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Bac kg round -History of terephthalic acid preparation

» Liquid-phase nitric acid p-xylene oxidation

CH; COOH esterification COOCH;
to dimethyl
30-40% HNO; terephthalate (DMT)
o >
160-200 °C crystglli_zati_ons
CH, 8.5-13.5 bar COOH and distillations COOCH,
PX CTA DMT

Raghavendrachar, P.; Ramachandran, S.

Ind. Eng. Chem. Res. 1992, 31, 453.



Bac kg round -History of terephthalic acid preparation

» Dynamit — Nobel process

COOCH;  COOCH;

© 0, © CH;OH © 0, © CH;OH © -2CH;OH

COOCH;

conditions: air, neat, 140-180 °C, 5-8 bar, cobalt catalyst

Sheehan, R. J. Terephthalic Acid, Dimethyl Terephthalate and Isophthalic Acid.
Ullmann’s Encyclopedia of Industrial Chemistry;
Wiley-VCH Verlag GmbH & Co.: Weinheim, 2005; Vol. 35, pp 639—-651.



Bac kg round -History of terephthalic acid preparation

» Mid-Century process (AMOCO MC process)

COOH COOH COOH
COOH
PX p-TALD PT 4-CBA CTA

conditions: air, ~200 °C, 15-30 bar, Co/Mn/Br catalyst, in acetic acid

Saffer, A.; Barker, R. S. U.S. Patent 2833816, May 6, 1958.
Saffer, A.; Barker, R. S. GB Patent 807091, January 7, 1959.



Bac kg round -History of terephthalic acid preparation

» Catalytic pathway for AMOCO MC oxidation

CH, CH,OO0H
Br- Mn3* Co%* + H*
CH; CH,
CH, CHO
Br- Mn?* Co?* + H,0
CH; CHs

Partenheimer, W. Catal. Today 1995, 23, 69.



Bac kg round -History of terephthalic acid preparation

> Kinetic mechanism of the AMOCO MC method

Br- + CHsPhCH; — Br  + CH;PhCH," + H*

CHsPhCH,” + O, —> CH3PhCH,0,

CHsPhCH,0, + Co2* + H* — CH3PhCHO + Co3" + H,O
CH3PhCH,O5 + Mn?* + H* —— CH3PhCHO + Mn3* + H,0
Br- + CH3PhCHO —— Br + CH;PhCO* + H*

CH3PhCO* + O, —— CH4PhCO5"

CH3PhCO3" + Co2* + H* — CH3PhCOOOH + Co*" + H,0
CH3PhCO3" + Mn?* + H* —— CH3PhCOOOH + Mn®* + H,O

CH3PhCOOOH + CH3PhCHO —> 2CH3PhCOOH

Wang, Q.; Cheng, Y.; Wang, L.; Li, X. Ind. Eng. Chem. Res. 2007, 46, 8980.

v



Background-Recent research trends in TA synthesis

» Oxidation in sub- and supercritical water

100
80 —
IS
m
B 60 -
<}
(&}
2
T 40 4
<
2
o
20 —
0 I I I I 1
300 400 500 600 700 800
Temperature (K)
=10
12 -
S 144
9
°
E 64
g
g -18 4
-
.20 -
-22 T T T T ;)
300 400 500 600 700 800
Temperature (K)

Terephthalic acid solubility (/100 g water)

14 -

.

I I I I 1
300 350 400 450 500 550
Temperature (K)

Properties of water as a function
of temperature at 25 bar

Savage, P. E. J.
Supercrit. Fluids 2009, 47, 407.



Background-Recent research trends in TA synthesis

» Oxidation in sub- and supercritical water

media 1(2C) catalyst max yield (%) 4-CBA yield (%) oxidant
subcritical 300 MnBr, 49 + 8 0.03 + 0.04 H,0,
supercritical 380 MnBr, 57 £ 15 H,0,
supercritical 400 MnBr, >90 ~0 H,0,
supercritical 380 MnBr, 95 <0.1 H,0,
subcritical 300 MnBr, 80 0.6 o,
supercritical 380 HBr 19.1 0.06 0,
supercritical 380 CoBr, 6.3 5.13 0,
supercritical 380 MnBr,/HBr 22.7 4.66 0,
supercritical 380 MnBr,/benzoic acid 35.6 5.12 o,
supercritical 380 CuBr, 55.6 0.77 0,
supercritical 380 CuBr,/ NiBr, 59 ~0 0,
supercritical 380 Cu/Co/Br 60 0,
supercritical 380 Cu/Co/NH,/Br 70.5 0,

Garcia-Verdugo, E.; Venardou, E.; Thomas, W. B.; Whiston, K.; Partenheimer, W ;
Hamley, P. A.; Poliakoff, M. Adv. Synth. Catal. 2004, 346, 307.

Garcia-Verdugo, E.; Fraga-Dubreuil, J.; Hamley, P. A.; Thomas, W. B.; Whiston, K_;
Poliakoff, M. Green Chem. 2005, 7, 294.



Background-Recent research trends in TA synthesis

» Alternative catalyst systems and cocatalyst
€ Use carbon dioxide as co-oxidant

Beneficial effect:

. . 0 o 0" _CO,  97Q

® Suppressive effect in l—‘ M.o. °F M, M. Cso

decarboxylation reactions Type |

® Improvements in oxidation ™+ 0, —wmJ

rate and product selectivity

® Increase solubility of oxygen S Cco, MP‘O\C
0’ =70
Type ll

Yoo, J. S.; Jung, S.; Lee, K.; Park, Y. Appl. Catal., A: Gen. 2002, 223, 239.
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Background-Recent research trends in TA synthesis

» Alternative catalyst systems and cocatalyst

€ Use carbon dioxide as co-oxidant

CH,

© Br- Mn3* Co** [CO42]
CH,
CH,

© Br- Mn2* Co?* [CO5?]
CH,

Postulated role of the peroxocarbonate species in the
conventional AMOCO MC oxidation catalytic pathway.

Yoo, J. S.; Jung, S.; Lee, K.; Park, Y. Appl. Catal., A: Gen. 2002, 223, 239.
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Background-Recent research trends in TA synthesis

» Alternative catalyst systems and cocatalyst

€ Use N-hydroxyphthalimide (NHPI) iInstead of bromide

H
700 NHPI
Ln Co("')OOCo("')L HED:
L,Co(" —>

A o)
X L, Co("'>oo
O \
©:‘<‘<NOAc
\ L, Co("')OH /

(0]
L,Co™

NAPI
C: olel L, Co("')OOH :é PINO
X :
NHPI
CH,00° CH,

© © Ishii, Y.; Sakaguchi, S.
I \{ Catal. Today 2006, 117, 105.

X

Hzi:—@—x H3C—©—X 12 0,



Main text-use benzyl radical for C

sp3

0
0 10 mol% CuCl \
1@ R? 1.0 equiv PhI(OAc), oN
R + N-OH >
CH,CN r2 ©
o) 70 °C, 12 h, Ar R

10.0 equiv NHPI (1.0 equiv) 17 examples
51-98%

Proposed reaction mechanism AcOH
Phi CuCl NHPI R1©/\ R?
X
PhI(OAc), CuClI(OAc) PINO R1©/\ R®
o Y
PINO = @E‘\EN—O' PING
RL@)\RZ

o

-O bond formation

Lee, J. M.; Park, E. J.; Cho, S. H.; Chang, S. J. Am. Chem. Soc. 2008, 130, 7824.
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Main text-use benzyl radical for C_ .-N bond formation

sp3

10 mol% [MeCN],Cu(l)PFg Q.0
R TTH Q.0 15 mol% 1,3-indanedione NSRS
7 N“"R®  2.0equiv3-CFiCeH,COst-Bu  RU_J Re
23 °C
24 examples
32-72%
Powell, D. A.; Fan, H. J. Org. Chem. 2010, 75, 2726.
o o | QP
RL@/\H . RL ,\\S/: 4.0 equiv PhI(OAc)z> o N'S\Ph
s 120 °C, 4 h R2
5 examples
51-81%

Kim, H. J.; Kim, J.; Cho, S. H.; Chang, S. J. Am. Chem. Soc. 2011, 133, 16382.

14



Main text-use benzyl radical for C_ .-N bond formation

sp3
H 1 mol% [Cu] NRiRz | cVQ
1.2 equiv tBu,0 H =
@(g + HNR{R, 22 5 ; —=N Cl
~v benzene, 90°C, 24 h ~v v [cul= Cu
10.0 equiv 8 examples N 9'
40-83% : Cl

53-98% (neat)

Proposed reaction mechanism

R-NR'R?

tBuOOtBu
HNR1Ry2 [Cu'] \&

RH= 5 R: + [Cu'-NR'R2
. 2 [Cu']-OtBu

+ [Cu'](HNR'R?)
>\ % 2 HNR'R?
2 [Cu']-NR'R?

2 HOtBu

Wiese, S.; Badiei, Y. M.; Gephart, R. T.; Mossin, S.; Varonka, M. S.;
Melzer, M. M.; Meyer, K.; Cundari, T. R.; Warren, T. H.;

15 Angew. Chem. Int. Ed. 2010, 49, 8850.



Main text-use benzyl radical for C_ .-N bond formation

sp3
10 mol% CucCl N(SOzPh),
R2 SOZPh
R1©/\ ) F—N: 5 mol% phen> ”
SO,Ph DCE,110°C R’
1.0t024.0 h
1 1.1 equiv 2
29 examples
57-91%
- - R
Proposed reaction mechanism j
NFSI/L cucl N(SO2Ph),
‘CH,
Ln—Cu!'=N(SO,Ph),
F Cl A - . Ln—Ctll"—N(SOzPh)z
n=1or2 Cl c

H atom abstraction

R
Ni, Z.; Zhang, Q.; Xiong, T.; Zheng, Y.; Li, Y.; Zhang, H.; Zhang, J.; Liu, Q.
16 Angew. Chem. Int. Ed. 2012, 51, 1244.



Main text-use benzyl radical for C

sp3
H 20 mol%[Mn] F
6-9 equiv PhlO
i 2
Rl S R2 1.5 equiv Et3No3HF> Rl—: \ R
Z CH4CN =
50°C, 6-9 h

18 examples
44-70%

Proposed reaction mechanism

Liu, W.; Groves, J. T. Angew. Chem. Int. Ed. 2013, 52, 6024.

17
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Main text-use benzyl radical for C

sp3-F bond formation

o 10 mol% [Cu]

F g
10 mol% KB(C4Fs), :
S R2 10 mol% NHPI X R2 ' N/ \N
R1_| . [Cu] = /= ‘Cu' =\
= 2.2 equiv Selectfluor Z : Ph | Ph

CH;CN, reflux, 2 h ; '
2 examples '
28-47%

Bloom, S.; Pitts, C. R.; Miller, D. C.; Haselton, N.; Holl, M. G.; Urheim, E.; Lectka, T.

Angew. Chem. Int. Ed. 2012, 51, 10580.

F
10 mol% Fe(acac),
mill A R2 2.2 equiv Selectfluor Rl R?2
U
Z CH4CN, RT, 24 h Z

13 examples
35-76%

Bloom, S.; Pitts, C. R.; Woltornist, R.; Griswold, A.; Holl, M. G. Lectka, T.

Org. Lett. 2013, 15, 1722.
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Main text-use benzyl radical for C. .-F bond formation

sp3
F :
H 2.5 mol% NDHPI : Q o
A R2 2.0 equiv Selectfluor N R2 '
R » R+ : HO-N_ | N-OH
Z CH,CN Z :
50 °C, 3-10 h ; o %
21 examples 0
28-86% ] NDHPI
Proposed reaction mechanism N R
R1—, P
B F
TN R?
H +/ \+ 2 BF, R+
N\UNS >
O R,N—OH 7 c
RT (NDHPI)
E
A +/>\+ 2 BF
F-N"\_N—
7 %
G
RzN_O'
(N-oxyl radical) H_ﬁ’/\/\ﬁ E\BF4'
D 7 %
H

Amaoka, Y.; Nagatomo, M.; Inoue, M.; Org. Lett. 2013, 15, 2160.

19



Main text-use benzyl radical for C. .-F bond formation

sp3
H visible light /CI
5 5 mol% 9-fluorenone o
R L 2.0 equiv Selectfluor r2' VR Q.O
T /®

= CH,CN F 2BF,

27 °C,3-96 h 31 examples : 9-fluorenone Selectfluor

35-93%

Proposed reaction mechanism

/

“e—r
/ \//
| Il 1]

ol R
F—N-R

E)V'\er” R

Vil

/ﬁ\ +1?FR

@ =N~

va§§ X
IX

Xia, J.-B.; Zhu, C.; Chen, C. J. Am. Chem. Soc. 2013, 135, 17494.
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Main text-use benzyl radical for C_,.-C bond formation

sp3

20 mol% FeCl, O~ _R!

O~_R'
H\rR2 2 equiv tBu,0,
+ y 2
N e RT, 36h = R

1.2 equiv 16 examples
25-87%

Proposed reaction mechanism
tBuO-Fe'l + tBuO- RJ\/U\R1

tBuOOtBu

Li, Z.; Cao, L.; Li,2 C.-J. Angew. Chem. Int. Ed. 2007, 46, 6505.
1



Main text-use benzyl radical for C_,.-C bond formation

sp3

62%

Ph
5 mol% Sc(OTf);
AN CH; 2 equiv tBu,0, AN AN
o+ > P Ph +
N 135 °C, 16h N N/ Ph
1 : 1

1.0 equiv 14.8 equiv

Geng, G.; L1, C.-J. Org. Lett. 2009, 11, 1171.

Cl CH; 2 equiv PIFA Cl CH;
S 2 equiv NaN;,> X
_ CH,CI,, RT P
Cl N H;C CH; Cl N CH;
1.0 equiv 8.0 equiv 31%

for alkanes yield up to 92%

Antonchick, A. P.; Burgmann, L. Angew. Chem. Int. Ed. 2013, 52, 3267.

22



Main text-use benzyl radical for Csp3-C bond formation

Proposed reaction mechanism

NaN3

CF3CO,H
OCOCF; OCOCF;
/
Ph—I_ Ph—I
OCOCF; N

CF4CO, .':/:‘\“. CF;CO,H r{Q‘I‘:
U+ (2
e § :
CF;CO,

Antonchick, A. P.; Burgmann, L. Angew. Chem. Int. Ed. 2013, 52, 3267.

23



Main text-use benzyl radical for C_,.-C bond formation

sp3

2 m_ol% Cu
1.2 equiv tBuOOI-I> Ph _~_ Ar
110°C,12h

44-62%

PhF~coon + H Sar

Cui, Z.; Shang, X.; Shao, X.-F.; Liu, Z.-Q. Chem. Sci. 2012, 3, 2853.

2 R3
10 mol% CuO RN
X COOH R2 R3 2 equiv tBu,0, X Ar
R + X = W
_ H™ SAr 110°C, 24 h, Ar “

24 examples
31-78%

Yang, H.; Sun, P.; Zhu, Y.; Yan, H.; Lu, L.; Qu, X.; Li, T.; Mao, J.
Chem. Commun. 2012, 48, 7847.

24



Main text-use benzyl radical for C_,.-C bond formation

sp3

Proposed reaction mechanism

A X-COOH , ¢y + tBuOOH

tBUOH + H,0

120 X _CoocCu(ll
r/\/ U( )

tBuO- tBuOH

Ar/\/COOH Ar'_CH3 Ar'_CH2°

+
tBuOOH n ~__-COOCu(ll)
Cu(l) ’/j/
Ar'

/\/

Ar/\/\Ar' + CO,

Cui, Z.; Shang, X.; Shao, X.-F.; Liu, Z.-Q. Chem. Sci. 2012, 3, 2853.
25



Main text-use benzyl radical for C

sp3
R2 RZ
Pd(Xantphos)Cl, H.CH
T H + CHyCH,OH > R CH;
R \ CO (10 atm) R ,\ o
> tBu,0,, 120 °C, 16 h >

21 examples
26-74%

Xie, P.; Xie, Y.; Qian, B.; Zhou, H.; Xia, C.; Huang, H.
J. Am. Chem. Soc. 2012, 134, 9902.

R3 R2 |$3
) Pd(Xantphos)Cl, N
R1 ::/,:\O)\H o H_N‘ o (10 , ) > R1 /\ \R4
TRl R? L) TRl
'\" tBUzOz, 120 OC, 16 h '\" R

26 examples
33-85%

Xie, P.; Xia, C.; Huang, H. Org. Lett. 2013, 15, 3370.

26

-C bond formation



Main text-use benzyl radical for C_,.-C bond formation

sp3

Proposed reaction mechanism

tBu,0O,
tBuO- X
PhCH,COOtBu PhCH,
0 0
byproduct [Pd”] PhCH,
PhCH,COOEt Bl
. 1]
Magjor product PhCH,PdCOtBu SET
D
PhCHdeCOEt slow PhCHZPdOtBu
EtOH
fast
PhCHZPdOEt
tBuOH

Xie, P.; Xie, Y.; Qian, B.; Zhou, H.; Xia, C.; Huang, H.
J. Am. Chem. Soc. 2012, 134, 9902.

27



Main text-use benzyl radical for Csp3-C bond formation

6
- RS RAr

3

R+ A o R® R®  conditions 5
~ e N g
N Z R H™ DMAr R o

RZ R3 NN

conditions:

R2
3 mol% IrCl, 2 mol% Cu,0 5 mol% Cu,0
2.0 equiv DTBP 56 examples 2.0 equiv TBPB 53 oyamples  _ >:0€auivDCP 7 oxamples
120°C,24h,Ar  6788% 120°C,28h  45-95% 110°C,22h  4595%
R5 R®
Proposed reaction mechanism
R7
.0
)\O j<
or
DTBP peroxide R7 OH R7 + CH,
5 R6
5 H* Mn)  M(n+1) R R

RS Ar)/ (:[ z R4
3 R2 3
C?g

Zhou, M.-B.; L1, J.-H. et al Chem. Commun. 2013, 49, 10817.
Zhou, S.-L.; Duan, X.-H. et al Chem. Eur. J. 2013, 19, 12970.

L1,28; Liu, Z.-Q. et al Org. Lett. 2014, 16, 382.



Summary and outlook

Summary
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Summary and outlook

Outlook

» The oxidative coupling of C;-H bond with different
substrates supplements well-established coupling
reactions of prefunctionalized starting materials and
provides waste-minimized access to functionalized
molecules more rapidly.

» It is of high interest to develop efficient catalyst
systems for the selective activation of inert Cg,-H
bonds.

» Air has yet to be further established as a broadly
avalilable and safe oxidant.

30
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