Me vl Ar
11
Pd,(DBA)s, NHCT 1mol%, KO'Bu, 1,4-dioxane, 100°C: [100%] N
Pd(DBA), 1mol%, NHC2 1mol%, NaO'Bu, DME, 25°C: [82%] [N> ° .
/ ae
NHC3 1mol%, KO'Bu, 1,4-dioxane, 100°C: [99%] N® /

Ar



http://dx.doi.org/10.1021/ol990987d
http://dx.doi.org/10.1021/jo010613+
http://dx.doi.org/10.1021/ol0260831
http://dx.doi.org/10.1021/ol005751k
http://dx.doi.org/10.1039/b104297c
http://dx.doi.org/10.1016/j.tet.2005.06.070
http://dx.doi.org/10.1055/s-2004-830853

Air-stable trialkylphosphonium salts & pre-catalysts

phosphonium salts as practical replacements for air-sensitive alkyl phosphines:

— Fu Org. Lett. 2001, 3, 4295 (DQIJ)

in situ

HBF,
+ _—

air-sensitive liquid

[HP'Bu]BF,

deprotonation ’
» P'Bujcatalysed processes

air-stable solid

air stable Pd(ll)-phosphinous acid complexes:
— Li Angew. Chem. Int. Ed. 2001, 40, 1513 (DOJ); Li J. Org. Chem. 2001, 66, 8677 (DOI)

Bu\ . Bw PdCl,
Bu'—P=0 P~OH| ——
H Bu'

di-'Bu phosphinous acid

air stable palladacycles:
— Studer Angew. Chem. Int. Ed. 2002, 41, 3668 (DOI)
— Buchwald Org. Lett. 2003, 5, 2413 (DOI)
— Buchwald J. Am. Chem. Soc. 2008, 130, 6686 (DOI)

r

B\ ¢' OH Bu\ %
t I base t / t
Bu —/P'Ptlj—P\— Bu Bu—P—Pd-R='Bu
HO ¢ 'Bu el '‘Bu
POPd
air stable ‘pre-catalyst’
C (
P(‘Bu),
Pd
O \OAC L\Pd
c” N
2
Buchwald G3 Buchwald G3



http://dx.doi.org/10.1021/ol016971g
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3c1513::AID-ANIE1513%3e3.0.CO;2-C
http://dx.doi.org/10.1021/jo010764c
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3c3668::AID-ANIE3668%3e3.0.CO;2-U
http://dx.doi.org/10.1021/ol034561h
http://dx.doi.org/10.1021/ja801137k

Cu catalysis

Ar-Cl — 2° amines, anilines, amides & azoles (Cu):

catalytic Goldberg coupling - review: Kunz Synlett 2003, 2428 (DOI); mechanism: Buchwald J. Am. Chem. Soc. 2005, 127,
4120 (DOI); comparison of ligands: Wiederman Tet. Lett. 2006, 47, 6011 (DOI)

diamine ligands: Buchwald J. Am. Chem. Soc. 2001, 123, 7727 (DQI), Buchwald J. Am. Chem. Soc. 2002, 124, 7421 (DO));
Buchwald J. Am. Chem. Soc. 2002, 124, 11684 (DOI), Kang Synlett 2002, 427 (DOI), Buchwald J. Org. Chem. 2004, 69, 5578
(DOI), You J. Org. Chem. 2007, 72, 2737 (DQI), Mino Synlett 2008, 614 (DOI)

Me Me
\ 0
\ m X g O
N H NH
Tl e — e
(0] = — (0]
[85%] X=Br e X=Cl  [o59

l conditions: Cul 1 mol%, Lig 10 mol%, K3;PO, 2eq, 1,4-dioxane, 110 °C '

diol & triol ligands: Buchwald Org. Lett. 2002, 4, 581 (DOI), Buchwald J. Org. Chem. 2003, 68, 4367 (DOI), Chen Org. Lett. 2007,
8, 5609 (DOI); MW acceleration see: Lange Tet. Lett. 2002, 43, 1101 (DOI); solvent free see: Li J. Org. Chem. 2006, 71, 8324

(DA
NH
% /N: <:> O /@4N> < > F [
I/g/ F @ \N/

[84%]

l conditions: Cul 10 mol%, Lig 200 mol%, K3PO,4 2eq, IPA, 110 °C '

benzotriazole ligand: Verma Tet. Lett. 2007, 48, 4207 (DOI); amino acid ligands: Ma J. Org. Chem. 2005, 70, 5164 (DOI);
diazaphospholane ligand: Liu J. Org. Chem. 2007, 72, 8969 (DOI); N-hydroxyimide ligand: Jiang J. Org. Chem. 2007, 72, 8943
(DOI); pyrrole-2-carboxylic acid ligand: Buchwald J. Org. Chem. 2008, 73, 5167 (DOI); ligand free: with MW acceleration: Wu
Tet. Lett. 2003, 44, 3385 (sulfonamides) (DOI)

OH

OH
Lig



http://dx.doi.org/10.1055/s-2003-42473
http://dx.doi.org/10.1021/ja050120c
http://dx.doi.org/10.1016/j.tetlet.2006.06.119
http://dx.doi.org/10.1021/ja016226z
http://dx.doi.org/10.1021/ja0260465
http://dx.doi.org/10.1021/ja027433h
http://dx.doi.org/10.1055/s-2002-20457
http://dx.doi.org/10.1021/jo049658b
http://dx.doi.org/10.1021/jo062059f
http://dx.doi.org/10.1055/s-2007-1042763
http://dx.doi.org/10.1021/ol0171867
http://dx.doi.org/10.1021/jo0341463
http://dx.doi.org/10.1021/ol062339h
http://dx.doi.org/10.1016/S0040-4039(01)02334-6
http://dx.doi.org/10.1021/jo061572q
http://dx.doi.org/10.1016/j.tetlet.2007.04.061
http://dx.doi.org/10.1021/jo0504464
http://dx.doi.org/10.1021/jo0712291
http://dx.doi.org/10.1021/jo7015983
http://dx.doi.org/10.1021/jo8008676
http://dx.doi.org/10.1016/S0040-4039(03)00569-0

Cu catalysis state-of-the-art

Ar-l — 1°/2° amines, anilines at RT (Cu):
— Buchwald J. Am. Chem. Soc. 2006, 128, 8742 (DOI)

L HN ST d oy

AN
= Cul 5 mol% N/

Ligl 20 mol%
Cs,CO3 2eq
DMF, rt

Ar-Br/Ar-1 — imidazoles (Cu):

— Buchwald Org. Lett. 2006, 8, 2779 (Lig2) (DOI), Liu J. Org. Chem. 2005, 70, 10135 (Lig3) (DOI), Buchwald J. Org. Chem. 2007,
72,6190(DOI)

Br Br -
O 2 : »
N Me Me [ \> |\|
[ > Cu,0 10 mol% N Cul 10 mol% N Lig2 OH
N Lig3 15 mol% [ S Lig2 10 mol%
Me < N >
Cs,CO; leq 1 (Et4N),CO3 leq
PEG-nPrCN DMF-H,0 (10/1) Me Me
- 110 °C, 124h 130 °C, 16 h 80%]
0

Ar-Br/Ar-l — R-NH, in water (Cu): wan Synthesis 2006, 3955 (DOI)
Ar-Br/Cl — imidazoles no ligand (Cu): You J. Org. Chem. 2007, 72, 8535 (DO


http://dx.doi.org/10.1021/ja063063b
http://dx.doi.org/10.1021/ol0608505
http://dx.doi.org/10.1021/jo051640t
http://dx.doi.org/10.1021/jo070807a
http://dx.doi.org/10.1055/s-2006-950336
http://dx.doi.org/10.1021/jo0712289

C-N bond formation — electrophilic amination

aryl Grignard reagents + nitroarenes:
— Knochel J. Am. Chem. Soc. 2002, 124, 9390 (DOI) (NB. requires 2 eq of Grignard reagent)

aryl & alkyl Grignard reagents + arylazo tosylates:
— Knochel Angew. Chem. Int. Ed. 2004, 43, 897 (DOI)

HBF, . ® © CHCl iN—N 1)| Ar“MgX Arg s - Ard
- 2

— Ar—-N, BF, —> Ar —|> éN—N —_— NH
a Ar A AcOH/TFA 2
0 2
[>80%] ) \ 5:1) Ar

oxidative coupling of aryl Cuprate reagents lithium amides:
— Knochel Angew. Chem. Int. Ed. 2006, 45, 7838 (DOI) & Knochel Synthesis 2007, 1272 (DOI)

| O I?E EO]
1)4\/1\ cucl-Licl [O] S Newrt |
N

N cl N 500
| MgClI-LiCl | s Li | N chloranll N
~ S = — > ~ . /
Cl N Cl -50 °C

2) CuClI-2LiCl cm N Cl ( ClI” "N~ “cl -50 °C
(Me,NCH,CHS,),0 90 min - 12 h



http://dx.doi.org/10.1021/ja026718r
http://dx.doi.org/10.1002/anie.200353241
http://dx.doi.org/10.1002/anie.200603089
http://dx.doi.org/10.1055/s-2007-965941

C-N bond formation — electrophilic amination

*  R,Zn + O-benzoylhydroxylamines with CuCl, (cat.):
— Johnson J. Am. Chem. Soc. 2004, 126, 5680 (DOI) & J. Org. Chem. 2005, 70, 364 (DOI) & J. Org. Chem. 2006, 71, 219 (DOI)

o CuCl; (2.5 mol%) @
(ON"TBz  + PhyZn THF, RT 15 min N
_—
o o (9194

 RZnX + O-benzoylhydroxylamines with Ni(PPh,),Cl, (cat.):
— Johnson Synlett 2005, 1799 (DOI)

0 — o [89%]

Me
_O. Me (Ph3P),NICl, (2.5 mol%) Q/
ONTBz 4 /©/ THF, RT, 3 h N
Clzn

*  RMgX + O-benzoylhydroxylamines with CuCl, (cat.):
— Johnson Org. Lett. 2007, 9, 1521 (also mechanistic studies confirm S,2) (DOI)

CuCl, (10 mol%) N@

|/\N/O\Bz +  PhMgBr THF, RT Q

i \) — 0 [69%]


http://dx.doi.org/10.1021/ja049474e
http://dx.doi.org/10.1021/jo048168g
http://dx.doi.org/10.1021/jo051999h
http://dx.doi.org/10.1055/s-2005-871567
http://dx.doi.org/10.1021/ol0702829

C-O bond cross-coupling - overview

» prior art: the copper mediated Ullmann biaryl ether synthesis

reviews: Theil Angew. Chem. Int. Ed. 1999, 38, 2345 (DOI); Hartwig Angew. Chem. Int. Ed. 1998, 37, 2046 (DOI); Frost J. Chem. Soc.,
Perkin Trans. 1 1998, 2615 (DOI); Hartwig Synlett 1997, 329 (DOI)

e overall scheme:

Pd(0) [or Ni(0)] cat.
OH base N O X
R~ | R
7 7
X =Br, |, OTf biaryl ether
base = K3PO,4 or NaH

) | R
Ar-O-Ar
Pdo \g
/ ~———— oxidative addition

reductive elimination Ar-Pd"-OAr Ar-Pd"-X

/ ligand exchange
base.HX + base

e mechanism:


http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3c2345::AID-ANIE2345%3e3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3c2046::AID-ANIE2046%3e3.0.CO;2-L
http://dx.doi.org/10.1039/a703886k
http://dx.doi.org/10.1055/s-1997-789

Intramolecular etherification of arylchlorides (1°/2° OH)

 Pd(0) cat. intramolecular etherification of Ar-Cl with 1° and 2° alcohols:

— formation of 5-, 6-, and 7-membered rings
— Buchwald J. Am. Chem. Soc. 2000, 122, 12907 (DOI); Buchwald J. Am. Chem. Soc. 2001, 123, 12202 (DOI)

r

g O P'Bu
OH PdOAc, 2mol%, Lig-I 2.5mol% & 2 2
Cl Cs,COg, toluene, 50°C OO
O Ligl G3

Me > O
NMe
0 0 2
m PdOAc, 2mol%, tBuMAP 2.5mol% [65%] PtBuz G3
Cl 9) O

Cs,COg, toluene, 80°C ¢
Me BuMAP

H R H R

L R Pd(0) R
Ar-Pc:i—O>L —A—> Ar—o>L

p-hydride elimination L reductive elimination

>
_'U
_QI__
I
Py
0=
Py



http://dx.doi.org/10.1021/ja005698v
http://dx.doi.org/10.1021/ja012046d

Pd(0) catalysed biaryl ether formation — state-of-the-art

Pd(0) cat. etherification of Ar-Hal with phenols:
— Buchwald Angew. Chem. Int. Ed. 2006, 45, 4321 (DOI)

aryl halides with EW G at ortho position:
Me
CFs :@
Br HO
Pd(OAc), 3mol%, XPhos 3mol% ©/ \© [85%]
K3PQOy4, toluene, 100 °C, 24h

phenols with EWGs:

C LCO,Me
Me Br HO
\©: Pd(OAc), 5mol%, XPhos 7mol% \@[ \©\ [77%)]
Me KsPOy,, toluene, 115 °C, 24h COMe

heteroaryl halides:

Me
]@ Me
()" oz
Pd(OAc), 2mol%, XPhos 3mol% [ j/ [87%]
KsPO,, toluene, 100 °C, 24h NG



http://dx.doi.org/10.1002/anie.200601253

Cu(l) catalysed biaryl ether formation

Cu(l) cat. etherification of Ar-Br with phenols:

— catalytic Ullmann coupling: electron rich and deficient partners react; di-ortho-substituted phenols give low
yields (20-30%)

— Buchwald J. Am. Chem. Soc. 1997, 119, 10539 (DOI)

HO -~ ( NB. 1 eq 1-NA sometimes added
X | R to aid solubility of phenoxide
R D - XN , CO,H
Z (CuOTf), 2mol%, EtOAc 5mol% Rii™ _— | /W‘R OO 1-NA
Cs,COg, toluene, 110°C
X=8Br, |

[76-93%]

— See also Zhang Chem.Commun. 2007, 3186 (DOI) — Cul (20 mol%), Cs,CO,, 145 °C, Si(OEt), as solvent

Cu(l) cat. etherification of Ar-B(OH), with phenols:
— Chan Tet. Lett. 1998, 39, 2933 (DOI); Evans Tet. Lett. 1998, 39, 2937 (DOI)

HO_~
. B(OH); XN
R~ > Ry | R
Z Cu(OAc), 1-2 eq, Et3N or pyridine 2-3 eq = =

CH,Cl,, 25°C

[excellent yields]


http://dx.doi.org/10.1021/ja971901j
http://dx.doi.org/10.1039/b706449g
http://dx.doi.org/10.1016/S0040-4039(98)00503-6
http://dx.doi.org/10.1016/S0040-4039(98)00502-4

Birch Reduction

Overall Scheme
— reviews: Mander Comp. Org. Synth. 1995, 8, 489 & Donohoe Tet. Asymm. 1996, 7

NH3(liq.)

N alcohol (>2eq) .
R - Ry~ |
NZ Li(m) or Na(m)

co-solvent e.g. THF 1,4-dihydroarene

Mechanism:

oo e ~H

H © 'BuO
Rates and Regioselectivity:

EWG OR
Aen

+ + | + +

Sy g -y g L g
o

, 317 (DO

ond . ecaloas

anomalous

FAST

| SLOwW

electron poor < electronrich


http://dx.doi.org/10.1016/0957-4166(96)00001-8

Birch reduction & alkylation

Pinder J. Org. Chem. 1972, 37, 2202 (DOI)
Me

Me
HO,C ome 1 Nam), NHs(lia) 00, ¢
—_— —_—
2) CH,N,
Me Me

Chandrasekaran Tet. Lett. 1982, 23, 3799 (DOI)

1) Li(m), NHs, THF, 'BuOH Me
OMe OMe
CO,H 2 ,\)ﬂ\e 7/ ~Me
2 Br Me
3) ag. NH,Cl COxH

Schultz Chem. Commun. 1999, 1263 (DOI)

L\ ome
N

_OMe 3
Li(m), NH3, THF, BuOH
Mel, -78°C

-78°C
@ﬁ“@ - Cf% —
o Li

OMe
I
Me

OMe @Hzo MeO,C

Me

o
L

OMe
[92%, de: 260:1]

Me


http://dx.doi.org/10.1021/jo00978a031
http://dx.doi.org/10.1016/S0040-4039(00)87711-4
http://dx.doi.org/10.1039/a901759c

DOtz Benzannulation [3+2+1]

* Review:
— Shore Chem. Rev. 1988, 88, 108 (DOI)

e Overall scheme:

O\ 1) Cr(CO)g OH
| & | R A R’
Li O / hydroquinones
2) Me3OBF4 R R
OMe
OMe

Mechanism:

CO(9)
| _A < CO)4 " < (0N
Cr(CO —>
e rate Cr(CO)s \//

OMe determining OMe
step R

-~ | Cr-- - |
" —/ R
MeO R MeO R

OMe Cr(CO)3

OMe Cr(CO)3


http://dx.doi.org/10.1021/cr00089a006

DOtz Benzannulation

 Features:
— First reported by D6tz in 1975.
— Only moderate regioselectivity if R and R’ are of similar size.
— Can tolerate a wide range of functionality.
« Examples:
— Harrity J. Org. Chem. 2001, 66, 3525 (DOI)

/ PACl,(dppf) o
n_pPB O K,COj
\ 7
Ph-ACDB
%Cr<c0)5 N ‘ .
Me OMe 2) Ce(lV) Me u i

[64%] R = Me [42%)]
R = H, bismurrayaquinone A

— Pulley J. Org. Chem. 2005, 70, 7422 (DQI)

COzMe
N
lO r(CO)s \/kNHCOCFg o NHBoc

@) —_— / CO-Me = isodityrosine
2

2) air
) o NHCOCF5

BocHN” ~CO,Me 1 600


http://dx.doi.org/10.1021/jo010098f
http://dx.doi.org/10.1021/jo050363n

Vollhardt [2+2+2] cycloaddition

* Review:
— Vollhardt Angew. Chem. Int. Ed. Engl. 1984, 23, 539 (DOI)
* Overall scheme: R N R
R" NV
\R Cp-Co(CO), R" R
| | R' [2+2+2]
R" R'
R" —
o / 4
* Mechanism:
R R

¢o(co), 0 o \// . \ / \
R (>

e s

R


http://dx.doi.org/10.1002/anie.198405393

Vollhardt [2+2+2] cycloaddition

* Features:
— Can also perform with 2 x alkynes and a nitrile to give pyridines

« Example
— Vollhardt J. Am. Chem. Soc. 1977, 99, 5483 (DQOI)

L
<
@
I
<
®

= ——
Me3Si Me3Si

Me3Si
SiMe;  CpCo(CO), ° j/ | 4:

Diels- )
Alder Me3Si /\(
Me3Si

[71%]!
estrone ‘one-pot’ from A


http://dx.doi.org/10.1021/ja00458a044

Ring Closing Metathesis (RCM)

e Reviews:

— Furstner Angew. Chem. Int. Ed. 2000, 39, 3012 (general) (DOI); Donohoe Angew. Chem. Int. Ed.

2006, 45, 2664 (aromatic ring synthesis) (DOI)

e Overall scheme:
s m=

e Mechanism:

W
N

I A

P~
1st cycle

H,C=CH, (9)

|

Driving force is loss of ethylene

5-7 Membered rings generally
easy to close

High dilution sometimes required
to avoid polymerisation (ADMET)
with large ring sizes

Grubbs & Grubbs-Hoveyda pre-
catalysts are all commercially
available:

CIRIIJ _Ph Cl\l
cr PC MeS‘N N.Mes
Y3 \_J
Grubbs | Grubbs Il
i-Pr—q I-Pr—q
o |_ o |_
Ru Ru
cr ILCy Cl‘i
2 Mes\N N.Mes
/

Grubbs-Hoveyda ll Grubbs-Hoveyda Il



http://dx.doi.org/10.1002/1521-3773(20000901)39:17%3c3012::AID-ANIE3012%3e3.0.CO;2-G
http://dx.doi.org/10.1002/anie.200503512

Features:

Ring Closing Metathesis (RCM)

— high functional group tolerance and mild thermal conditions

Example

— Imamoto J. Am. Chem. Soc. 2005, 127, 10470 (DQOI)

— synthesis of substrates:

3
R™ o Grubbs Il (7.5 mol%) OH
R~/ R? R% R? R% R?
R® | 1 o -
— R CH2C|2, RT,2h R4 R6 R4 R6
RO R’ R® R®

R = H, Me, Et, C,H,0H, C,H40Ac, n-Pr, Ph

1
L [ C 3
either: ¥ —_— L — R? o
o o R—/ lR2
| 3 RN R
or: L 1)| R® R’
_ —



http://dx.doi.org/10.1021/ja050853x

Summary

Formation of metal aryls:
— Reductive metalation (Barbier conditions)
— Halogen-metal exchange (halogen-lithium and Grighard metathesis)
— Deprotonation [directed ortho-lithiation (DoM)]
Transmetalation & cross-coupling reactions:
— Transmetalation to Cu, Zn, Sn, B, Ge, & Ce
— Kumada-Corriu, Negishi, Stille, Suzuki, Hiyama/Denmark, Heck, Sonogashira & sp?
Buchwald/Hartwig amination & etherification:
— Amination of aryl chlorides
— Biaryl ether formation
Birch reduction:
— Reduction/alkylation
'‘De novo' aryl synthesis reactions:
— Fischer carbene chemistry (D6tz reaction)
— Cobalt mediated [2+2+2] reactions (Volhardt reaction)
— Ring Closing Metathesis (RCM)



	Aromatics in Synthesis 
	Format and scope of presentation
	Utility of aryl metals - overview
	Reductive metalation
	Reductive metalation – zincation promoted by LiCl
	Halogen-metal exchange - overview 
	Halogen-Mg exchange
	Halogen-Mg exchange – advances
	Halogen-Zn exchange
	Halogen-Cu exchange
	Deprotonation – overview
	Thermodynamic vs kinetic deprotonation (Li)
	Thermodynamic vs kinetic deprotonation (Li)
	Directed ortho-metalation (DoM, Li)
	Directed ortho-metalation (DoM, Li)
	‘Temporary’ DoM groups
	Pharmaceutical preparation by DoM
	Transmetalation 
	Transmetalation
	Transmetalation
	Pd(0) Catalysed 'metalation' of aryl (pseudo)halides
	Catalytic biaryl cross-coupling
	Kumada-Corriu cross-coupling (MgX)
	Kumada-Corriu cross-coupling (MgX)
	Negishi cross-coupling (ZnX)
	Negishi cross-coupling (ZnX)
	Stille cross-coupling (SnR3)
	Stille cross-coupling (SnR3)
	Suzuki cross-coupling [B(OR2)]
	Suzuki cross-coupling [B(OR2)]
	Hiyama/Denmark cross-coupling (SiX3)
	Hiyama/Denmark cross-coupling (SiX3)
	Ar-C(Sp2) alkene coupling
	The Heck reaction
	The Heck reaction
	Ar-C(Sp) Alkyne coupling: the Sonogashira reaction
	Ar-C(Sp3) alkyl coupling
	Advances/frontiers in cross-coupling technology 
	C-N bond ‘cross-coupling’ – nucleophilic amination
	Historical development
	Intermolecular coupling of 2° amines (Pd)
	Intermolecular coupling of 2° amines (Pd) cont.
	Air-stable trialkylphosphonium salts & pre-catalysts
	Cu catalysis
	Cu catalysis state-of-the-art
	C-N bond formation – electrophilic amination  
	C-N bond formation – electrophilic amination  
	C-O bond cross-coupling - overview
	Intramolecular etherification of arylchlorides (1°/2° OH)
	Pd(0) catalysed biaryl ether formation – state-of-the-art 
	Cu(I) catalysed biaryl ether formation
	Birch Reduction
	Birch reduction & alkylation
	Dötz Benzannulation [3+2+1]
	Dötz Benzannulation
	Vollhardt [2+2+2] cycloaddition
	Vollhardt [2+2+2] cycloaddition
	Ring Closing Metathesis (RCM)
	Ring Closing Metathesis (RCM)
	Summary

