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Grignard Reagents

CyMgBr Yield
Br Etzo MgBr : "
+ Mg 35% Mg from Europe (<1% impurities of C, Zn, Fe, Al)
92% Mg from USA (<1% impurities of Al, Si, Fe, Mn, Cu)
(Cusa, 1934) First definitive example of trace impurities affecting a
organometallic reaction
o HO Me Me o
1 mol% Additi
+  MeMgBr mot% A |t|v: + = | + + HO
Et,0, 5 °C OH
Me
Additive 1,2 -Addition 1,4-Addition
(Kharasch, 1941)
None (Mg 99.98%) 42.6% 48.2% 0% 0%
CucCl 0% 7.0% 82.5% 0%
Cu(0) 0% 78% 8.0% 0%
NiCl, 22.6% 7.3% 4.7% 61.1%
CoCJ 0% 0% 0% 78.5%
None (Mg 98%) 4.4% 85.5% 1.5% 1.5%

Cusa, N. W.; Kipping, F. Sl. Soc. Chem. Ind1934, 53, 213T214T.
Kharasch, M. S.; Tawney, P. .Am Chem So0d 941, 63 (9), 230&2316.



IRk Organolithium Reagents

[ Late 1950 Several chemists noticed their organolithium reactions suddenly stopped woﬂking

New Reaction _~_-C + Li —> AL 48% Yield
<0.005% Na

(Stiles, 1959)

Old Reaction . ~_-C f 05L/i LT AL 95% Yield
~0.05% Na
New Reaction + Li —>
. >\CI <0.005% Na >\Li
(Wright, 1959)
Old Reaction + Li — >90% yield
>\CI ~0.05% Na >\Li /

Recently, Lithium Corporation of America had begeling high-grade Li metal containing <0.005% Na
Addition of ~1% Na to lithium sand restored reactivity

Stiles, M.; Mayer, R. PJ. Am. Chem. Socl1959, 81 (6), 1497/41503.  Wright, J. B.; Outsell, E. Sl. Am. Chem. Soc1959, 81 (19), 51935199.
Beel, J. A.; Koch, W.Jomasi, G. E.; Hermansen, D. E.; Fleetwood, P. Org. Chem1959, 24 (12), 20362038.



The Nickel Effect

H H
cat. AlMes, 200 °C _AlMea. 200 ° - -
y - _H 3 . /N/ | S _H cat es, 200 C> O~ Inexplicable forr_natlon of
n trace Ni(ll) impurity 1-butene as major product

H H trace CoH, impurity
100 atm 100 atm
cat. AlMej
H cat. AlMe; H cat. PhCCH
cat. Ni(Il) 200 °C cat. Ni(Il) 200 °C
H N ¢ > N H)ﬁ/H > N
H H
100 atm . .
100 atm ZieglerNatta Catalyst (TiGIAIEL,)
Nobel Prize in Chemistry 1963
-C,Hg —

AlMe; + Ni(acac)p — MeAl(acac), + NiMe, — Ni(0) inactive

//\[’/\(‘(‘(‘

CZHZ 'CZH6 . /,</‘ﬁld
AlMe; + Ni(acac) — MeAl(acac), + NiMe, —  Ni(0) active e
1 1 NOBES &
(:)n (:)n
et i \ A
SN\ 1,2-insertion /ﬁ/\Ni“ B-hydride elimination y Giulio Natta Karl Ziegler
1 ! - N+ NiH "for their discoveries in the field of the
chemistry and technology of high polyme
Ziegler, K. H.; GellertG.; Holzkamp, E.; Wilke, GBrennst. -Chem., 1954, 35, 321.  Ziegler, K.;Holzkamp, E.;Breil, H.; Martin, H.1955, 67 (19120), 541r547. 5

Fischer, K.; Jonas, KMisbach, P.;Stabba, R.; Wilke, GAngew Chem. 1973, 12, 943r953.



NozakiHlyamaKishi Reaction

0] oH
CrCl, (2.7 equiv) 2 XN
B CrCl o g .
Hot NN l NN ] - NozakiHiyamaReaction
1.4 equiv
96% yield
O | CrCl CrCl OH . . . . .
+ ﬁ/ L - ﬁ/ i NozakiHiyamaKishi Reaction
H DMF, 25 °C
0 15 min O
94% yield
CrCl, (4 equiv) OH 0 - - [
OTf Addltlvi 0.2 equw) § CrCl,, source Assay /% Time/h Yield/%

Y n-dec ROC/RIC 99.5 1 88

n-dec DMF, 25 °C Aldrich 90 24 <1

2 equiv RareMetallic 99.99 24 <1
Inorganic additive Time/h Yield/% o

i
none 12 <1 CriXs R)]\H OCrXy
MnCl, 12 <l A X T—» Nl ;—> A ¢, ——> )\/
FeCls 12 9 N0 i J R
CoCl, 12 16 ' ‘,7T e
NiClQ 1 68 2c:|,.|||)(3 2C:|,.||)(2
NiCl, (0.02equiv) I 83
Takai, K.; Kimura, K.; Kuroda, Hiyama, T.; Nozaki, HTetrahedron Lett.1983, 24 (47), 5281r5284. Jin, H.;Uenishi, J. I.; Christ, W. J.; Kishi, . Am. Chem. Soc1986, 108 (18), 5644r5646.

Takai, K.;Tagashirg M.; Kuroda, T.; Oshima, KlJtimoto, K.; Nozaki, HJ. Am. Chem. Soc1986, 108 (19), 60486050.



Zinc Carbenoid Reactions

Ketone Methylenatlon 1,1-dibromopentane (2 equiv)
Zn (9 equiv)
CH,Br, (1.5 eguiv) PbCl, (0.045 eq) B
Zn (4.5 equiv) 0O TiCl4 (0.4 equiv) n-Bu
0] TiCl4 (1.1 equiv) TMEDA (0.8 eq)
. > 89% yield OEt > ot 17-80% yield
n-Oct n-pr THF, 25°C,12h  n-Oct n-Pr THF, 0-25°C, 5 h ZIE = 93/7
EsterAlkylidenenation
C4HgCHBr2 (2 GQUiV) @]
Zn (9 equiv) Zn, TiCly
O TiCl, (0.4 equiv) +  CHal, >
TMEDA (0.8 eq | THF, 0 °C
OEt OEt 83% vyield
THF, 0-25°C, 5 h ZIE = 93/7
Yield / %
100
Zn from Japan (distilled): ~0.05 mol% Pb (XRF) Zn, cat PbCl,
80F gmw-m--m-ocwree--- meeeee- mecessessssces -
C4HoCHBTr5 (2 equiv) '5' LeMeepmamman e
7 (9 équw 0r _,«"" Zn + cat PbCly
O TiCl, (0.4 equiv) 40 H 4
TMEDA (0.8 eq . PbCl, was added ;'
OEt o at this point ,' Zn
THF, 0 - 25°c 5h 201 A P
el iy ) o.r=-"
(OrgSyrChecker) 0 | peee.graprrrnnW ! A .
. 0 30 60 90 120 150 180
Zn from USA (electrolytic): No Pb (XRF) Time / min

Organic Synthesesl 996, 73, 73.
Takai, K. Kakiuchi, T.; Kataoka, Y.Jtimoto, K.J. Org. Chem1994, 59 (10), 266&2670.

Takai, K.;Hotta, Y.; Oshima, K.; Nozaki, Hletrahedron Lett1978, 19 (27), 24172420.
Okazoeg T.; Takai, K.; Oshima, KUtimoto, K.J. Org. Chem1987, 52 (19), 44104412.
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1.40 ppm -0.78 ppm
("H NMR) ("H NMR)
Zn
CHaly —> [ 17 >zl l —>/ [ izn” >
Siow

ZnI
Pbl,

fast fast
Zn|2

bl

[I/\Pbl — [IZn/\P
fast

T|C|4

H

Ti'”=<

H

Zinc Carbenoid Reactions

CH2|2 (2 eqUiV)
Zn (4 equiv)

+
Et,0, 40 °C, 8 h

Entry Zinc

Yield Recovery

Pbinhibition of Simmon&mith reaction not fully understoo

Takai, K.Kakiuchi, T.;Utimoto, K.J. Org. Chem1994, 59 (10), 2671r2673.

/%o /%
1 Electrolytic Aldrich 96 2
zinc Merck
Rare Metallic
2 Distilled Wako Pure Chemicals 1-7 96-91

zine Nacalai Tesque
Kanto Chemicals

Distilled zinc (Wako) + additive (coexistence)

Wako + Me3SiCl (2 mol %) 92 2
Wako + Cu (1 mol %) 93 2

Electrolytic zine (Merck) + additive (coexistence)

Merck + Pb (0.5 mol %) 20 80
Merck + Pb (0.5 mol %) + Me3SiCl 97 2
(2 mol %)
Merck + Pb (0.5 mol %) + Cu 92 2
(1 mol %)
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Ak Transition MetaFree Suzuki Coupling

Na,CO3 (3.8 equiv)

On-Bu

70%
TON > 1,000,000, OOO

/
Br (OH), NaOAc, TBAB
. ©/ ©/ TBAB (1.1 equiv) _ l 0 0.05 ppb Pd residue
N HZO 0.5M R— | ©/ ' \)kOnB DMA, 0.2 M
150 °C) X -Bu A, 0.
13 equiv w( 120 °C, 150 h
g a <IN
Ultrapure Na,CO5 (3.8 equiv)
‘/‘O Meo/‘/‘C|Me /‘/‘CIMGO2C/‘/‘CI . ©/B(OH)2 bz (88
+
90% 53% 82% 98% H,0, pw (150 °C)
) 5 min
No Pd found in reaction mixture by ICP-AA (LOD = 0.1 ppm) o 1.3 equiv
Ultrapure Na,CO3 (3.8 equiv)
Br B(OH), 50 ppb Pd
/ \ + ©/ TBAB (1.1 equiv)
[Pd] measured by ICP-MS (LOD < 1 ppb) -
H,0, pw (150 °C)
1.3 equiv 5 min
Ultrapure water 0.24 ppb ©
2M ag. Na,CO4 20-50 ppb
2M ag. Ultrapure Na,CO, 0.21 ppb Standard Na,CO; (3.8 equiv)

\_

e} 1.3 equiv

Leadbeater, N. E.; Marco, MAngew Chem. Int. Ed.2003, 42 (12), 14071409.
Arvela R. K.; Leadbeater, N. ESangi M. S.; Williams, V. A.; Granados, P.; Singer, R.IDOrg. Chem2005, 70 (1), 161r168.

Br B(OH),
- ¥e

-

-

TBAB (1.1 equiv)

-

H50, pw (150 °C)
5 min

-

Y‘/O‘
5 <5%
90%

O TON > 1,000,000

(@)

10



AGSFGI fel SR ! NBf I {

NQ“\\ AN O
= | S R | | R , | CuO
R—\ \ose AN %% /R DMEDA (20 mol%)
= | Base (2 equiv) ©/NU

Y I FeCl; (10 - 20 mol%) S >
R— | DMEDA (20 - 40 mol%) + Toluene, 135 °C
N Base (2 equiv) s H o
> = X = \( | | NuH
+ Toluene or DMF, 135 °C R— | | R R— | ‘
NS = ™ R
NuH AN NuH Base Yield of 11

| with CuO with CuO
/. = (0.001 mol%) (0.1 mol %)

Ac
= N AN = N\\S//O R Z ‘ A\
R_ _R| R_ |/ \ " = L
S | | _ S | R R 4 H K;PO4H,0 86

K,PO,-H,0 8 25
S

FeCl; (10 mol%) / Cu,O

DMEDA (20 mol%) N=
| H : ’ l)
/@/ . NN K3POy4 (2 equiv) N N/ /N\ K,PO,-H,0 0 11
| c "
MeO l\/} Toluene, 135 °C 9
MeO

24 h /\ANH K,CO, 33 56
2
FeCl,/Cu,0 Yield [%] (GC) @H\Ac oo : .
2 3
>98% (Merck) 87 (ref. [3a]) "
>98% (Aldrich) 26 by - e "
>99.99 (Aldrich) 9 Phg Me
>99.99% + 5 ppm Cu,O 78 @C’H oo 5
>99.99% + 10 ppm Cu,0 79 i
no Fe + ligand + 5 ppm Cu,O 77 @[S)_SH R o %
no Fe + no ligand + 5 ppm Cu,O 23 N

Buchwald, S. L.;Bolm, C.; Buchwald, S. L.Bolm, C. Angew Chem. Int. Ed.2009, 48 (31), 55865587 .

Larsson, P-F.; Correa, A.Carril, M.; Norrby, P-O.; Bolm, C.; Larsson, P.Norrby, P.; Correa, A.Carril, M.;Bolm, C. Angew Chem. Int. Ed.2009, 48 (31), 5691r5693. Lt



CuCatalyzed’Sonogashira

[ Castro-Stephens Coupling ] Br so) ©
g =

| " o

= Pyridine, 120 °C
R— | + _ o //
NN = 10 h ==
Cu R_\ |
run conditions isolated yield

10 mol % Cul (99.999% metal), DABCO (20 mol %)

1 TBAB (1 equiv), and Cs,COj5 (2 equiv) in DMF (3 mL) 68%
0,
y B(OH), at 125-130°C for 18 h
R"— | 10 mol % Cul (98% metal)?2 DABCO (20 mol %)
. XN 2 TBAB (1 equiv), and Cs,CO3 (2 equiv) in DMF (3 mL) 68%
—R Cul (10 mol%) at 125-130 °C for 18 h
Cul (10 mol%) DABCO (20 mol%)
R’ DABCO (20 mol%) X Cs,CO3 (2 equiv) X 0.7 mol % Pd(OAc),, DABCO (1.4 mol %)
B Cs,CO3 (2 equiv) i TBAB (1 equiv) _ | /_R 3 TBAB (1 equiv), and Cs,COs5 (2 equiv) in DMF (3 mL) 80%
- R— | > = at 125-130 °C for 5 h
R—- DMF, 130 °C ™ DMF, 130 °C R— | .
o _ X excellent yields
R" = Aryl, Alkyl X=1,Br 0.0007 mol % Pd(OAc),, DABCO (0.0014 mol %)

4 TBAB (1 equiv), and Cs,CO3 (2 equiv) in DMF (3 mL) 9%
at 125-130 °C for 18 h

A very similar system operat es [wbmbudgu g npamontif gt pd guigicdt @ doryho bl IcE-AES

Pd(OAc), (0.0001 mol%)

. DABCO (0.0002 mol%) Cl _ .
! (O K4CO; (3 equiv) Do you agree with the validity of
+ - )
Acetone, 110 °C , these control experiments?
Cl 14 h 95% y|e|d
TON = 950,000
Stephens, R. D.; Castro, C. El. Org. Chem1963, 28 (12), 33133315. Li, J. H.; Li, J. L.; Wang, D. P.; Pi, S. F; Xie, Y. X.; Zhang, M. B.; HW.>O1§. Chem2007, 72 (6), 20532057.

Li, JH.; Liu, WAJ.Org.Lett 2004 6, 2809 12



CuCatalyzed’Sonogashira

CuCat (X mol%) 0.16 - 0.12 -
DMEDA (y mol%) P oA 1 B
Cs,CO; (2 equiv) T 0144 ° T 0.1 o
solvent, 135 °C e loxane e S 0.08 - . e o, © o o
. . 22h © %" Toluene Lo *°
S . ° 5 0.06 -
/\  Tleor | Enmtry  x y Solvent Yield [%] (GC) g %08 8 2
-~ _ [ ] -~
NH NH_ +H,0 [mol % | [mol %] 3h 22h o 006 - © 0041
2+ : T 0.04 - o
I: £u ] 1 - - 1,4-dioxane 0 0 = 8 < i
NH NH ) o 0.02 - S 0.02
/ 2 - 30 1,4-dioxane 0 0 i ° S
CuCat 3 1 = 1,4-dioxane 4 20 x Oe 1 , . , ® O 1 . .
o 0 05 1 15 2 0 05 1 1.5
[Cu(DMEDA),|Cl3+H,0 4 0.5 - 1,4—d%0xane 3 14 liodobenzene], / mol L~ —= [Phenylacetylene], / mol L~! —
~ 75 0.5 30 1,4-dioxane 48 >09
A From 99.995% pure CuCl,, 6 0.5 1x10* DMEDA ~99 ~ 99 T 0.1~ C T 0.4 - D
>99% pure DMEDA, 0.35 - °
HPLC-grade solvents E 008 . . P
A ICP-MS: 4 ppb Pd T - 5 03 .
Cs,CO L 006 L
S — o — |
CuCat 27 » Color change from blue g °©8o0 ° g 02 .
Dioxane. 135 °C to green, black precipitate = 0.044 = 015+ o
| < N T 01 .
c 0.02 e c '
2 2005{ ® ©°
Dioxane, 135 °C . 3 g ]
Cucat + - > no reaCtlon g 0 T T T 1 & O ‘ T T T T T 1
0 0.002 0.004 0.006 0.008 0 025 05 07 1 125 15
[Cu]/ mol L~ —= [DMEDA] / mol L~" —

» Color change to bright yellow

S Cs2C0s * Yellow precipitate
CuCat * — . » [CuCCPh], . |solated and characterized
Dioxane, 135 °C

by CHN analysis
excess + Catalytically active

Zuidema, E.;Bolm, C.Chemistry WA European Journa2010, 16 (14), 4181r4185. 13



I—Ph

C\/CCU

BaseH"
. [Cu Ph ]
N N
Base
N
- \
J— Cu—X < /Cu*--
|—Ph N
?f‘ Lpd—] 9 ——_rh
ph LnPd® ﬂ BaseH"*
I —=—ph ]n
Ph Ph Base
|
L,Pd—==—FPh

Zuidema, E.;Bolm, C.Chemistry WA European Journa2010, 16 (14), 4181r4185.

Ar—X

+

CuCatalyzed’Sonogashira

CucCat (0.5 or 0.05 mol%)
DMEDA (30 mol%)
Cs,CO3 (2 equiv)

Y

Dioxane, 135 °C

Entry R’

>

—Ar

Turnover frequencies [h™']

Cu (0.5 mol %)

Cu (0.05 mol %)

an
-

00,0,000,2,00

[}

jan
=
o

I
=z

OMe

=~
an

6 H | CF,
7 H '

8 H [ CN

9 H [ NO,

!

10 H

11 OMe

glele

13 CF;

24

29

29

33

35

114

152

238

310

<1

13

37

90

99

106

110

115

247

631

820

979

14
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Reanalysis: G0atalyzed’Sonogashira

Dramatic Impact of ppb Levels of Palladium on the “Copper-
Catalyzed” Sonogashira Coupling

Zsombor Gonda, Gergely L. Tolnai, Zoltan Novak 324

First published: 06 September 2010 | https://doi.org/10.1002/chem.201001880 | Citations: 77

1.1 The handling of equipments and materials

All the equipment used (glassware, stirrer bars, septas, etc.) were new, and used in a separate laboratory, where
has not been palladium before.
After using the equipment, everything was washed well by detergent, and then soaked in aqua regia for at least

half hour. After that were washed well with distillated water and acetone, and dried in oven.

A Addition of 2equiv of K,CQ containing 2.4 ng/g Pd

increases Pd concentration by 6 ppb (mol).

List of materials: commercial source purity remark

lodobenzene Alfa Aesar 98%

Phenylacetylene Alfa Aesar 98% slightly higher
conversions were

Sigma Aldrich 98% obtained with Alfa
wL_\

Potassium Carbonate Aldrich Reagent Plus (99%) Ql ng/g Pd conty

Caesium Carbonate Alfa Aesar Puratronic (99.999%) e
purchased in 2006, and

Caesium carbonate Aldrich 98% used for Pd catalyzed
couplings before

Hexylamine Sigma Aldrich 98%
no difference observed

99.5%

Toluene Sigma Aldrich anhydrous /\
copper complex made

Copper(IDnitrate Alfa Aesar 99.999% from this copper source
containes 6 ng/g Pd

Copper (I) iodide Aldrich 98% used 10 Alyzed
couplings before

Copper (I) iodide Aldrich 99.999%

A Addition of 2.5 mol% of Cu complex containing 6 ng/g Pd
increases Pd concentration by 1 ppb (mol).

Gonda, Z.;Tolnai, G. L.; Novak, ZChemistry WA European Journa2010, 16 (39), 1182211826.
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K Reanalysis: G0atalyzed’Sonogashira

[Cu(PPh3),NO3] (2.5 mol%) [Cu(PPh3),NO3] (2.5 mol%)
P [Pd(PPh;),Cl,] (x ppb) — Hexylamine (x mol%)
' 74 K,CO3 (2 equiv) ' Z K,CO3 (2 equiv)
S - SR - 7
Toluene, 110 °C O Toluene, 110 °C O

Y

24 h
100 4 & 100 + O
3 & O -
3 ] o . e
80 10,000 ppb 80 o
1 »
= o 'y -
2 T —_
E g ﬂ 1,000 ppb S 60l
= | 2 = 30 mol% .
o z g
¢ 5 = ® . Y
u:;_: 7 & 100 ppb o /
Z 40+ S 404
8 1 /s :
20 - 20 ,
. i /0 mol%
- 10 ppb . T - ‘I
I = ~_olpeb. [P
G T . I . T I T 'I_ L I T - O -l "//fl 1 T T T 1
0 a 10 13 20 25 00 1 10 100 1000 10000 100000
Time (h) Pd content (ppb)

Gonda, Z.;Tolnai, G. L.; Novak, ZChemistry WA European Journa2010, 16 (39), 1182211826.

16
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Reanalysis: G0atalyzed’Sonogashira

Sl

20 4
1 60 mol% _—
[} ¥ — O T e
—_— / B
S .
: ‘|
Qo i
2 104
Q ]
> |
© ff 2 30mol% . ..—
/ _ e -
l/ 7/ "
i/ 15 mol% o e
e — e
\l I‘f ::'. f‘ '
0 3 T T T T T | T T T r I
00 05 10 15 50 o5 0
Copper (%)

[Cu(PPh3),NO;] (x mol%)
Hexylamine (x mol%)
K,CO3 (2 equiv)

> &
Toluene, 110 °C
24 h
60
30 mol% + 10ppb Pd
A A ——— 77 Do o
- / I
Al “ o P

04 7 r a
9 p 60 mol% o-— — ”*—f:;
> a” /30 mol% -
§ 0 £ y | -
E >
[} -
E ) . v
O "] -
O 20-

7 15mol%
N
10 vl
Y
0 5 T T T | T T T T T T T T T T T I
Copper (%)

Gonda, Z.;Tolnai, G. L.; Novak, ZChemistry WA European Journa2010, 16 (39), 1182211826.
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Reanalysis: G0atalyzed’Sonogashira

Catalyst PhCCH | Phl Carbonate toluene Amine Conversion At
mole Notes m.
% name m/g ul ul g ul wl name eq.§ 6h | 24h
standard conditions, but
. stirred with a cleaned
25 | Cu(PPhs)NO; |0.0163 | 110 | 112 | 0276 | K,CO; | 2000 | 40 | hexylamine |0.3|63.5 | 96 | urtqors 2 BT | Ar
coupling before
i 0,
2.5 Cu(PPhs)sl | 0.0244 | 110 |112|0.276 | K,CO; | 2000 | 40 | hexylamine |0.3] 70 | 99.7 A'd"c"cﬁf’pﬁ": based |
0,
2.5 Cu(PPha)sl | 0.0244 | 110 |112]0.276 | K,COs | 2000 | 40 | hexylamine | 0,3} 5.7 | 16.6 99'998c/)"mcp“lL:ased Ar
. ) Cs,CO0; : Alfa Aesar
25 | Cu(PPhs),NO; | 0.0163 | 110 |112|0.652 | Cs,CO; | 2000 | 40 | hexylamine |0.3 151 | o oic (@0.000%) | A
25 | Cu(PPhs),NO; | 0.0163 | 110 | 112 |0.652 | Cs,CO5 | 2000 | 40 | hexylamine |0.3] - | 81.3 Mﬁ:frggl:t“k'“m’ Ar

Gonda, Z.;Tolnai, G. L.; Novak, ZChemistry WA European Journa2010, 16 (39), 1182211826.

Is there any convincing evidence of a Cu-

catalyzed Sonogashira reaction?

18



Au-Catalyzedsonogashira

cat. (20 mol%)

R' R'
Z ' KsPO, (2 equiv) Z Z
R— | + =—FR > = o
A o-xylene, 130 °C R— | 7
N R'

24 h
R R’ Yield [%)]
P Pd" AU [AuCl(PPh;)]

H Ph 23 30 54 35

H n-CyoHs 20 25 100! 970!

(50)[61 (80)[°]
H CH,CH(CO,Me), 25 15 10 40
COOEt Ph 25 14 100! 950

(90)9  (30)¢

Nohomocoupledoroduct detected forAu catalysts
Au'yielded exclusiveliiomocoupledoroduct

5 mol% Au/CeQyielded 89% desired product
Colloidal gold yielded <6% conversion

- Au" (0.05 mol%)
B(OH)2  NaOH (4 equiv) O
+ >
H,0, 80 °C O

4 h 87% yield

GonzalezArellano, C.;Corma, A.; Iglesias, M.; Sanchez, BCatal 2006, 238 (2), 497501.



jr% rk Refutation: AuCatalyzedsonogashira

2 mol% Aul
AuPPh; 2 mol% dppe
2 equiv K,CO3
> 7
/©/ ©/ MeO,C ©/ Toluene, 130 °C O
16 h

R = H, CO,Me

MeO,C
conditions additive  yield (%) entry [Pd]® (mol %) conversion (%) yield (%)
toluene, 130 °C, 24 h <1% 1 <2% <2%
toluene, 300 °C,* 24 h <1% 2 1.2 x 10°* 6 6
PhI solvent, 30 °C, 24 h <1% 3 1.2 x 10:2 16 16
toluene, 130 °C, 24 h KyCOs <1% 4 1.2 % 10 24 24
toluene, 130 °C, 24 h <1% 5 0.12 100 82
toluene, 130 °C, 16 h [Pd]®  100% 6 1.2 100 78
4 . : :
A Irreproducible results from published Au-catalyzed couplings
A Oxidative addition barrier is much too high (>31 kcal/mol)
A Most Au compounds contain trace Pd
A Conclusion: Au cannot catalyze Sonogashira alone

- J

Lauterbach, T.;Livendahl, M.; Rosellon, A.; Espinet, P.Echavarren A. M.Org Lett2010, 12 (13), 30063009.



Rebuttal: AtCatalyzedsonogashira

I P
I & Au/CeO, (1.1 ppm Pd) @/ , 7 [CIAUPPh3] . O
+ - /
Toluene, 130 °C Toluene, 140 °C =
16 h O
25 -

! E (kealimal) % B 9 |odobenzene

Conversion

0= 204

b

% Conversion

200—

C—
= B 10,0 —
£ 6 10 4

4 7 00—

-10.07

04 -— - -

T T
0 40 80 120 160
Time/h —»

0 2 4 6 B 10 200 “FT
Pd content (ppm)

/A Homogeneous Au' catalysts may form catalytically\
active Au nanopatrticles after extended heating
A Oxidative addition barrier is lower with Au cluster
A Pd content of Au catalyst was shown to be inactive
A Conclusion: Au nanoparticles are a true catalyst for
\_ Shonogashira coupling .

Corma, A.; Juarez, RBoronat, M.; Sanchez, F.; Iglesias, M.; Garcia, @hemical Communications 2011, 47 (5), 14461448. 0
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’ — ~\ 7 o — ’ >
jen a! YXY Q@I teal SRe { dz dz] A
. o w0y oSG (] fjﬁj
+ 0
MeO,C ©/ o-xylene (110 °C) ‘
MeOzC

1.5 equiv 2h Organocatalyst

KOH (4 equiv)

Pd(OAc), (3 mol%) 1.0 —a —— Transition metal free
oN NH, Br P(Cy)s (10 mol%) o’ e SRR ~- Pd(OAG), 10 ppb
+ ’ /:_Tf’—" ey
Toluene (110 °C) 0.8 - S ST —— Pd(OAc),,100 ppb
10h ‘M-~ | e Pd(OAGc),, 10 ppm

=== Pd(OAc),,100 ppm

064 Fe(acac),,10 ppm
E Ni(acac),,10 ppm
A Crude product filtered through silica plug, then chromatographed . o

A <1 ppb Pd by IGRIS |
A Catalyst treated with Pd scavenger showed no reduction in catalytic activity ©2{ ¢

0 10 20 30 40 50 60 70
Time (min)

Xu, L.; Liu, F. Y.; Zhang, Q.; Chang, W. J.; Liu, ZL\..Y.; Yu, H. Z.; Xu, J.; Dai, J. J.; Xu, Malure Catalysis 2021 4:12021, 4 (1), 7Ir78. 53



Hark

[Pd]

Palladium catalysed syntheses
4 equiv. KOH
solvent, T

ﬁj o

[Pd]: 30,000 ppm (3 mol%) or 1,000 ppm (0.1 mol%)

a! YAYySIlfel SR

AmineCat

speael

Metal-free arylation

DMF, 130 °C
24 h, Ar

wS |

Pd Fluorescent Probe

HoN NH
+
+l "BF,
1

3

Prepared amine catalysts (% yield) Pd content by P content by cl cl cl cl
. ! ICP-MS analysis ICP-OES analysis AN
AmineCat-1 -1- e ~ + _—
AmineCat-1-RC (mg kg™ (mg kg™ Pd(0)
AmineCat-30: 43+18 519+ 15 136 +9 \ -
AmineCat-30-RC: 14+7 1131 <20 0 0 0 o o 0
AmineCat-1: 808 353+ 9 99+5 v A
AmineCat-1-RC: 47 = 11 0.16 + 0.05 <20
AmineCat-0: 7+4 0.08 +0.03 <20
¢ Calibration scale, Pd content (mg kg™) Screen of AmineCats
H H e
N N 2
o
IS
B(OH) O . S
@ g y
5 3 equiv. KoCO3 =
o-xylene, 110 °C 6 T
Ar,2h NC %
100 —a—i—8  S— b f £
% e G 100 A T ot T r . =
Fi e . I 8 ') ] <
. 80 7 Conversion (%, 2 h) ' ik & —
S PdCI,(PPhy), | AmineCat-1-RC 80 £ i =
= T |
.§ 60 4 (ppm) 0mol% 5 mol% % : N
g @ 60 |
] w0 e AmineCat-30 10 42+11 31x24 g
% —o— AmineCat-1 15 73+15 83+ 14 8 -
& —a— AmineCat-30-RC g 404
G —v— AmineCat-1-RC 20 945 97=x2 4 = AmineCat-30-RC with 25 ppm Pd
*— AmineCat-0 25 99+1 98+3 8 20 »— AmineCat-1-RC with 25 ppm Pd
il —a— AmineCat-30-RC
O-2—% 4 s % %% % % % 50 93+5 99zx2 —v— AmineCat-1-RC
0 10 20 30 40 50 60 100 100 + 1 99 + 1 0 4 e e R s *

Reaction time (min)

0

Novéak, Z.;Adamik, R.;Csenki, J. T.Béke F.;Gavaldik, R.; Varga, B.; Nagy,

10 20 30 40

Reaction time (min)

B.; May, Z.; Daru, J.; Gondajdlnai, G. L.Nature Catalysis2021, 4 (12), 991r993.

50 60

24



Ak

ST O

Organocatalytic AnHl Coupling

catalyst, ligand

2-3 equiv KOt-Bu
PhH

Entry X Co (10 mol%) L (mol%) T (°C) Yield (%)
1 | Co(acac), DMEDA (40) 80 69
2 I Co(acac)s L1 (40) 80 71
B Br  Co(acac)s L1 (40) 80 70
4 | - L1 (40) 80 62
5 Br - L1 (40) 80 5
6 | - L1 (20) 100 83
7/ Br - L1 (20) 100 48
8 Br - L1 (40) 100 87
9 Br - DMEDA (40) 100 0
10 Br - L2 (40) 100 92
1 Br - L3 (40) 100 59
12 Br - L4 (40) 100 0
13 I - L1 (5) 100 (48 h) 80

Yield

[ Testing rate order in different transition metal%

OAc),, 50 ppm
OAc),, 100 ppm
OAc),, 10,000 ppm

5— S

acac),, 10,000 ppm

— - — Cul, 10,000 ppm
CuBr, 10,000 ppm

—e — Fe(OAc),, 10 ppm

=4 == Co(acac),;, 10 ppm
Ni(acac),, 10 ppm

- @ = Pd(OAc),, 10 ppm
[Ru(COD)CI],, 10 ppm

- = = [Rh(COD)CI],, 10 ppm

8

10 12 14 16
Time (h)

Sun, C. L.; Li, H.; Yu, D. G.; Yu, M.; Zhou, X.; Lu, X. Y.; Huang, K.; Zheng, S. F,; Li, B. J.; SlatteJChemistry2010, 2 (12), 1044r1049.

18 20 22

25



Ak Organocatalytic AnHi Coupling

{ Screen for transition metatatalyzed crossoupling activity J [ Test for radical intermediates J

phen, 40 mol %

KOtBu, 3.0 phen, 40 mol %
Br+ Me B(OH), —OtBu,3.0eq MeO@Ph MeOMe MeO Br KOtBu,3.0eq MeO o
i 1007 PhH, 100 °C

phen, 40 mol % 89% Not Observed! TEMPO or Sml, Not Observed !
KOtBu, 3.0 eq

Br, @— Si(OEY), _TBAF1.0eq ~©— MeofBu phen, 40 mol %
PhH. 100 °C " OOB Ph. _Ph KOtBu, 3.0 eq MeO@Ph +/©/\r
<59 Not Observed PhH, 100 °C

MeO

MeO

@@@@

phen, 40 mol % 2 eq 16% 20%
MeO ry Me—{ )-znci _KOBu30eq At L) ; :
+ Me n ohr 100 %0 MeO Ph MeO Q O Me
phen, 40 mol % 58% Not Observed! p}?g?,B403mool %
tE P T e 00 Me° oh MeO Q O e © e T 00
84% Not Observed! 2 eq 239, 47%
_ _ _ _ _ AIBN (20%)
/A Repeated reactions with sublimé@tBu and alternative commercuﬁ MeO@Br * BusSIH MeOOPh
sources oKOtBu and phenanthroline 2 eq 18%
A Repeated reactions in new glassware
A Replicated results in other labs
\A ConclusionGGenuine organocatalytic AFd coupling reaction )

Sun, C. L.; Li, H.; Yu, D. G.; Yu, M.; Zhou, X.; Lu, X. Y.; Huang, K.; Zheng, S. F,; Li, B. J.; SlafjuteXhemistry2010, 2 (12), 1044r1049.



ek Catalyst-ree Radical Initiation

TBACI (20 mol%)

CN 365 nm LED
i -
CN

MeCN, Ny, rt
48 h Ph CN

44% vield

~

Unprecedented apparent initiator and photocatalyst
free Giese radical addition

Reaction persists in new glassware/stir bars and witk
high-purity reagents

Authors still suspected trace contamination by Fe or

/J>°>°

Ce

entry
1

N N B W

CN
. Ph/\(
CN

chloride source

TBACI
TEACI
TBPCl
LiCl

TMSCI
LiCl

TMSCI

Deviation from entry 7
2 mol % TMSCI
0.2 mol % TMSCI

8

9

10
11
12
13
14
15

S W 400 nm
20 W 400 nm
100 W 400 nm
50 W 450 nm
no TMSCI
dark

Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu,Jaurnal of Organic Chemistr024, 89 (6), 415614164.

CI" source (20 mol%)
50W LED

LEDs

365 nm
365 nm
365 nm
365 nm
365 nm
400 nm
400 nm

MeCN, N, rt
48 h

conversion of 2a“
88%
86%
85%
>99%
>99%
10%
>99%

48%
28%
72%
>99%
>99%
<5%
5%
0%

CN

yield”

44%
60%
51%
82%
55%
9%

98%

43%
25%
22%
50%
70%
n.d.
n.d.
n.d.

(95%)"

CN

27



Mechanistic Investigation

TMSCI (20 mol%) b CN
CH4CN (0.1 M) 0= TMSCI (20 mol%) Ph )
TEMPO or BHT (2 eq.) xn-N CHON (2 mL) CN
T cN NN Ph/\|/ _— e ~ \/P\
Ph
CN
3a

L TNanm 17y Likely CI radicahtermediate

50 W 400 nm LED 50 W 400 nm LED
1g, 5 equiv. 2a Selectivity

1:2:3=1.1:2.4:1

HRMS detected
N.D. calcd. 268.2635
found 268.2637

c d
a5 45 60%
=420 mol% TMSCI ]
40 40
b2 aAIAYATFAOLIYO ¢ O2ysé|l YAY Il (A 2% 5% | —a=0.0Lmol Fech
a u a e u [ 2% 20 mol% TMSCI
E 30 1 30 40% | ==#=0.01mol% CuCl; +
T : S 20 mol% TMSCl
but Fe and Cu contamination appear upon 3= Jas T Wi
cl
. . . Y20 82 = 20 mol% TMSCI
combining reagents in reaction vessel £ 5. o
Mo o
E ©
© 10 © 10
= = 10%
5 5
- 0 - - - 0% o
Fe Cu Ce Ni Fe Cu Ce Ni Fe Cu Ce Ni Fe CuCe Ni Fe Cu Ce Ni Fe Cu Ce Ni 0
2a TMSCI MeCN Mix. a Mix. b Mix. ¢
f
e 70%
=ge==20 mol% TMSCI, a o )
o | —®20mol% TMSCl, b ” IEA:LCI |£2(?) T(l:l:j
6 20 mol% TMSCI, ¢ : Ph&r 3 i -
—i—10~* mol% FeCls + 20 mol% TMSCI, a N Ny, 48 h, 1t P N
2% | —8=10 mol% FeCls + 20 mol% TMSC, b S A08 NMITED N
o 10~ mol% FeCl; + 20 mol% TMSC, ¢ 1a, 5 eq. 2a different vessels 3a
% . -
E Re p rOd u CI b | e aCtIVIty Entry Vessel Conversion of 2a“ Yield®
=

No apparent effect of

30%

from trace Fe 1 8 mL vial 99% 98%

2 10 mbvial g% 57% reaction vessel material
. 3 35 mL tube 84% 87%
10% 4 5 mL RBF >99% 84%
i 5 quartz cuvette w/o a stir bar >99% 9%%
0 10 20 30 - 40 50 60 70 6° 10 mL PTFE liner >99% quant.

Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu,Jaurnal of Organic Chemistr024, 89 (6), 415614164. 28



=

absorbance

absorbance

Mechanistic Investigation

FeCl3 (107 M)

——TMSCI (0.02 M)

==——=TMSCI (0.02 M) in 8 mL vial after 5 min, a
=—TMSCI (0.02 M) in 8 mL vial after 5 min, b
TMSCI (0.02 M) in 8 mL vial after 5 min, ¢

390 440 490
wavelength/nm

—Fe(l;

FeCl;
——Fe(OTf)s
——Fe(NOs)s 9Hz0
——— Fez(S04)s
——Fe(OAC).0H

Fe(OH)s

Fe(OEt)s

Fe(0OiPr);
—— Fe(acac);

FeBr;

300

350

400 450 500 550 60
wavelength/nm

1a, 5 equiv.

Entry
1

2
3

10

i

Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu,Jaurnal of Organic Chemistr024, 89 (6), 415614164.

CN
Ph

CN

2a

Fe source
FeCl,
FeCl,

Fe(OTf),
Fe(NO5);-9H,0
Fe,(S0y)s
Fe(OAc),OH
Fe(OH);

Fe(OEt);

Fe(QiPr);

Fe(acac);

FeBr;

Fe source (2.5 mol%)
TMSCI (20 mol%)
CHLCN (0.1 M)

N,, 14 h, rt
50 W 400 nm LEDs

Conversion?
>99%
>99%
>99%
>99%
>99%
>99%
>99%
>99%
>99%
>99%

72%

3a

Yield®
95%
98%
92%
94%
97%
99%
96%
92%
86%
94%

55%

CN

CN

29
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