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1 Introduction
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1/5 of air (volume) is O,
about 47% of crust (weight) is O,
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Cut + Zn — Zn?t + Cu

oxygen is good oxidant. (safe, cheap and abundant)
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copoduct is non-toxic. (H,0, or HyO)

difficulty for the application of catalytic reaction

thermodynamically capable to oxidize PdP but always compete wiyh Pd aggregation.
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Two types of aerobic oxidation
O
r'\'A(n+2)+ Hgo M(n+2)+
Oy + 2H* Sub(O) 1/20, Sub®X
+2e M+ + 2HY MO +2 H*
Oxigenase Oxidase
[ E A= 212

. Shannon S. Stahi

Associate professor of
the University of Wisconsin-Madison

His research is focused
on metal-catalyzed reactions
for organic chemistry.

Review: Angew. Chem., Int. Ed. 2004, 43, 3400.

Contents

-t

1 Introduction —

2 Oxidation of Alcohol —
2.1 Early Work —
2.2 Alcohol Oxidation Step -—
2.2.1 Mechanistic Study of PA/DMSO System — 3
2.2.2 Mechanistic Study of Pd/pyridine System — 4

WNN

bio-enzyme

cytochrome ¢
oxidase

2.3 Catalyst Regeneration Step

2.3.1 Coordination Manner of Pd(0) with Olefin
2.3.2 Spin State of the Molecular Oxygen
2.3.3 Generation of Hydroperoxide

3 Oxidative Amination Reaction to Olefin

4 Qutlook & Remark

monoamine
oxidase

I
N1

—10




2 Oxidation of Alcohol
2.1 Early Work

(Larock, R. C. et al.) J. Org. Chem. 1998, 63, 3185,

(Uemura, S. etal.) J. Org. Chem. 1999, 64, 6750.
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(Sheldon, R. A. et al.) Science, 2000, 287, 1636.
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[Sigman, M. S. etal.] J. Am. Chem. Soc. 2001, 123, 7475.

\
OH Pd(il) 5 mol % OH o \ N N
(-)-sparteine 20 mol % N
N DCE. 70°C g * . N \Pd/
under O, atm. .
{-)-sparteine / \
Table 4 Cl C
entry Shetmen T x con:e average! kinetic resoluti o
R R onditions® % e ! IC resolution
e (% ee) Ko (—)-sparteine works as chiral template
1 1a CgH; 65.9(98.2) 130 and amine base
7 W p-MeCgH, 60.8(96.6) 140 OH OH  PdOAC), 10 mol %

OH O
24332 21 {hsoateine20moi%.  J J|feat)
S29(80.7 122 Ph Ph DCE. 60°C Ph Ph
under O, atm.

65.7(95.9) 10.1
desymmetrization of 1,3-diol

9 le pCF,CH,

14 1h p-FCH,
15 1i 2-Naphthyl
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> b

82 %ee, 69% y.

[Stoltz, B. M. et al.] J. Am. Chem. Soc. 2001, 123, 7725.

kinetic resolution

OH Pd(nbdgtcgz(ll)zg moll °¢ OH o N\ (—)-sparteine works as chiral template
{-)-sparteine 20 mol % N N and ami a
A r T MBaALaC ~ gy Al ine base
under O, atm. .
(~)-sparteine
Table 5 oM oH
unreacteg alcohol, isolated ;
oY major enantiomer tme € yiolgh €9 ROHT g% coﬁ?iri{;gns
. i
1 ReH  §6h  509% IT%(9IN) 7% 231 O
2 CH;RwOMe 98h  66.6% 32%(96%) 98.1% 123 + (eq2)
(red] o)

3R RxF 54h  633% 3% (BE%)  67.0% 144 quant.
4 gy ArstNmhing 192n S59%  4N@7H)  Te4% 98 OO
s. N ArszNepmnyi 112n ss2% M%(@e%)  99.0% A7 total (2cycles)

99 %ee, 68 %

Ar = ortolyl 1440 48.4%  49% (96%) 6B7% 131

Enantiomer ((+)-sparteine) is not utilized easily.
Equivalent of (+)-sparteine did not work effectively.

2.2 Alcohol Oxidation Step
2.2.1 Mechanistic Study of Pd/DMSO System ref. J. Am. Chem. Soc. 2002, 124, 766.

model reaction
e . QR e e e QAR e+ o
| o) ; oA A sl ® s g Y
; MeO OH _Pd(OAC), 5 mol %, MeO ! gooe: R N I S ]
5 DMSO, 80°C H & oo 4. E
: under O, atm. i Booes: e
: OMe 2 OMe ! %o.oes:;: 0oo7§ :
B it 0 200 400 H50C 8O0 1000 oﬁ 065 01 0615 02 028
Figure 2 PO, ticir (P
What is the role of the DMSO ?7? involved in redox rxn ?? 1st order dependence on pO;_ (A)
{DMSO can act as both oxidant and reductant) The saturation dependence on [Pd]. (B}
No dependence on [alcohol]. (no data is shown)
c.f.
RhCl;-3H,0
AnGe o0 |
Hy, + Oy + MeySO DMSO H,0 + MeyS(0), (eqd) HiOy .. HaO2 LPdl
OH 0 ¥ . RCH;0H
I+ 0y + Me,SO _ok/v"%ﬂb“’ L +MesS(0)2+H0  (eqe) i
R R R R paladuam O
cawiyzed LaPdsd
— DMSO had nothing to do with redox rxn.
(Neither Me,S nor Me,S(0), was detected.) - RCHO
ZHQO =" " gy LPI0) +2H
turnover
s ene &gc -nl
limiting Scheme 3
Summary step [P0}

- DMSO acts as ligand and makes Pd more stable.
- Turnover limiting step is catalyst regeneration step.
- O, is consumed just for cat. regeneration.

At higher [Pd], decomposition of Pd
and catalyst regeneration steps were competed.
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2.2.2 Mechanistic Study of Pd/pyridine System ref. Org. Lett. 2002, 4, 4179.
J. Am. Chem. Soc. 2004, 126, 11268.

model reaction

: o
' Pd(OAc), 5 mol % ' (C) highest rate, but cat. decom
! ) ‘ , . p.
' OH _pyridine 20 mol %, H ' 2 was observed.
) toluene, 80°C . P G pyPd = 5:1
X under O, atm. ! B
e e e e e d e eee e ’ E 20 i
3.t
30, . . 10 s =15
S5 (A) e s (B) . B ‘gzo; o oypanan no cat. decomp.
S ) 5 2 5
ET . g 6 . : o
S5 . . H 0 .
8 H . 2 4 P 4] 100 00 300 400 500
g0, £, : {Pyridine] {mt)
s ! L Catoyst-=
3 ‘ : <} ' 41 pyriding Pd(DAC),
Figure 3 {Atcohol} (M) [Cataiyst] (mM) higher py amount: slower rxn rate
The saturation dependence on [alcohol] and [catalyst]. ©) Pd(OAc),/py= 174 system is best.
10
Proposed mechanism § 8l . .
k. *
{(PY)PA(OAC), + RCH,0H ;: (PY}sPA(OACHOCH,R) + HOAC 2ol
J ' i .
ke i ‘ l ¥ Pdtack
(PY:P(OACIOCHR)  ==Z==  (PYIPAIOACHOCHSR) + py | .
EYIPAOANOCHR) —L o« (y)PAH)OAS) + RCHO ! Os pressue (tor)
i No dependence on O, pressure.

/ Under lower O, pressure, catalyst

) e . decomposition was observed.
pmmﬂ»wmd dissociation is essential ?
Oamtysi()x:darion {PY)PAYOAC), Substate Oxidation Using 2,2'-bipyridine

reaction' proceeded Slower.
120, Turnover limiting step
+ 2 AcOH ’ 2AoOH Pd(OAc),/DMSO: stage Il

i Pd(OAc),/pyridine: stagel — especially B-hydride elimination
i 7?
+n(pyPd®l  Catalyst is slow??

—{2n42) py
[Pdlaq Scheme 4

Addition of alcohol to cat solution (NMR study)

A bound free: B. E 88 e { catalyst complex .
alcohol pyridifie Pyﬁdi"@ g 8. ' : ' 4 P PY, _oAc :
LCONC. 4B ssmeepe gé :;: + Pd(OAc), * Py —————— bd” (eqsi

el | 11 : o™ Yy !
T : : 58 860, - always Pd/py=1/2. !
“ H] % 855 ; X
ISR\ 860 . S
‘----'--{A o ST 845:6 - bl m0¢2 03 ;‘7"“65
' L LU S S T Akohon ) -
Figure 4 7.5 equiv. of pyridine

Chemical shift of both bound py and free py were changed.— free py: hydrogen bond
bound py: (1) rapid equilibrium formation of Pd alkoxide complex
(2) equilibrium coordination of the alcohol to Pd
forming 5-coordinate adduct
(3) hydrogen bonding interaction between the alcohol
and the acetate ligand

NMR Integration measurement:
always Pd/py/OAc= 1:2:2
even at high [alcohol]

ACO” R + AcOH (eg6)
M! L i
incorrect !
RCH.OH Kz (7, 22°C)
p-CICeHCH0H 115
(py)oPd(OAc); + RCH,OH [(py)2Pd(OAC),]- RCHOH (o7 CeHsCH.OH 92
1:2:2 1:2:2 7-MeOC:HCH,OH 174
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With NMR analysis, 1 and 1-RCH,OH were observed.

[Proposed mechanism
. &
Acg,—;f’d"pgAc + RCH,OH -7‘-'«- 1-RCH,0H
-t
& .
LRCHOH  =—2=  AcO-PAOCHR + AcOH
kg Py -~
7
B & .
ACO-PI“OCHR === AcO-Pd-GCHA + py
oy ks \
7 8
e
Acg;mw HR  —Be  [(py)PA(H)OAG) + RCHO
8 irreversible step

This equilibrium might be the resting step.
Even in the presence of the excess amount of

alcohol, no effect for the turnover rate, but 1.RCH,OH
existed exclusively.

T Dissociation of AcOH should be unfavourable
from thermodynamic viewpoint.
O
Ka value: v.s. R“OH )
(p P8 oH H

What is the structure of 1-RCH,OH complex ??

H
TR RO Ba
ACO-Pd=OAc Vi
py Py
9 10
A
OHo g RHyCo iy H..
Py $-cn 0P )OL
3 .
AcO-d-0 AO-Rd~o7~CHy
/ Py
oy
" 12

Normally five-coordinated palladium(ll) complex possesses
at least one strong n-acceptor ligand.

Complex 9 and 10 are exclusively ¢ (and r) donors. -
11 is only stable intermediate

2.3 Catalyst Regeneration
2.3.1_Coordination Manner of Pd(0) with Olefin

Hammet plot

1 JE OSSN -
021« .COMe . *CN°
R H oo
A
3 g2
03. oMe M
04l
D5 A AL
o Figure 5
Summary

- Pyridine coordinates with Pd and makes Pd more stable.
- Excess pyridine retards the catalyst turnover due to inhibition of
the pre-equilibrium of B-hydride elimination.
- Resting state of Catalyst is
(py)oPd(OAc), + RCH,OH (py)2Pd(OAc),-RCH,0H.
- The stage of catalyst regeneration is invisible so the mechanism
|_is not clear yet.

P ——

L Ph
ref. J Am. Chem. Soc. 2001, 123, 7188. ( = ¢ N_¢ N
N — _
Scheme N4 N Ph N N be
0.
N 2 N 0 O
2 C + Pdydbay ——— ( poo-)  —2 Pl )
N -dba NT - -dba 7 R ru.,”\/\ph
orange brown
two methyl groups are inequivalent 0-0
Lo R T R 0001 (B) T T T ey \/
' pd"
(A) / i b AN
oa0ts [ k 00000 1 § L : ] =N N=
§ | oooce | ] \ 7/ \ 7/
S0 f o PH Ph
F3 0.0004 |- B
ooous | ] l square
g 00002 |- d mJlanner
00000 ™ 506 S8 0™ B0 R a6 e e v{ . Lo
Figure 6 pOx {torr) Eguivalents of dba 7 ¢
1st dependence on pO, no dependence on [dba] .

Ligand exchange : 2 manners
1 dissociative manner '/

N, Ph
() =L
N R

2 associative manner

pre-equilibrium

N
N
C _Pd®
N

AN
7

—

G

(O N
N Ph1 L2
CN/Pdo_l x( :pdd Ph| —=
R N \/
R

P

associative mechanism ??

Pd: 16-electron

excess dba: no inhibitory effect
inequivalence of two methyl group
on be of (bc)Pd(dba)

£ T r
o] Figure 7
~0

similarity with olefin exchange reaction
I

simple ligand exchange 77
512




ref. J Am. Chem. Soc. 2003, 125, 13.
J. Am. Chem. Soc. 2004, 126, 14832.

coordination manner (Pd-olefin)
using nitrostyrene derivertives.

square planner coordination manner ( N i
——Pd— trigonal
40 ' " ' NO. planner
2 structure
~ Figure 8
§ 1 self exchange
ekl . - [ns®F3) = 0 : no olefin dissociation ——» pre-equiliburium does not exist.
° - 1st order dependense on [nsCF3]
10
o N L .
0 002 004 006 008 O1
Figure 9 (e ()
Pseudo first order dependency
A. 0.400 ~— F T T B. 0.12 v ’_\
F N, NO, NO, 0.395 | 01 ¢
Pd. ] o
N/ 7 z £ 0.39 | ’, 3 0.08
+ —— ligand £ % =, 006}
——— a
exchange 50.385 ,‘ ool .
0.380 ! . B Data] i 00st i
Me OMe 0.375 T meitoe o tonn ot o b fomote . ¢ £ n : L
0 20 40 60 w |m 120 140 0 0.001 0002 0003 0004 0.005
Figure 10 Time (s6c) (™1 0
NO, NG, e )
N, NO,
(e :;‘“ (N an '8 F,) CN\PGD_WR
t4
¥ @ ns* Br i N/ \
& (cn,o c’:gxn—a cr, N ar "
og2 C-C bond length of
Table 6 Equilibrium Constants and Thermodynamic Parameters -1 Me p=39 coordinated olefin
for Equilibrium Olefin-Exchange Reactions (Eq 11)? 16 QMe ] was lfofnger than that
: ' ' e olefin.
Ker AR Ay 04 02 0 02 04 08 otiree olelin
oy X X NG fcalimal) feu) Figure 11 l
; ﬁ‘ gf’ 1;3 __g“?, g:; Electron-deficient olefin coordinated back bonding fi
3 CHs H 46 -07 -0.4 with Pd® more strongly. ack bonding irom
4 OCH, H 237 -17 22 Pd into the olefin
s OCH; CHs 556 -08 -05 ©* orbitals??
Figure 12
A mulmmewmmw B m.eiwymmd
— Olefin have well-defined donor (filled ) and acceptor (empty n*)
o — O e — Opposite coordination manner.
: ol R v “ Inverse Electron Demand "
; \ o : These Hammet plot implied....
b { Mo ﬂ e 5 HOMO of Palladium and LUMO of Olefin interacted.
Metal Olefine Metal Oleflne
LUMO HOMO HOMO LUMO
normal INVERSE
electron electron
demand demand

Computational model study

Ph Ph
H H
=N N= HN NH
bathocuproine simplify a-d(i(iir:;ine
N0 ) = & =\
. NO,
B-nitrostyrene

X

X
Scheme 5 ns

o

1.43
(di)Pd(C2Hg)
Figure 13

(di)Pd(CoH3NOy)
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Olefin exchange occurred via 18e” pseudo-octahedral TS. Ca\ c3
4
N\P d/ ¢ N I /C4
c! ot
7
Table 7 O,N
&, = = = =
e 4 [WCHF 4CH, 3 {SCHNOJ 5CHNO,
trone view) (side view) (trom view) (ieview;  ©9 PA-C 214 219 ) 232 213 217 ) 232
Figure 14 4CH, 5<C,H;NO, ax Pd-C2 214 2.16 223 211 213 215
anti-parallel conformation ax Pd-C3 NA 291 232 NA 231 215
Nitro group locates opposite direction to minimize eq pa-C4 NA 3.08 ) 23 NA 260 ) 232

the molecular dipole.

,.,‘" &x‘ Free olefin approaches apical position of Pd center.
VO H.TE The angle (Pd and olefin) is around 105—-110°
[4/C,H,] |
o 3 > similar angle of
¢ + Burgi-Dunitz trajectory

(front viev) (side view) {hop views) B. LPd"

A, Nu: 10" 2
it~ o~ 10511
B N~ 105110

3] * B8irgi-Dunitz olefin sub?lnuléon Figure 16
[5/02H3N02]t PP trajectory at paliadiurn(0)

‘ 7
Figure 15

ref. J. Am. Chem. Soc. 2006, 126, 2804.

This suggests that nucleophilic attack of Pd toward the n* obital.

n?-peroxopalladium complex.
can be converted to
PdP-olefin.
(required excess olefin)

0 001 002 003 004

, ins'10M)
Figure 17 Figure 18
Ph
N N N N
( \Pd"<(? _— C \Pd°—1| C :Pd°-dba ——*C :Pd“<g Electron deficient olefin
N o N7 3 N O, trap N exchanged more rapidly.
R

ﬁSummary
- (bc)PdP reacts with O, and gives n2-peroxopalladium complex.

- Exchange from dba to O, proceeds with associative manner and this step can be regareded as simple
olefin exchange.

- Pd HOMO and olefin LUMO interact with "Inverse Electron Demand”.

- Conversion proceeds via 18e” pseudo-octahedral TS and free olefin approaches from apical direction.

2.3.2 Spin State of the Molecular Oxygen ref. J. Am. Chem. Soc. 2004, 126, 16302.

N . NC o »~1P-peroxopalladium e, 2D
5 CN/Pd dba CN ,Pd"\c') ' How does it form? ,,,,44_2\‘?”.
' 1 Forbidden step !! w N g
. J_Am. Chem. Soc. 2001, 123, 7188.! (from the view of spin state of O,) = p=5

XY ,/I
— Question — \ﬁa/zpn

(1) Does O, approach the metal side-on or end-on?

(2) Is the two-electron transfer from palladium to O, stepwise or concerted? ,‘%_250-
(3) At what stage in the mechanism does spin-crossover occur? 2s . AN 2
=(\ . _

Ph Ph N “ .
7 N\_¢ \ simplify HN NH iy
AN Figure 19 triplet O
_N\ /N_ ) I;d" 9 2
I \
Pd O_O

Scheme 6 /\
0-0
712




Ave. Pd-O Distance (A)

(i) Pd-O distance > 5A

o

AN unpaired
Pd° electrone

of 02
0=0 triplet

(ii) 2.3 A < Pd-O distance < 4A

N\ ap shrinks rapid!

N S pidly
N /
Pd'

0\0 . n'-superoxide complex

Figure 20
lobe of spin dencity

Figure 21 ftriplet singlet

2.3.3 Generation of Hydroperoxide
ref. J. Am. Chem. Soc. 2004, 126, 10212.

They tried to synthesize monodentate ligand coordinated Pd complex A.

However, their spectroscopic data differed from the date in literature.

36 34 32 30 28 28 24 22 20 18

(iii) Pd-O distance = 2.3 A

Electron at the end of O, rotates
into the coordination plane.
Then energy levels of triplet and
singlet cross over.

triplet to singlet: 0.2 kcal/mol uphill

(iv) Pd-O distance < 2.3 A

singlet spin state

stabilize by 14 kcal/mol relative
to crossover structure

Two electron delocalized.

- O, approaches the Pd side-on manner and forms

- unpair electron delocalized included en ligand and this

[ remain 0.14 \ » remain 0.34 \ Mainly pq .centered s-d combination
3 ) - nt* oribital of superoxide
: - The residue spin densities are on en ligand
[Summary
- When Pd and O, has enough distance, Pd coordinates with
1.12 ¢ O, n electron.

n'-superoxide complex.

shrinks the gap between singlet and triplet state energy.

Ar‘NYN‘Ar

Pd
A|'~N)\N-Af
=/ A

Ar- = 3@‘

Scheme 7 =
N__N< </\ N=-Ar ; . o
Ar Y Ar _|\ A solution of A in toluene at -78°C,
Pg +0, N=\pg—? \ color changed yellow to brown upon
Iy toluene Af~N6’f o0 > introduction of an atomosphere of oxygen.
Ar~ - Ar ; S .
N N ¥ ‘
N, e~
yellow B brown . f'“ s}
A -
+AcOH : ; |
l A | ¢ "0%on o
i S
i i
M\ 7 N- S
A - N N\Ar N Ar sl miw‘{ﬁyj\, A ey woe ;
r N\-l\ /O ) ~ 8t
AcO-Pd-O0OH A'\Né_r( PdT., N HOQAc | & OM0n j
Ar- * -Ar .
N N N\Ar st AACA Ao, o _—
\—/ C brown 810 8% mgsgm 1 820 0
- i tal .
Addition of . gav lex C. 4 expenmental simulated
d.d ° . ACOH’ g.a € comp e* c Figure 22 MS analysis of complex C
cis-tras isomelization of iMes ligand occurred.
== = ct.
N__N~ SN N<p Ph Ph Ph Ph
Ar Ar Ar F AW A
Pg. 0-Pd. H.0. (eq8 7 N\ \
AcO-Pd-O0H LACOH AcO-Pd-OAc  + Hp0; (eq8) _ y/ =N N=({ (eq9)
Ars . Ar quite  Ar. LA N N Sl
N N low N N pdil Pd
\—/ C slo \— D N A
0-0 AcC OOH

cis-trans isomelization is essential ?? p
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ref. Angew. Chem., int. Ed. 2006, 45, 2904.

How does Pd' regenerate 7?7

La(X)Pd'—L' o
H.O o) ? substrate pathA [eductive elimination, Pd® spiecies.
it oxidation formation of n2-peroxocomplex
pd'-hydroperoxide
La(X)Pd'—OOH
From other experiment,
. . . 0
path B this spiecies can generate from Pd”.
La(X)Pd"—H
HX ath B |nsertion of molecular oxygen into Pd'-hydride
andu/o O, /Q,r HX Throughout the reaction oxidation state of Pdis +2.
.
(o]
L,Pd®
Scheme 8 \f deactivation
‘ pathA o \ o path
2 (Pd’l,

They prepared the Pd'-hydride complexes and it was exposed under O, atmosphere.

clean 1st order dependency on [Pd-H]

This suggested direct
— transformation to B

exponential time-course of reaction
(no Pd? intermediate)

Other possible pathway.

iMes
O, atm. lMles
RCO,~Pd-H  —p— e RCO,-Pd-OOH
A Mes 40-50°C B [Mes
4
4"
g .
§ 08:
T 04}
g o2
o}oé 20 40 60 80 100 120 140 160
. 120 1 1
Figure 23 Limin o )
Discussion A—B orA— C —D —B
-D—B

cis-trans isomerization is essential ?
sparteine, bathocuproine : impossible

(bidentate ligand)

L——-—A—»B??

pyridine, NHC
{monodentate ligand)

: possible

- radical chain oxidation
(Goldberg, K. I. etal. J. Am. Chem. Soc. 1999, 121, 11900. etc.)

- homolytic, non-radical chain oxidation
(Goddard Ill, W. A. et al. J. Am. Chem. Soc. 2005, 127. 13172. etc.)
- direct insertion of O, into Pd-H bond
(Goldberg, K. I.. Kemp, R. A. etal.
J. Am. Chem. Soc. 2006, 128, 2508. etc.)

0 8 NS |

IMes D IMes ‘

PLO RCOz-P!j"-OOH

% IMles ‘\\ IMles IMles B ;
RCO,H RCOQ—P?"-H 0, - _gﬁ

Scheme 9 Mes A -CgHq4-p-NO,

- Deactivation of Pd catalyst occurred due to the aggregation of PdO spiecies.

00012
00010 l o

I oooms

» 00008}

x§ 0.6004
oponzy o7 ’

poovo ...
0.0

Figure 24

e

02 04 08 0B 16 12 1%
NGO M

Carboxylic acid promoted
D—B

reductive elimination occurred and Pd® generated ?

- More acidic RCQ,H promoted A —B.

| o

X =-H
OH =-NO2
X

Anyway, further investigation is desired.

) 8-fold faster

&

CcC —A
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3 Oxidative Amination Reaction to Olefin

ref. Angew. Chem.. Int. Ed. 2002, 41, 164.

L e g

ambient O, pressure

Pd(OAc), 5mol % '
ridine _byridine 10mol %_
xylene, 80 °C ()/ (eq10)
under 1 atm O,

Table 7
Entry  Substrate tth}  Produci® Yieldid
R
1 R T PR 2~
R~=Ts 2 -\(‘—7 87
Rz Ng 8 87
R=Cbz 48 76
e HHTY 'f‘;
3 CL . 2 ~5 94 (1:1
Ny <\" I j ..... (i:1)

no cooxidant (copper salt, BQ etc.) 6 Nt 15 o N
B . O’ - 91
SN
ref. J Am. Chem. Soc. 2003, 125, 12996.
[ (0] et Hosokawa, T., Murahashi, S. -I. et al.
o ) Tetrahedron Lett. 1992, 33, 6643.
TS+ o + 120, o e PN, O 5% (CHyCN),PAC o
% CuCl,, 2 ° o PdCl
‘ 2 anti-Markovnikov | EWG (5%3(;“%2, 2 JL
in DME at 60 °C \i%(EtsN)deCla * HN" X7 DME. 60C pwg >N L eqt)
5% CuCl, 20h ~ 99% ' 1atmO,
. 2, NRR 9
With Et;N o EWG=ester, amide, etc. 45-93 %
regioselectivity 5% (CH3CN),PdCl, Ph
changed. 10% [NBu,JOAc 96% :
| 5% CuCl, 3h Markovnikov

l

Et3N was used as the ligand of Pd.
L_> steric effect ?? (cone angle = 158°)

However, addition of [NBu4JOAc gave Markovnikov-type adduct  AcO”

I
Bronsted base effect

?

c.t. Li salt of oxazolidinone also gave anti-Markovnikov-type adduct.

o)
PR 4 LiAN)LO + 1/20, 5% (CHyCN),PdCI,
v/ 5% CuCl,
Li amide

NRR'

V2, Ph,l\ (eq12)

anti-Markovnikov

E‘aN ,OAC —

‘NEt,

Figure 25

Proposed mechanism
HNRR'

L,,Pd"——JI *7/_.
Ph

LPd'—  H
_>—NRR'
PR @

Base
ithout co-oxidant
Withou oxid 5% PA(OAC), - Lpd!
JOL 5% EtgN yNRR -— —>—-NRR
no co-catalyst (eq13) PH
Ph
PA"X + HN" O . '
? DM1E 5.6,,(,) §' " anti-Markovnikov Figure 26 (N-H bond activation & insertion
2 95% mechanism can be considered.)
ref. J. Am. Chem. Soc. 2005, 127, 17888.
0
L 5% (CHa(C:NgPdCIz -
x HN” "0 S%CuCly . NRRY
Ph T DME, 60°C, 24h . Ph” Y~ * on
1atm O, 3
i) Et3N < 1 equiv.
Figure 27 1<Et3N <3 1<EtsN <3 (i 3 q
100 - LI . yield of 4 decreased.
A. ;‘e\ .- - ) ‘\4 B- 0.003
o % . & : ¢ (ii) 1equiv.< Et;N < 3 equiv.
’g « . * é 0002 ¢ . yield of 5 jumped up.
° . ~ .
] R i £ 0.001 *
e A wre-Mamsovnikov] L3 P Py NEI’ =1 . .
o A A P No explanation was given from
002 003 004 %40z 004 006 008 01 the view of steric effect .
. NEt J (M

Et3N < 1 equiv. [NEtsl M) Et3N < 1 equiv. (NEL] (M)
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(CH4CN),PdC * oml | DY &7
3CN),PdCl £~ 0.0004 >3 E « e
PR +HNYO __CuCh _  _\ NRR & Istorder e s :
\/ DMEeoCc Ph £ 00003 | E i
1amO;  antiMarkovnikoy = 0002 / ?—; ;
o % 00001 4 j = saturation 1
X . . e ]
o NE Kk KAKD = 3.0(1) at 40°C ) % 61 0z 03 o4 0000555 64 08 08 1 12 14
/ Figure 28  [Oxazolidinone] (M) {Styrens] (M)
0o (EtsN),PdCl, NRR' A ooosl T LR g 00008 1
CuCl E ! - i e -
PN +HN" O “OvE 60 G BN & ooz s " 00006 1st order /-/ ‘s
‘ ; E . £ i
1 atm 02 M. nik: g ovmi .,/ f g 00004 / J’
o @ ! : saturation Py : |
T 0.0004 V @ 0000! :
.H : |
o NH K HiKD = 1. ° s s, ey b . & oemon e e ; , ]
L E KK 1(1) at40°C % 01 02703 04 05 06 07 e Y A T NT) 1
Figure 29 {Oxazolidinone| (M) {Styrene] (M)
rScheme 10 Proposed mechanism h
LPd-L + /= - i«
Markovnikov A anti-Markovnikov
v kil K LZGHLON
(L' = NEt,) i (L'= CH,CN)
L thermodynamically
. +HNRZ ‘ and—l +HNRZ favoured
kinetically "’\ ka B Ph ky
favoured / \ 3.benzylic structure
+L ko H n y
L lg?j ® o) : E)RZ /
n NRZ —
c Rz Lpe—~ © . | pa—
irreversible PhH c Ph -
Y .
P +NEty +B:
but /— 3‘ {HNEt]* fBH | %
absence of base o)
quite slow step L,Pd o NRZ
_>—NRZ L,,Pd-—-(_
D pH o Pb
1 -[LyPd-H] ! -[L,Pd-H]
NRR'
Ph
/\absence
2 Js of base
7
{
i
; \
L Mackowike artr-Makomiay, |
ackttdion P"/%*HNRZ R on H
Nz [_.
g presence %y, MNRZ
S of base ph7
4 3
Figure 30
Summary —
- In Pd" catalyst system, oxidative amination reaction proceeds smoothly and the same reaction using molecular
oxygen as the only cooxidant achieves.
- In the presence and absence of Bronsted base, regioselectivity changes.
- In the absence of Et3N, aminopalladation step is the rate determining step.
- Addition of the base promotes deprotonation from zwitter ion intermediate and reaction proceeds under rather
kinetic control.
1112




4 QOutlook & Remark

What's the supreme oxidative reaction ??

- milder temperature

- ambient O, pressure

- wide application range

- tolerance for other functionalities
- chemoselectivity

Other Oxidative Reaction.
Oxidative amination.
Oxidative coupling reaction etc.

o e}

OH 1.0 mol % Pd(liPr)(OPiv)2 o
)\ 0.5 mol % HOPiv -
R R MS 3A,12h H)LR‘
tal. air, 25 °C

Scheme 11
ref. Sigman, M. S. et al. J. Org. Chem. 2005. 70, 3343.

Sigman, M. S. et al. Acc. Chem. Res. 2006, 39, 221.
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