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1. Introduction

The discovery of a cross-coupling reaction is one of the most striking breakthrough in
organic chemistry and it has brought us a lot of benefit:

(i) it has expanded the scope for what we can synthesize and

(i) it has changed the methodology for the retrosynthesis, enabling us to shorten the
synthetic procedures.

R A YAy,

easily accessible to biaryl structures!

Cu-catalyzed coupling reactions have longer history than Pd-catalyzed ones: for example,
Glaser coupling was reported in 1869, almost 100 years before Mizorogi-Heck reaction was
reported in 1971, 1972.

CuCl

2 Ph—= P Ph——————Ph
base

C. Glaser Ber. Dtsch. Chem. Ges. 1869, 2, 422
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After the discovery of Pd-catalyzed couplings in 1970s, Pd chemistry has developed
drastically:

1971, 1972 Mizorogi-Heck (alkene)

1972 Kumada-Tamao-Corriu (R-MgX')

1975 Sonogashira-Hagihara (terminal alkyne)
1977 Negishi (R-ZnX")

1977, 1978 Migita-Kosugi-Stille (R'-SnY3)
1979 Suzuki-Miyaura (R-BY5)

1988 Hiyama (R'-SiY3)

1994 Buchwald-Hartwig (R-NHR' or R-OH)

The Pd reactions above achieve
(i) catalytic amount of Pd loading,
(ii) low reaction temperature, and
(i) high yields.

Whereas,

the pioneering Cu reactions required non-catalytic amount of Cu source and very high
reaction temperature (~ 200 deg. or more).

Then, Cu chemistry gradually got neglected.

In these days, however, Cu is again attracting the attention of researchers around the
world as an alterative of Pd in coupling reactions, becouse Pd is a precious metal and
the reserve is much less than Cu, so it will cost more to use Pd.

% Recently "oxidative" coupling reactions have been studied actively becouse they are
benign to earth; no need for preparing organometallics and halides, which results in
reducing wastes. But it is still difficult in oxidative couplings to control reaction sites;
therefore, they are hardly applicable to the syntheses in industry or labolatories. So usual
non-oxidative coupling reactions are still in demand.

Pd(Ph;P),
N\ + Ph—SnBuy, —» 2 Y
| Ph

The coupling reaction like this is difficult to conduct in an oxidative coupling manner.
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2. Sonogashira-type reactions

¢ Pioneering work of alkyne couplings using Cu

Glaser coupling

CucCl 0,
2 Ph—= » 2 Cu—=——Ph —® Ph—=——=—=—Ph +Cu,0

aq NH;

C. Glaser Ber. Dtsch. Chem. Ges. 1869, 2, 422

Castro-Stephens coupling

I
Cul //

< —
——Ph —% Cu———~Ph - Q%Ph + Cul

Py (solv.)
under N, 75~99%

R. D. Stephens and C. E. Castro JOC, 1963, 28, 3313

Both reactions are the 2-step conversion and require stoichiometric amount of Cu(l) , that is,
copper acetylides are isolated and they react with another reagent in the next step.

The reactions below achieve to conduct the coupling with a catalytic amount of Cu.

¢ homocoupling of alkynes

Cul (5 mol%), O,
TMEDA (5 mol%)
R— P R—— R
acetone
82 ~97%

A. S. Hay JOC 1962, 27, 3320

Cul (2 mol%), O,
TMEDA (1.5 mol%)
DBU or DABCO (1 eq)
R—— » R——— R

MeCN 54 ~ 99%

U. Beifuss JOC 2009, 74, 5648
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¢ heterocoupling of alkynes

9
% Cul (5 mol%), 2Ph;P, K,CO;
y + =R >
DMF ot DMSO, 120 deg.
under N,

M. Miura JOC 1993, 58, 4716

I Cu(phen)(Ph3P)Br (10 mol%) —
| - K,CO;
S + =R = %
toluene, 110 deg. Y
under Ar 70 ~97%

D. Venkataraman OL 2001, 26, 4315

substrate scope of Miura's case

Tahle I11. Reaction of la with Several Terminal Alkynes

2b-g*
2 time (h) vield of 38 (%) recov of 1ab (%)
b 45 3b (48) (51)
2het 45 3b (80) (8)
2b 26 3b, 56 (2)
e 36 3c (800
2d¢ % 3d, 87 0
gt 24 3e, 80 (100
2t 26 8, 37 (14)
2g 48 ag, 4 (28) Tahle VI. Reaction of Vinyl Halides 19a-f with Alkynes
= The reaction of 1a (1.0-5.0 mmol) with 2a (1.0-5.0 mmol) was ot
carriad out in DMS0 (3-10 mL) at 120 °C under N; unless otherwise alkyne time vield (%)
noted; [1a):[2]:[Cull:[PPhs):[K;C05] = 1:1:0.05:0.1:1.5. * Isolated vinyl halide 19 (E/Z) 2 () 20 EiZ

sield. Valuein parentheses is GLC viald. © Reaction in DMF. € dppb

(1,4-bistdiphenylphosphino)butane) In place of PPhy; was used, PRCH=CHBr (19a, >99/1) :;# g m- ﬁ
# [Cul] = 0.1 2gh 24 200, 65 >99/1
2 24 204,89
Table IV. Reaction of Ary]l Halides 1b-j with Alkynes 2a PhCH==CHI (18b, >99/1) 2a% 28  20a, T2 »90/1
or 2 Ph(CHs)C=CHI (19¢, 98/2)  2a® 20 20e,93
1 2 time (h) product, % yield 3 16 2086 001
' n-CeHy,CH==CHI (194, 96/4) 2a 5 20g, 92 982
::f 2a 18 :- gg {9/91) 2a 7 20g8  10/%0
8 - n-C H=CHI (19, 84/16) 2a¢ 10 20h,96
le 2b 18 7,96 HsC b 5 20i,86 16
- — = b9 i-CoH,CH=CHI (19€,97/3) 22 14 203,73 973
1d¢ 2b 24 9, T5° o The reaction of 19 (1.0-3.0 mmol) with 2 (1.0-8.0 mmol) was
la 2a 18 10,84 carried out in DMF (with 2a) or DMSO (with 2b) at 120 °C under
it Za 24 11, 84 N3 unless otherwise noted; [19):[2):[Cul):[PPhsl:[K:CO5] = 1:1:
lg Za 17 12,92 0.06:0.1:1.5, ® [Cul] = 0.1. © Reaction at 80 *C.
1h 2a 48 3a,8
1i 2a 22 55
Ljes 2a 24 13, 293¢

¢ The reaction of la (1.0-5.0 mmol) with 2a was carried out in
DMF (with 2a) or DMS0 (with 2b) at 120 °C under N3 unlesa
otherwise noted; [1]1:[2]:[Cull:[PPhs):[KsCOs] = 1:1:0.1:0.1:1.5
b [Cul] =0.05. © 1d (75% ) was recovered. @ CoClywas added, [CoCla]
= (1,05, * 1d (21 %) was recoverad. / Reaction in DMSO. # Nitroben-
zene (21%) and 4 (16% ) were formed as byproducts.
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o ¢ OO

Ph—— "CsHy——= HO\/// THPO // tBuO\/// AcO/// THPO><///

2a 2b 2c 2d 2e 2f 2g

N B NN JQ/l NA NA L
PN Ph N~ Ph "CeHy” "CeHyy” ipr N

19a 19b 19¢ 19d 19e 19f

Copper acetylides are polymeric by nature and are almost insoluble in many organic solvents;
they don't dissolve even in DMF completely without ligands. By adding some appropriate
ligands in advance, copper acetylides make complexes with them and become monomeric
species that are soluble in organic solvents, resultig in these "catalytic" reactions.

Cul L =PFhy
Solwenl
L Alkyne
XH{HCC-R L H-C:C-R
{i C“ + Klmj
|
L Kl
%
L ] KHCO,

In the step 25 to 26, one ligand must leave from

(1
R k 25, so excess equivalent of ligands or more
I | esC ] . . . .o
l Ly "C%C electron-donating ligands are ineffective; 2 eq of
28 "R Ph3P is the best for Miura's conditions.
27 ¥
T
WL
XA -1 L Csc. L
26 R
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* Do Cu(lll) species generate from Cu(l) like Ar-L,Pd(ll)-(alkyne) in Pd-catalyzed cross-
coupling?

— The fact is verifted that the oxidative addition and reductive elimination of Cu(l) can occur

in the presence of ArX, so it is possible that Cu(l) undergoes the steps similar to Pd(0) in
cross-coupling reactions.

S. S. Stahl and X. Ribas Chem. Sci. 2010, 1, 326

5 H--H + Cu'X; 1,;, 25,
L'\\.- N l ‘_\.“.'-J'}‘
R-CH, Ly=H Ma33m
ReH  Ly=HIIm
X=Cl,Br 0.5 LH® + 0.5 Cu'®

e
T _coson, ST L R e 2oy, <200
&Zﬁkﬁ e LY Mg vegMs0) bow b .e-::%"“

M k> Promesponges e oy En, ar
N O © = —

(b) "
RN .
:h} [VE L = -
.:,4_1% 13 l.g E‘ \ 'I._tmm-illmllr
£
aas P g L e S2 N
03 b | L :
0 40 B0 X W0 M0 MO [
g 05 1 I thene [ min
[FE [% Il
[l
@ 227 min " e - S .. o | S | —
o ﬁ % 102 mn --_'L-~-|I I*:! SUESS—_- L __1._ |
o4 =] &7 min ——" f| ul.l S " s | | ——
AT e [ e e e -y ---| J| E. | F—
00 o l ]1 1?n'l1_---\_-n.-".l.' :;.'l}_. E— S ..._z‘_\: r} i Pt
12 i —ae= | e v e e 11}
o e e e S AL
) ' ' 1= 0min IR e —— T
i 1 20 k| 40 50 4] o 4] : FTrTrTrIrrT B S e L ey

time / min E?E .70 445 440 435 430
Fig. 3 {a) Reversible reductive eliminationfoxidative addition induced
b the presence of acid or base. {b) Monitoring of Ig, by UV-visible
spectroscopy at 400 nm upen successive acid and hase additions (initial
conditions: [Lg] = 0.3 mM, addition of 2 equiv. of triflic acid and Proton

Sponge® in the respective additions, CHLCMN, 297 K). N_Arylatlon of pyrldone occurs with ArBr

and catalytic amount of [Cu(MeCN),PFg]
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* other examples

CuCl (10 mol%) 0

o) Et;N (1 eq) J\
+ R' > R X
R)I\c| benzene N

45 ~ 60 deg., 1 ~10 hr

Rl

R, R' = alky! 63 ~92%
A. S. Zanina Mendeleev Communications 1994, 4, 207
Cul (8mol%)
Et;P or bipy (8mol%) (0]
R—-X + co, + R'—— £%260; B ea) RO)J\
(1 atm) DMA, r.t., 24 hr X =

R= aIkyI, aIIyI, benzyl ~91%

R'= Ar, alkyl

X=1,Br

K. Inamoto and Y. Kondo Org. Biomol. Chem. 2012, 10, 1514

| [Cu(phen)(PPh;),]JNO; (10 mol%)

R Cs,CO; (2 eq) N\
|/ g + =—Ar > Ar
OH toluene R/ Z 0

R 110 deg., 24 or 48 hr
R = alkyl, Ar, halogens 62 ~ 96%

D. Venkataraman OL. 2002, 4, 4727
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5. Perspectives

Cross-coupling reactions catalyzed by Cu have been growing steadily, but there're still some
disadvantages:

(i) large catalyst loading

The Cu-catalyzed couplings usually require 1 ~ 10 mol% of Cu source; on the other hand, the
Pd-catalyzed couplings need 0.01 ~ 5 mol% of Pd source. Even though Cu itself is cheaper
than Pd (Pd(OAc),: 47500 yen/10 g, Cu(OAc),: 27700 yen/100 g at Sigma Ald.), large catalyst
loading offsets the merit of lower price of Cu.

& Pd catalyst is outstanding...

Br B(OH), — —

R X 50 ppb ~ 2.5 ppm Pd
| + . X I X4
/ / L) .
/ / H205 Hw, NaZC03
R ]
R R’ R
~ 99% yield
N. E. Leadbeater JOC, 2003, 68, 5660
N. E. Leadbeater JOC, 2005, 70, 161

The Pd loading is 0.0000008 mol% and turnover number is 1250000!

(i) lack of understanding of the ligand effect

The catalytic systems are usually developed by random tryals because it is still in a black box
what we should take care about when tuning the system.

e the ligands shown in this paper

e Cg— >3 O
3 N ~ N \ _
| N_ 7 N = N N

OH O

(o) o
Et;P —
3 NEtz m
N N=
@\ | X _\NHMe NHMe
N~ ~COH . [
Ph N Ph

NHMe NHMe

u
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4. Buchwald-Hartwig-type reactions

¢ Pioneering work using Cu

Ullmann condensation

NH; Br Cu (o 1eq)
+ @[ + KBr
F. Ullmann Ber. Dtsch. Chem. Ges. 1903, 36, 2382 (amination)

F. Ullmann Chem. Ber. 1905, 38, 2211 (etherification)
|. Goldberg Chem. Ber. 1906, 39, 1691 (amination, amidation)

This Ullmann-Goldberg condensation has been used until most recently, 1994, among
other Cu-promoted couplings, to obtain diaryl- or triamines because there was no other

practical method. But the reactions also require harsh prolonged heating at 200 deg. or
higher, so its application is limited.

Many bidentate ligands have been recently reported as efficient ligands for the amination
reactions and those systems are overcoming such limitations.

¢ Arylation of alkyl amines

Primary and cyclic secondary amines can be arylated, but secondary non-cyclic amines
shows low reactivity, most likly due to steric reasons.

Cul (5 mol%)
L (5-20 mol%) OH

0
— K3PO, (2 eq) C>_
\ Br + R'—NH, S L= NEt,
X7 90 deg, 18 ~ 22 hr /

DMF or neat 71 ~ 95%

L. S. Buchwald OL 2003, 5, 793

substrate scope

Bty

1%

L]

.ﬁ.rElr" . amng penauc "'nwu.‘.‘ 5 B B -|:N\_d_}_ @_Tau“-/h“',',/ﬁﬂ'l as
ik s — 3___'.' L -?' .-"c.-l'-' .-.._,/
o, L =1 ¢ )=

Br [ \IWME

v *‘1 ¢ -
O\/—\ _\_\_ /I\ g \;]\ﬂ’ “Fows MY )‘o'ﬂe
Wm!

* Beaction conditions: Cul (005 mmol, 5 mol %), N N-diethyl=alicyl-
amide (0.2 mmol, 20 mol %), ArBr (1.0 mmol), amine {1.5 mmol), and

) ﬁh‘h H:N-WL ,CI:'ML' /:l FosPOhy (2.0 mmel) in DME at 90 °C under argon, b Taolated vield (average
P | T3 f O BT arfie] aibi- 14 . a1t - o
of bwo expenments). © Reacton temperature: 100 °C.
Wi = ar @ M .Eﬂﬂ\. L P i P

J.r:l& - 1\ f :L_ P N-arylation occurs in the presence of OH

L

H (entry 2).
@n- H:thf;:'? ‘/ N q_{,f: L
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& N-vs O-arylation (S. L. Buchwald JACS 2007, 729, 3490)

5% Cul, 20% L1
2.0 equiv Cs,C0,

v )1 + b el

DMF, room temp

Wogud
5 6

a, n=s 3 4
CN Yield, % | 45¢ (928 96 99 a7 99
CN:CO 3:1 (40:1) 451 =50:1 =50:1 =501
5% Cul, 10% L2 "
¥ 2.0 equiv Cs;C0 2
ME._{ }_4 + H_NW eq 52C0; MQ/GTVI'H
ﬂ toluene, 90 °C
b, n= 2 4 5 ]
CO Yield, % 16¢ 28° (B64)® 81 a0 8o
CON{CN+double) 1.6 1:4(21) 181 20:1 24:1

@ Using 1,5=2.0 equiv of aminoalcohol, * Isolated vields, average of two
mns, © GC vield. % Ligand-free conditions; see Supporting Information,

(o] (o)
- 7/ \
é)kf {\ N'QN}
L1 L2

Other non-linear aminoalcohols with
more than 4 atoms between N and O
can be also arylated selectively (C-N:
up to > 50 :1; C-O: up to 20: 1).

L2 is used for various O-arylation of alkyl alcohols. (S. L. Buchwald JOC 2008, 73, 284)

Cul (5 mol%), L2 (10 mol%)

Cs,CO; (1.5 eq)
Lo / X + R'—OH e / 0]
R \ R \ \Rl
toluene
eniry prosiuct X=lemperature (°C) time (h}  yield (%)
1 O M 1 B0 20 ETE
2 @ 1 110 24 gghe
3 Mal 1 110 12 g5k
4 0. ~_~~_Me H=Ms 1 10 24 B3
& @: Ohde | 110 30 B4
] R cl 1 110 24 B0
Okl
7 @1 1 [ 1] 20 B2
Mad
o._Me
8 ’@I I a0 24 72
. - = This system is not efficient for
g l@,aﬁkﬁ’ ! L 16 7 secondary non-cyclic alcohols.
a
Q Me
10 ,@ e I a0 20 74
F
Gv@ 1 a0 18 B

2 Reaction conditions: 1.0 mmol of ArX, 1.5 of mmaol alcohol, 0.030 of
mmol Cul (3%, 010 mmol of MeyPhen (10%%), 1.5 mmaol of Cs;C0s, and
0.50 mL of toluene under an Ar atmosphere. The isolated yields reported
are averages of two or more runs of material judged to be =95% pure by
'H NMR and/or elemental analysis. " GC vield reported. © 2% Cul, 4%
MeyPhen. ¥ GC analysis: 14:1 mixture of I- to Br-substituted preducts which
werg separated by column L"]'II'I."I1'r]'='|.[!:'lg:|':'l|'||'l‘_'f'. ¢ Inseparable T;
depicted product and n-hexyl 4-{hexyloxybenzoate. £ 200 mg of 4 A mol
sieves added to reaction mixture. £ One regioisomer detected by GCMS
and '"H NMR. % 10% Cul, 20% MesPhen, 130 °C, 0.50 mL of s-hexanol

used as solvent.
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* \What brings these N/O selectivities?
— Computational study was conducted by Buchwald (S. L. Buchwald JACS 2010, 7132, 6205).

There were several possible pahtways to produce Ar-Nuc compounds.
X

|
Oxidative L,Cu"'-Nuc Reductive
Addition - Elimingtion
—_—— RS - 3
/ ¢ \
/! L= I'.
.'lI II'.
/ {c) I",I
Sequential \
SET ".II
Y
e !
o L,Cu''—Nue —| @ \
1 "
| H-Nuc . % X L] T’-‘QT.NUC
Lcud - LCu-uc - —
\_-__:_z' _I_z"'l' T
X

o {
/
Atom LyCul'=Nug /
Transfer - !
—_—

@)

¥ !
o-Bond LGy’ -Nuc /
Metathesis x{; :‘\.‘: {
'\.—r'lr
The free energy of each pathway was calculated.
* the coordination step
B-Dikefone Ligamd
=) (=) =0, AG. = +2.9 kcalimo
(&) [l'(Et:ICLI—I + CSEI:CI3+ MeZH —= {HEUCU_ZIM + Csl + CSHCDQ Z = NH, AG, = +14.8 keal/mol
10 1213 B
Ehenaciirotne bgang 7 =0, AG.. = +7.2 kcalimol
(b) (phen)Cu-l + Cs,CO5+ MeZH ——m (phen)Cu E.M + Csl+ CsHCOs; 7. NH, AG,,, = +17.0 kcal/mol
1 1415 e

The coordination of an alcohol is much more favorable than that of an amine in each case.
— This step is not selectivity-determining.

* the steps, (a), (b), (d), (e)

(a) (e) (d) (b)
CuiZMe) formation TS0A TS5ig AT SET product farmeatian
(ket)iCu Complexes

MeO-hound (123 2.0 i, O 57 320 272 41.3
WeMH-lhoumd (1.3) 14.8 S5.07 65.6 41.1 25,2 480

{phen)Cu Complexes
MeO-hound (14) 7.2 43.2 434 3.0 1.6 —47.1
MeNH-bound (15) 17.00 3.7 509 39.4 35.1 —52.6

" Energy of the oxidative addition complex (see the fexi for details)

The energies of TSOA and TSSig are much higher than IAT or SET, so IAT of SET is more

favorable than the other 2 pathways.
In the case of (ket)Cu complexes, SET is preferred both when Z is O and Z is NH; (phen)Cu

complexes also favor SET when Z is NH, but don't when Z is O and then IAT is preferable.
*|AT: lodine Atom Transfer
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* The energis of the steps a7 yachanisms | e ®

 (ket)Cu"—2
after IAT or SET. pathi
(@) i : 18189
= i 48_6/55.0
I @/' IAT-K tkaucunz\—"oﬁ @‘—' ’
LY + —i =
hte 229411 Me _p
1213 7 1817 i
+2.8/+14.8 . [lth:u'—Z"
In all the pathways, the pein | Me
generation of C(lIl) species PR
is not desirable and instead
Cu()/Cu(Il) mediated :
]
pathways are preferred. [Dhunjklm..._z- .
path i
ib) :
; ' 24f25
—_— - ' 2 R
{phen}Cu—2 @’ 'are  premcunz |, © i anes
Ma a Me
T ; 34.0/39.8 23723 |
7. 20170 |
{phan}-ﬂu'—l\
path i
26/2T =
-28.9/-35.7
SET Mechanisms
{a) .
encu'-z |+ ©/ SET-K_  (keyjcu"- z Bl @r
e 27.2126.2
1213 T
2.8M4.8
el o .
petly kencu'—z, 4 1% —s z 1 —= (retC-Z + |
i ‘Me Mo Me
: 1 ﬂ?; B 15.612.0 a2/33 -
' T.B 8 -33.0-50.5
_— :keul:u"-zj + @i + .r‘" —_
Me
28/29 ©
204194 @
— (kEt}Cu'-Z + |
path ii " "
a3
33.7)-50.5
(] _lfﬁ I
pheniCu'=2 4 @r ﬂh—tphen]ﬂu"z + @,
Me 49.6/35.1 “Me
14115 T 34135
72170
@ @ o
7 1 i
{phenjCy’” @
PNl o fpheniCu-Z, + 1° —= E I o ‘W“’GU'_I\M e i
1 ] B
§ w7 Me 36139
: 26.0M19.0 26.8/20.2 -30.9/-43.9
— {phen)Cu’— Z @ — . -
34435
34.6/26.1 &
{phenCu'—Z n |

path ii ~Ma

38439
-30.9/-43.0 Z=0/Z=NH
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* Summarized free-energy profiles

{a) SET mechanisms for both pathways

1 n Hi v v Wi

-20.0]
| == D-pound
-25.D| — Mebond
-30.0
237
-35.0
0.0
40,0 B =L .
I : 41,3
k,_J
5.0
480
50.0 A
|
Elementary Steps in Mechanisma involving SET
| CeC0; sl i I i
+ M ) o)
Me-Z  CsHCO, @T Lou—z T
! Ma
LiCur=i LI-—A LCu—Z \“H-. - o | —=
Me o
=
W = v e
& = )
Loul'—2 o &)
Ma =
- — LCy'—Z LCu—
[l Ile
=

(by SET rmachanism for N-bound pathway, IAT machanism for O-bound patheay
| ] i w v |
i
30|
30.0)
25,00
20.0|
15.0|
10|
3 L"
Fix ] [.l.l.li
5 I.II
—_— O-bouwmd
10,0/ — DO
20,01
-28.9
-530.0| )
AL,
-40.0| M.;—ﬁ S )
| e, B 430
4E 0|
471
-50.0
-52.8
Elementary Steps in Mechanisms invalving AT
I T ¥ 5 s Cai i ol n
i !
Ma—2 CaHC0y, |t;jJ :
L1
H \__ LCu'—Z
LCu—I ‘_\‘-_.é:_ LCu—2Z T ” % —_—
-‘M +  Ma
]
i
@
1] A ]
r’lﬁd‘f[" e
I A i \l\'-;
| e f
Lou'—Z LCu—I
W
Me

e Elctron-rich ligands promote SET machanism, where €e” is transferred from the Cu(l)-Nuc
complex. N-bound Cu(l) complexes are rather e rich and undergo SET pathway even if the
ligand is phen or similar ones; O-bound complexes undergo IAT pathway when the ligand is
not-so-electron-donating, because alkoxides are worse electron donor than amides.

¢ The pathways via Cu(lll) species are unfavorable surely because Cu(lll) is unstable, so
Cu(ll) intermediate returns to rather stable Cu(l) instead.

¢ Toluene, the solvent used for O-arylation (IAT, non-anionic/cationic pathway), may slow
down N-arylation (SET, anionic/cationic pathway) relatively.
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* other N-arylation
e Arylation of arylamines

diarylamines

Cul (10 mol%)
L (20 mol%)

S NH, S X K3PO, (2 eq) O/ \O
+
// // DMSO, 70 ~ 100 deg., 24 hr
R R'
/ \
(2 eq) L= Q\COZH

H

S. L. Buchwald JOC, 2008, 73, 5167

triarylamines

Cul (4 mol%) _ \
NH, X L (4 mol%) R/ \R'

X KO'Bu (3 eq)

| + | >
// // toluene, 115 deg., 3.5 hr

: £ Cr O

triaryl/diaryl ratios are up to 95/2

R. V. Chaudhari TL 2002, 43, 7143
R. V. Chaudhari J. Mol. Catal. A: Chem. 2004, 223, 45

The authors don't mention in the papers about what results in the selectivity, di- or triaryltion.

e Arylation of amides

Cul (0.2 ~ 10 mol%)

L (5~ 20 mol%) o
o K3PO4 (2 eq)
Ar—X + JL - Ar\NJJ\R|
RHN R’ dioxane, 110 deg., 24 hr R
~100%

.«NHMe NHMe
QU
NHMe NHMe
(£)
S. L. Buchwald JACS 2002, 124, 7421
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* The rates of N-arylation deffer as the type of amines differ: normal amines, aniline
derivatives, and amides

Cul (5 mol%

)
H,N 0 L (10 mol%) H,N o)
K3PO,4 (2 eq)
| + HN > N
toluene

100 deg., 18 hr

NHMe 95%

o

NHMe S. L. Buchwald JACS 2002, 124, 7421

NH, Cul (5 mol%) NH,
L (20 mol%)
K3PO,4 (2 eq)
+ HZN/\/\/\ >
Br DMF, 90 deg. N N
18 ~ 20 hr H

OH O 80%

L = NEt,
S. L. Buchwald OL 2003, 5, 793

after all, aniline derivatives < normal amines < amides

This is probably due to the difference of pK,s and nucleophilicities of RR'NH.

Amides are the worst nucleophiles but show the lowest pKj; in contrast, normal amines
are the best nucleophile but show the highest pK,, which may result in the order of the N-
arylation rates.

o
J H
R N—H Ph—N—H H,N—H
H
pK, 17 27 35
nucleophilicity low middle high
rate fast slow middle

- 15/19 -



3. Stille-type reactions

¢ Pioneering work to obtain biaryl comopunds using Cu

Ullmann coupling

Br
L o O
200deg

NO,
or more

F. Ullmann Chem. Ber. 1901, 34, 2174

Biaryl compounds can be synthesized using Cu, but the reaction requires stoichiometric
amount of Cu and very high reaction temperature, and is not applicable to heterocoupling,
say, Aryl1-Aryl2, or Aryl-vinyl coupling.

In Stille coupling, additional Cu(l) is known to accelerate the reaction:
V. Farina and L. S. Liebeskind reported in 1994 that Cu(l) scavenges ligands of Pd and
accelerates the rate-determining transmetalation.

S|

| Pl pd | Cul Pd-1 V. Farina and L. S. Liebeskind
@ @ = Culxl, *@L JOC 1994, 59, 5905
13
_/5“5‘”3 Ffd_% e One of the ligand must be dissociated so that
—_ j PhCH=CH, the transmetalation can occur, and Cul helps
L 2 the step.
[
CHa=CH-SnBu,

They also reported in the paper, this is more
important for the development of Cu-catalyzed
couplings, that Sn/Cu transmetalation does
occur only in highly polar solvents like NMP,
and it is an equilibrium reaction.

(In 2003 organotin reagents are revealed to be
BusSn-OH  BusSnl independent of the rate enhancement:
| P. Espinet Organometallics 2003, 22, 1305.)

h T T T T T ¥ T
1 1] i 1] 1 e -ap -8 -B¢ -l -320 -dd0 =1ER -E0 -EMd -EEE

198n.NMRE. Experiment 1: 0.18 M Cul in dry NMP + 1 equiv of vinyltributyltin, rt, 16 h.
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To enhance the transmetalation in Cu-catalyzed coupling, there're 2 choices:
(i) using an excess of CuX to drive the transmetalation or
(i) adding some reagent(s) that scavenge Bus;SnX.

Both cases were tryed by L. S. Liebeskind.

(i)

RSnBuj + Rl

CuTC (1.5 eq)

P R-R'

NMP, 0 deg. ~ r.t.

SnBu3
(i) /©/ + INZen
Cl

CuBr (0.2 eq), CsF (1.2 eq)

NMP, 60 deg. 8 hr

-

Cl

=

91%

Ph

L. S. Liebeskind JACS 1996, 118, 2748

cychohexenyl}-1-propens

substrate scope of (i)
Entry REnBu, Product Temp |} Entry RE&nBu, Product Temp
Time Time
Rl Yield I Rl Yield
1 {E})-B-{n-Bu,Sn}styrans 00 ] 1-{n-Bu,Snidibenzothiophens " co£t 230
(E)-f-indostyrens :;“{ elhwl (2)-f-indoacrylate § ?T::
2 {E}-B-{n-Bu,Sn)styrene g\ﬂ/@\ aec i 10 A-chiorophenyl-r-Bu,Sn ’J@U\ o7 o
'\-\\ & hh ¥
-3-bromo-P-odostyrene gr| 5min -4-indo-3-pentene-2-one 15 min
@ Prodostyr 93% (E)-4-iado-3-pen ¢ 80%
3 2-{r-BuzSnthicphens @\f\@, aec f| 1 4-chlorophenyl-n-Bu,3n 23 o0
Br . r
(E)-2-(2-iodovinyl)-5- 53;;‘ 5 5-dimethyl-3-iodocyclohex-2- ':’_@_Q 3;::"
Eromothiophena e Q
4 2-| n-BuySn)pyriding 5—..:‘ oec f| 12 d-jpdpoghanyl-n-Bu,Sn 29 o0
] Br . s
-2-(2-iodovinyl)-4- » S min {E}-B-iodostyrena Smn
Pl 3% el 7%
5 2-(n-Bu,Sn)banzofuran s | 23°C 13 4-bodoophanyl-nBu,Sn = 29 o0
. d-f-h%‘i- % 3:?'21” {2)-P-iodostyrena m 59:"0;:
indomethyler OREXENE I
f 2-Me-1+{n-Bu,5n)-1-propene w ag ol 14 {E)-p-(n-Bu,Sn)styrens Oy 25 o0
{E)-f-iodostyrene 1;}'1” orindonitroben zeng 3‘;4":':
7 2-(n-Bu,8n)-4,5- . 5 .| 28°C 15 (Z)-p-13nBu,)styrene 0=C
dimethaxybenzakdenyde T — .
{E)-2-(2-Indovinyl}-4- S {2)-f-iodostyrene sma
bromothiophana (A CHO TE% 4%
B [B-[n-Bu,Sn)-1,3-dimethyluraci '::H?I agop|f 16 2-Me-3-[n-Bu,Sn)-1,4- Me e 09 of;
. : naphthequinanse X
(E)-2-(2-iodoviny)-5- Mﬁf—\_gﬂ ] (E)-1-iodo-3-(2,6,6-1ri-We-2- LA e 1S mn
bramathiophensa CH 75% a 3%

¢ The reactions finish within minutes under low temperatures with high yields.

e Carbonyl groups and ArX, even Aryl iodides (except o-iodonitrobenzene, entry 14), are
tolerated in this reaction, which results in the chemoselectivity that is not achieved under

typical Stille reaction

conditions.

e The reactions are excellently stereoretentive, precluding a radical chain mechanism (entries

1,15 and 12, 13).
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& The CuTC-catalyzed coupling was employed in some total syntheses.

BusSn Conventional Stille conditions brought
lower than 30% yield at prolonged
reaction time and 60 deg..

TES
CuTC
+
NMP, -10 deg.
1 hr, 80%
18 OEt
12
27
y OMe i
H .rl... D‘i_,. Q UDH
apoptolidin . L L
OH 2O N OMe
HO *

U. Koert ACIE 2001, 40, 2063

PMBD,{__
B8O NMP, 0 deg. to r.t.
45 min, 60%

It took 18 hours for the conventional
Stille coupling to finish though the
yield was almost the same.

proposed structure
of amphidinolide A (1)

R. E. Maleczka, Jr. OL 2002, 4, 2841
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* The cross-coupling reactions using other organometallics are also developed.

Kumada-Tamao-Corriu-type

Li,CuCl,
AcO Aors + Me(CH,)sMgBr ————3»  AcO
THF (CHz)QMG

K. Mori Eur. J. Org. Chem. 2001, 3797

Suzuki-Miyaura-type

0

/
Alkyl—X + Ar—B\ :>< Cul (10 mol%) Alkyl—Ar

o LiO'Bu (2 eq) ~ 87%

>
DMF, 12 hr
Alkyl—X +  Ar—9-BBN 60 or 80 deg. Alkyl— Alky!
~71%

X =1, Br, Cl, OTs(, OMs)
L. Liu ACIE 2011, 50, 3904

This reactions don't proceed when Cul is replaced with Pd(OAc)s!

Hiyama-type
KF (1.2 eq)
Cul (1.5 eq)
R_X + CF3S|Et3 > R_CF3
DMF/NMP (1/1) ~ 940
R = Ar or Bn 80 deg., 24 hr s
X=1lorBr

T. Fuchikami TL, 1991, 32, 91
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