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Introduction

Alkali metal tert-butoxides (KOtBu, NaOtBu) play key roles in organic chemistry,
acting as powerful bases. But recently, many studies have used KOtBu in organic
reactions that involve single electron transfer.

1) transition metal-free cross coupling reactions

|
+ >
additives O

2) reductive fragmentation of dithianes

KOtBu (3.0 equiv.),

m 1,4-cyclohexadiene (3.0 equiv.),
S S hv PN

>< > Ph Ph
Ph Ph solvent

N

3) Sgn1 reactions in DMF

i ?
! KOBU
+ >
DMF O

Figure 1. KOtBu participated SET reactions




Transition metal-free cross coupling reactions

KOtBu promoted biaryl coupling of electron deficient Nitrogen heterocycles and

haloarenes KOIBUY

N\
Ar-l  + [ /j 50 °C, 5m|n [ j/
N (microwave)
large excess 56 98%

Yanagisawa, S.; Ueda, K.; Taniguchi, T.; Itami, K. Org. Lett. 2008, 10, 4673.

Lei, Kwong and coworkers: Shi and coworkers:
20% DMEDA Ar 1,10-phenanthroline Ar
Ar-l + > ArX + _
KOtBu, 80 °C KOtBuU. T
60-85% X=1,Br 35-89%

Hayashi and coworkers:

© 1,10-phenanthroline Ar
Ar-X + >
NaOtBu, 100 °C ©/
b X=1,Br 13-82%
. Lel, A. et.al. 3. Am. Chem. Soc. 2010, 132, 16737.

Hayashi, T. et. al. J. Am. Chem. Soc. 2010, 132, 15537.
Shi, Z. J. et. al. Nat. Chem . 2010, 2, 1044.




Transition metal-free cross coupling reactions

NHR NH. NHBz
., © N
NHR NH, ‘NHBz X @ﬁH

N
(ref. 4,5) (ref. 3,7) (ref. 8) (ref. 9) [ S
OH OH N
R~ OH [ (:[ Q<C02H Mes
(ref. 10) OH OH H (ref. 6)
ﬁ (ref. 11) (ref. 3) (ref. 3,10)
9 J;J\(O Ar
N
RNZSH O HN
NN Z NR 7
NH OFNF Ar Ar AN N

N “H
o)
/ JNH [N ©
RN N\_NR Ar
o)

(ref. 12) (ref. 13) (ref. 14)
N N | X
I‘:'\l/ @) E;(N\//‘:? N/ ArNHzNHZ
NH, O OH oK
.\ (ref. 15) (ref. 16) (ref. 17) (ref. 18)

Figure 2. Selected ligand that facilitate coupling of haloarenes
with arenes in the presence of KOtBu



Transition metal-free cross coupling reactions

Mechanistic insights:

XD
tBuO  + H@
'

{BUOH + Ar@

+ Figure 3. Proposed mechanism of biaryl coupling by Hayashi

Na {Bu N/\N N X' "~
Na Ar.
_0
{Bu
NaOtBu - < >
|:N/-\ +
. _N A
Na
Ar

Irakawa, E.; Itch, K.-1.; Higashino, T.; Hayashi, T. J. Am. Chem. Soc. 2010, 132, 15537.



Transition metal-free cross coupling reactions

1) initiation

initiator
Ph—I

Y

Ph-

2) radical addition

H
Ph-+© O@

3) depronation
? K+
O H + KOtBu —>Catalyst. © ' + HOtBu
4) dissociative electron transfer

@ IK+ + Phi —>+ Ph. + K|

Figure 4. Base-promoted homolytic aromatic substitution: A
radical chain mechanism

Nal

Studer, A.; Curran, D. P. Angew. Chem., Int. Ed. 2011, 50, 5018.



Transition metal-free cross coupling reactions

Several evidences support the radical anion intermediate:

1.
2.

In all these reports, strong bases, usually KOtBu was needed.

Ketyl and related radical anions readily transfer electrons to halides,
Including aryl halides.

Aromatic radical anions generated electrochemically had been show to
reduce alkyl halides.

In Lei, Kwong and coworkers’ work, when using Bunnett and Creary’s
dihalide as substrates, disubstituted products were formed. These
observations can readily be accommodated by a base-promoted HAS

mechanism.
| Ph Ph
benzene
20% DMEDA .
KOtBu B}
0
80 °C X Ph

X
X =Cl, Br, | trace 68-74%

Intermolecular mtramolecular
monosubstltutlon d'SUbSt'tUtlon




Transition metal-free cross coupling reactions

The most controversial point is the initial step.

initiation
Ar—I > Ar-

O-K o—K’N>

initiator: 1) 7( or /~ N

2) in situ generated super electron donor (SED)

N

Shirakawa, E.; ltch, K.-i.; Higashino, T.; Hayashi, T. J. Am. Chem. Soc.
2010, 132, 15537.

bhou, S.; Anderson, G. M.; Mondal, B.; Doni, E.; Ironmonger, V.; Kranz,
uttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476.
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Transition metal-free cross coupling reactions

The most representative works to support KOtBu as initiator are reported by
wilden ,Lei and Jutand.

In wilden’s work:

1) Biaryl coupling can proceed in the absence of organic additives.

KOtBu
Ar—I + >  Ar—Ph
160 °C, 6 h

21-77%

2) Janovsky test for enolizable ketones showed positive effect.

ok NO, :
+ < o :/ \> + @\ _
4«/ \ N/ N= NO, .
O
O

T e {O fragmentatiog/[% + CHs




Transition metal-free cross coupling reactions <

3) Mass spectroscopy showed that butanone is the major component by mixing
phenanthroline and potassium pentoxide .

4) A mixture of equimolar phenanthroline and KOtBu was prepared and observed by
NMR, the intensity of the tBu dramatically decreased almost immediately, and the
phenanthroline are left untouched.

Cuthbertson, J.; Gray, V. J.; Wilden, J. D. Chem. Commun. 2014, 50, 2575.



Transition metal-free cross coupling reactions 3

According to Lei and Jutand’s work:

1) When mixing phenanthroline and KOtBu in DMF, a strong EPR signal was
observed , this provided direct proof for the presence of phenanthroline radical anion.

= @ =— ¢ ; Y+ KoBu
.

7 N 4 N\
{h}'—' _ = y KDJBLI
Me Me

Ph Ph
(c) = <:" Q \; * KO'Bu
= =

Intensity

3340 3350 3360 3370 3380
Field/ G




Transition metal-free cross coupling reactions <

2) Cyclic voltammetry experiments showed that:

0 o)
7& DMF»% + 1le Eox = 0.1V
R

Phen + e =———= Phen’ Er1=-2.06 V
oF
R
Phen™ +1e =———> Phen® Erp=-2.23V
O;

> BuO° + Phen K™




Transition metal-free cross coupling reactions N

Murphy made the greatest contribution to super
electron donor as initiator.

o+

o 7\ o 7\ :
\ ./ * - \ 7 + ]
N N= N\K/N_ + | AG = +59.5 kcal/mol

tBuOK as an electron donor is less likely because the free
energy is +59.5 kcal/mol, which is too large for tBuOK to give an
“.electron to iodobenzene.



Transition metal-free cross coupling reactions 15

Previous work of Murphy:

N N
[>T
N N 0
\/ ) H
= — O - CLO
9] @)
CO,Me
COM CO,Me
45% 2Me 49% 2

J. A. Murphy, T. A. Khan, S.-Z. Zhou, D. W. Thomson and

. M. Mahesh, Angew. Chem., Int. Ed., 2005, 44, 1356-1360;
o J. A. Murphy, S.-Z. Zhou, D. W. Thomson, F. Schoenebeck,
M. Mohan, S. R. Park, T. Tuttle and L. E. A. Berlouis,
Angew. Chem., Int. Ed., 2007, 46, 5178-5183.




Transition metal-free cross coupling reactions <

Super electron donors as initiator:

Q
o @\ | N
N ,N benzene N ,N:©
ROR R R
1, R = isopentyl 2

| 1 (5% mol), KOtBu (2 equiv) O ‘
g * © 130 °C J O ' O
) MeO

large excess 79% 20,

N

This provided direct proof for super electron donor as initiator.

, S.; Anderson, G. M.; Mondal, B.; Doni, E.; ronmonger, V.; Kranz,
M.; Tuttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476.



Transition metal-free cross coupling reactions {

Initiation with KOtBu only:

Given the large thermodynamic barrier for electron transfer mentioned
before, buoxide cannot be the direct initiatior of the radical chemitry, so the
radical must be formed in another way.

/©/| KOtBu (4 equiv) Ph /©/O\{/ /@\
benzene, 160 °C - * + OJ<

30% 20% 20%

A benzyene mechanism was proposed:

I KOtBu X © H-abstraction KOtBu N

N

Figure 5: Proposed pathway from benzyne to an electron
donor in the absence of “additive”

. S.; Anderson, G. M.; Mondal, B.; Doni, E.; ronmonger, V.; Kranz,
M.; Tuttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476.



Transition metal-free cross coupling reactions

18

Confirmation experiments:

. O
KOtBu, benzene
\ ’ o

I
KOtBuU, benzene
1 (20 mol%)
5% 19%

All these information confirm that benzyne is the intermdiate in
dditive free coupling reactions.

M.; Tuttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476.

.; Anderson, G. M.; Mondal, B.; Doni, E.; ronmonger, V.; Kranz,



Transition metal-free cross coupling reactions

19

Initiation with phenanthrolines as additives:
|
\©/ KOtBu, benzene
1,10-phenanthroline (20 mol%)

1) KOtBu, benzene

/ N\
2) 1
—N = 2"
lKOtBu
C@} KOtBu < ; 2 > : :
OtBu OtBu
3

super electron donor




Transition metal-free cross coupling reactions

20

Initiation with pyridine as solvent:

I H

KOtBu (2 equiv) O
BnO OBn pyridine - + BnO OBn
180 °C, O OBn

7 microwave
8, 9% 9, 15%
A ( A A
N w | oy KOtBu | N 2 |N/ N
—
N ® K@@N = K® @N = N
- K N o K
N kou © K® [ “ ome K29 NS
KOtBu X N N H b N A
| — NG N —_—>
¥ A N |
K® K®

super electron donors

, S.; Anderson, G. M.; Mondal, B.; Doni, E.; ronmonger, V.; Kranz,
M.; Tuttle, T.; Murphy, J. A. Chem. Sci. 2014, 5, 476.
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21

Amino acids and their derivatives as additives:

N

Ph Ph

|
KOtBu, benzene © H @)
> +
> N H D—{
initiator ~N_CO e
%{_/ H
total yield 10 11
10: 44% oK ’
11: 32% H
) N /NXCOZH
OK
12
KOtBu, benzene
\©/ >~  no reaction _N__COxH
13
\@/ KOtBu, benzene _
> no reaction

136, 17818.

.. Zhou, S.: Doni, E.; Anderson, G. M.: Kane, R. G.: MacDougall, S. W.;
ronmonger, V. M.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2014,



Transition metal-free cross coupling reactions

22

(0]
m KOtBu, benzene N
OH N

N 150 °C

KOtBuU, benzene
+
additive

%{_/

total yield
14: 45%

15: 0
Ph Ph

KOtBuU, benzene
+
additive

%(_/
total yield

16: 53%

KOtBu, benzene
+
additive
%{_/
total yield

17: 22%
18: 18%

N

136, 17/818.

15 21 16
o)
\ )
|
17 18

Zhou, S.; Doni, E.; Anderson, G. M.; Kane, R. G.; MacDougall, S. W,
ronmonger, V. M.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2014,
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additives

I
KOtBu, benzene )J\
additives tBu
total yield
9-44% %OEt

R =H or OEt
R'=H or OEt

All in all, electron-rich alkenes are good electron donors to trigger
N the biaryl coupling reactions.




Transition metal-free cross coupling reactions

Alcohols and 1, 2-diols as additives:

additives
Ph
| Ph OH
KOtBu, benzene (I O’ /O/
> +
additives OH ‘OH tBu

%_/

total yield

“OH OH

22: 320 /O O/
23: 44% tBu
24: 10% 25 26
25: 5%
26: 7%

Zhou, S.; Doni, E.; Anderson, G. M.; Kane, R. G.; MacDougall, S. W.;

ronmonger, V. M.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2014,
136, 17818.



Transition metal-free cross coupling reactions <L

/O}OH KOtBu, benzene /O/ OH KOtBu, benzene O K
{BU ~170°C By C£0H 130°C C£0H
24 1 -
D SR
OH
E‘\Q) tBu 23 OH OH
/ NO, NO,
\OH o ® HIN HIN
W ~N . N

e
oK® © @
O

Zhou, S.; Doni, E.; Anderson, G. M.; Kane, R. G.; MacDougall, S. W,
ronmonger, V. M.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2014,
136, 17818.



Transition metal-free cross coupling reactions

26

Other additives as initiators:

[NH KOtBu [/N KOtBu [g K®
NH NH NH
| | |

~  KOtBu | X KOUBU N

| z |

N/ N © N

5 N
OH S

Ole

136, 17818.

Zhou, S.; Doni, E.; Anderson, G. M.; Kane, R. G.; MacDougall, S. W,
ronmonger, V. M.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2014,



Reductive fragmentation of dithianes Y

KOfBu, hv
1,4-cyclohexadiene
SXS DMSO  Ph” “Ph
Ph Ph
92%
1.0

Evidence for the CTC formation

[tert-BuOK]
A

— 2 2-diphenyl-1,3-dithiane
tert-BuOK 0.030 M
tert-BuOK 0.035 M
tert-BuOK 0.040 M
tert-BuOK 0.044 M
tert-BuOK 0.047 M
tert-BuOK 0.049 M

CTC absorption at 467
N nmin the UV-vis
0.0 4 ~

spectrum .

0.5

_U
0.
U
o
Absorbance

L] v L] ' ]
400 500 600
Wavelength (nm)

sdath-Mansilla, G.; Argiello, J. E.; Pefiénory, A. B. Tetrahedron Lett. 2013, 54, 1515.



Reductive fragmentation of dithianes
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i
=
w
]
—
£
Q
0
L
<

0.2 4

1.0~
DE-
064
D4-'
02
0.0+

—— dithiane (6) only
— dithiane, 0.05M ~BuOK
— dithiane, 0.05M KH

300

T T T T T T T T T r T r 1
350 400 450 500 550 800 850

Wavelength (nm)

m KH, hv
S. S 1 ,4-cyclohexadie2e PR

x DMSO Ph
PH Ph

Ph

13%



Reductive fragmentation of dithianes
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1.0 1 A
I
/ol
0.8 - [ 'i
> B
< 064 v |
3 _ i — DMF
@ —— 2 ,2-diphenyl-1,3-dithiane
€ 047 ——0.05 M KOtBu
a + 2,2-diphenyl-1,3-dithiane
< 0.2 1
:::\;t_._ -
0.0 ———

250 300 350 400 450 500 550 600 650 700

N

Wavelength (nm)

DMF as solvent: No UV-visible absorption observed at 466 nm. This
. shows that no charge transfer complex was formed between dithiane
o and KOtBu and that in the cases with DMSO as solvent it is

eprotonation of DMSO that leads to the dimsyl anion which forms a
charge transfer complex with the dithiane.



Sign1 reactions in DMF

30

oot wo

proposed mechanism:
O

KOtBu
J\ ~ - @k

H 'T‘ DMF

1
SET 'k,r/

‘2( y

Angew. Chem., Int. Ed. 2015, 54, 10587.

rapeau, M.; Fabre, I.; Grimaud, L.; Ciofini, I.; Ollevier, T.; Taillefer, M.
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Sign1 reactions in DMF

Murphy and coworkers proposed an alternative mechanism :

o
o) o) e 8K@ o K®
. _ DMmF olL _  DMmF uH P KOtBU 1o
: ']' kosu KO | d N —>'V'92N\§/LNMe — = 2 NMe
o) o)
29 K® S ., OH 5, Sk® 4
|
[NV/O KOtBu [ I KOtBu
~ E I
|
36
| ®
O»N O _KoBu O, I K KO?Bu O/ I
'I/N/% O K@
|
39 40 41

N
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| Ph Ph
\©/ KOtBu, benzene
130 °C, 18 h ] ' @
42 43

additive
entry additive yield (%)(42 + 43)
1 DMF (0.2 equiv) 0.6
2 36 (0.1 equiv) 8
3 39 (0.1 equiv) 16

Figure 6: comparison of reactivity of DMF and diformaide in
coupling reactions that use KOtBu as a base

These experiments showed the ability of formamides to dimerize in
the presence of KOtBu to form electron donors.



Summary

1.

The role of KOtBu in single electron transfer reactions
IS discussed.

2. Although in transition metal-free reactions, KOtBu as a

B

single electon donor is proposed by many workers,
considering the large energy barier, the direct electron
transfer from KOtBu seems impossible.

KOtBu maybe only act as a base in these SET reactions.

. Further studies are needed to have more accurate

understanding of KOtBu involved single electron
transfer reactions and the role KOtBu played.
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