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Palladium-catalyzed aerobic oxidation of amines
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Abstract—Pd-Catalyzed aerobic oxidation of different amines was systematically examined for the first time. A PdCl,/PPh; system
was successfully developed to catalyze the aerobic oxidation of several types of amines including Ar—~CH,NHPh, Ar—CH,NHOMe,
and Ar—CH,NHMs with high yields. Theoretical studies showed a remarkable difference in the energy barriers of B-hydride elim-

ination between an alcohol and various amines.
© 2006 Elsevier Ltd. All rights reserved.

Selective oxidation of organic compounds with O, as a
sole oxidant is valuable from both environmental and
economic points of view.! For this reason, considerable
efforts have been devoted in recent years to develop
transition metal-catalyzed aerobic oxidation reactions.
Among the transition metals used, Pd is the most attrac-
tive because one Pd-catalyzed aerobic oxidation reaction
(i.e., the Wacker process) has already received an indus-
trial success.> Many recent studies have also shown that
Pd*>" can catalyze other oxidative transformations
including alcohol oxidation, dehydrosilylation of sily
enol ethers, and oxidative C-O, C-N, and C-C coupling
reactions with olefins.?> Despite these successes, there
remain some important oxidative transformations for
which it has been extremely difficult to find an effective
Pd catalyst system. One such example is the aerobic
oxidation of amines to yield nitriles or imines.

The importance of the aerobic amine oxidation is at
least twofold: (1) the products of the reaction, that is,
imines or nitriles, are valuable intermediates in organic
synthesis; (2) on the basis of catalytic amine oxidation
it is possible to develop kinetic resolution methods to
access enantiomerically enriched secondary amines.
Previously James and Bailey reported a Ru—porphyrin
catalyzed aerobic procedure for the oxidation of amines
to imines.* Mizuno and Yamaguchi reported a Ru-cata-
lyzed heterogeneous aerobic oxidation of primary
amines to nitriles.> More recently, Bickvall and
co-workers reported biomimetic aerobic oxidation of
secondary amines to imines catalyzed by Ru and hydro-
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quinone.® Some Cu salts have also been reported to be
able to mediate aerobic oxidation of amines.” Nonethe-
less, no Pd catalyst system has ever been reported for the
aerobic oxidation of amines.

Herein we report our recent success in finding some Pd
catalyst systems that can catalyze aerobic oxidation of
amines. Initially, we examined the oxidation of benzyl
alcohol and a number of substituted benzyl amines with
Uemura’s (Pd(OAc),/pyridine/MS3 A/O,) catalyst sys-
tem (Table 1).8 Although benzyl alcohol (entry 1) was
smoothly oxidized to benzaldehyde, benzylamine, and
N-methyl benzyl amine (entries 2 and 3) were unreactive.
Gratefully, N-phenyl benzylamine could be oxidized to
the corresponding imine by the procedure, although
the yield (43%) was only modest (entry 4). Next, we
examined N-benzylacetamide but found it completely
unreactive (entry 5). N-Benzylmethanesulfonamide and
N-benzyl-toluenesulfonamide, on the other hand, were
found to be oxidized to sulfoximines by the procedure
(entries 6 and 7). It was also found that N-methoxylbenz-
ylamine could be successfully oxidized to the corre-
sponding oxime (entry 8) with a satisfactory yield (89%).

The above results indicated that Pd-catalyzed aerobic
oxidation of amines was not something forbidden by
nature. However, it was also found that the chemical
structures of the amines exerted significant effects on
the efficiency of oxidation. To improve the yields and
thereby the practicability of the transformation, we next
examined a number of reaction conditions as shown in
Table 2. Briefly, by extending the reaction time from
2 h to 14 h, the yield increased dramatically from 43%
to 70% (entry 1). Using pyridine as the ligand we tried
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Table 1. Aerobic oxidation of benzyl alcohol and benzylic amines catalyzed by the Pd(IT)/pyridine catalyst system

a

Entry Reactant Product GC yield (%)
1 PhCH,OH PhCHO 99
2 PhCH,NH, No reaction 0
3 PhCH,NHCHj; No reaction 0
4 PhCH,NHPh PhCH=NPh 43
5 PhCH,NHAc No reaction 0
6 PhCH,NHMs PhCH=NMs 23
7 PhCH,NHTs PhCH=NTs 16
8 PhCH,NHOMe PhCH=NOMe 89

# Conditions: reactant = 0.5 mmol, Pd(OAc), = 5 mol %, pyridine = 20 mol %, toluene = 5 mL, MS3 A=025 g, O, =1atm, 80°C, 2 h.

Table 2. Aerobic oxidation of N-phenyl benzylamine®

_Ph i
H Pd/air
conditions

N
©/\N/F‘h

Entry Catalyst Ligand Base Solvent GC yield (%)
1 Pd(OAc), Pyridine — Toluene 70
2 PdCl, Pyridine — Toluene 0
3 Pd(OAc), Pyridine — DMSO 25
4 Pd(OAc), Pyridine — DMF 65
5 Pd(OAc), — NaHCO; DMSO 68
6 Pd(OAC)z NEt3 — CHzClz 3
7 Pd(OAc), NEt; — DMF 15
8 Pd(OAc), NEt; NaOAc DMF 74
9 Pd(OAc), Phen NaOAc DMF 0

10 Pd(OAc), Bipyridine NaOAc DMF 1

11 Pd(OAc), i-ProNEt — DMF 10

12 Pd(OAc), TMEDA — DMF 2

13 PdCl, PPh; NaOAc DMF 96

14 PdCl, PPh; NaOAc Toluene 10

15 PdCl, PPh; NaOAc DMSO 98

16 PdCl, PPh; NaOAc DMA 97

17 PdCl, PPh; NaOAc NMP 97

18 PdCl, PPh; — DMF 7

19 Pd(OAc), PPh; NaOAc DMF 88

20 PdCl, PPh; t-BuOK DMF 29

21 PdCl, PPh; K,CO; DMF 64

22 PdCl, PPh; NaOH DMF 50

23 PdCl, PPh; i-ProNEt DMF 0

24 PdCl,(PPhs;), — NaOAc DMF 99

25 PdCl, PPh; NaOAc DMF 95 (in air)

# Conditions: reactant = 0.5 mmol, Pd salt = 5 mol %, ligand = 10 (for PPh3) or 20 mol % (for others), solvent = 5 mL, MS3 A=025 g, 0, =1atm

(except for entry 25), base = 0.5 mmol, 80 °C, 14 h.

several solvent systems such as DMSO and DMF which
were previously reported to be favorable for Pd-cata-
lyzed aerobic oxidations’ (entries 2-4). The results re-
vealed that toluene provided the highest yield. Next,
we tried some other ligands including no ligand,'? trieth-
ylamine,!! bipyridine, diisopropylethylamine, 1,10-phen-
anthroline (Phen), and tetramethylethylene-diamine
(TMEDA) (entries 5-12). Triethylamine was found
to provide the highest yield (74%) when NaOAc was
present (entry 8).!2

An interesting breakthrough was then made when we
used triphenylphosphine as the ligand (entry 13). This
finding was quite counterintuitive because phosphines
are oxygen sensitive and therefore, not expected to be
useful in oxidation reactions.!®> Nonetheless, the yields
of the phosphine-mediated amine oxidation reaction

were always high (96-98%) in a few different solvents
(DMF, DMSO, DMA, and NMP) except for toluene
(entries 13-17). NaOAc was found to be essential to
the reaction (entry 18) when PdCl, was used as the cat-
alyst. However, Pd(OAc), was less effective than the
combination of PdCl, and NaOAc (entry 19). Com-
pared to NaOAc, other bases including #-BuOK,
K,CO3, NaOH, and i-Pr,NEt gave much lower yields
(entries 20-23). It was also found that the commercially
available PdCl,(PPh;), complex was as effective as the
combination of PdCl, and PPhj (entry 24). Further-
more, we were pleased to find that the aerobic oxidation
could also be performed with a high yield (95%) in air
(entry 25).

Having confirmed that PdCl,/PPh3;/NaOAc/DMF pro-
vided excellent conditions for the aerobic oxidation of
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Entry Reactant Product Isolated yield (%)
_Ph X, -Ph
1 o o™ .
_Ph X, -Ph
_Ph X, ,-Ph
MeO MeO
H Ny _Ph
4 : N._Ph /@/ X 95
H
N.__Ph Ny _Ph
s o™ o .
MeO y MeO
Ny _Ph
N Ph X
s o™ o :
HsCOC
HsCOC OMe 8 OMe
H
MeO MeO
8 NQ/ \N/©/ 56°
JOR. Jon
HN\/© Nv@
H
N._Ph N Ph
10 ~ @[ 25b
OMe OMe
.OMe X, ,-OMe
1 ©/\H ©/\N 91
.OMe X, ,-OMe
. Ioa. o :
Br Br
/SOZMG Q
13 ©/\ N @AH 76
.SO,Me Q
o
- SO2Me
15 /@AH H 95
MeO o MeO
16 QAN)K No reaction 0
H
N
17 ©/ ~ N No reaction 0
-Me
18 ©/\N No reaction 0
19 ©)\H’Ph No reaction 0

# Conditions: reactant = 1 mmol, PdCl, = 5 mol %, PPh; = 10 mol %, DMF = 10 mL, MS3 A=05 g, O, =l atm, NaOAc = 1 mmol, 80 °C, 14 h.

® Determined by 'H NMR.
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N-phenyl benzylamine, we next examined whether the
same procedure could be used to oxidize other amines.
Instead of determining the GC yields, herein we focused
on the isolated yields to ensure the practicability of the
newly developed reaction (Table 3). Firstly we changed
the aromatic groups at both the N-phenyl site and the
benzylamine site. It was found that both electron-rich
and poor aromatic groups could be tolerated (entries
1-9). Nonetheless, it was found that an aryl group with
an ortho-substituent (entry 10) would dramatically
decrease the yield. This indicated that the reaction
was sensitive to steric crowding of the substrate. As to
N-methoxylamines, it was found that the PPh; proce-
dure was superior to the pyridine procedure because
the yields were relatively higher (entries 11 and 12).
The PPh; procedure also provided much higher yields
in the cases of N-methanesulfonamides, although the
major products were the corresponding aldehydes
(entries 13-15). A proposed explanation for this obser-
vation was that the sulfoximine products were rapidly
hydrolyzed under the reaction conditions (where H,O
was produced as a by-product unavoidably).

Amides, N-phenylalkylamines, and N-alkyl benzylam-
ines (entries 16-19) were not oxidized by the PPh; pro-
cedure. Evidently both the electronic and steric effects
played vital roles in the reaction. Before the aerobic oxi-
dation of more challenging amines, we decided to utilize
theoretical tools to obtain some physical insights into
the reaction. Thus we calculated the free energy barrier
of the B-hydride elimination step for various substrates
using standard B3PW91/LANL2DZ + p//B3PW91/
LANL2DZ methods.'*!3 It is worth noting that in
many previous studies B-hydride elimination was pro-
posed to be the rate-determining step.!%!7

From the theoretical results (Fig. 1), it was evident
that the energy barrier of B-hydride elimination for
PhCH,NH, was about 7 kcal/mol higher than that for
PhCH,OH (which could be translated to ca. 10°-fold
difference in reactivity). The addition of a methyl group
in the case of PnCH,NHCH; only decreased the energy
barrier by 0.1 kcal/mol. By contrast, a phenyl group in
PhCH,NHPh dramatically reduced the energy barrier
to 1.7kcal/mol, so that the reactivity between
PhCH,OH and PhCH,NHPh differed only by about
10-fold. This explained why PhCH,NHPh could be
oxidized relatively easily. Furthermore, the energy
barriers for PhnCH,NHAc and PhCH,NHMs were 6.7
and 3.6 kcal/mol, respectively. This explained why
PhCH,NHMs could be oxidized but PhCH,NHAc
could not. Finally, the energy barrier for PhCH,-
NHOMe was 1.9 kcal/mol. Thus, PhCH,NHOMe was
also a good substrate for Pd-catalyzed aerobic oxida-
tion. The energy barrier for PhCH- (CH3)NHPh was
7.6 kcal/mol, which was about 6 kcal/mol higher than
that for PnCH,NHPh. Accordingly, a secondary amine
was much more difficult to oxidize than a primary amine
because of the steric problems.

To conclude, in the present study we reported the first
examples of Pd-catalyzed aerobic oxidation of amines.
An interesting PdCl,/PPh; procedure was developed

PhCHCH3NHPh, AG*= 7.6 kcal/mol

Figure 1. Structures of the starting material (left), transition state
(middle), and product of B-hydride elimination (right).

and it was successfully utilized to catalyze the aerobic
oxidations of several different types of amines including
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Ar-CH,NHAr, Ar—CH,NHOMe, and Ar-CH,NHMs
with high yields. Further theoretical studies showed a
remarkable difference in the free energy barrier of the
B-hydride elimination step for different amines. Thus,
in order to oxidize those ‘more difficult’ amines we need
to find more powerful solutions to reduce their energy
barriers for B-hydride elimination. Given the fact that
many phosphine ligands are available and many of them
have been known to exhibit extraordinary effects in Pd
catalysis, we are optimistic that some Pd/phosphine sys-
tem could be developed in the near future to catalyze the
aerobic oxidations of more general amines under milder
conditions.

Acknowledgment

This research was supported by the NSFC (No.
20332020 and 20472079).

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.
2006.09.088.

References and notes

1. (a) Boring, E.; Geletii, Y. V.; Hill, C. L. Catal. Met.
Complexes 2003, 26, 227; (b) Ji, H.-B.; Luo, S.-R.; Song,
J.; Qian, Y. Chin. J. Org. Chem. 2004, 24, 572; (c)
Punniyamurthy, T.; Velusamy, S.; Igbal, J. Chem. Reuv.
2005, 105, 2329.

2. (a) Li, H.; Shu, H.; Ye, X.; Wu, Y. Prog. Chem. 2001, 13,
461; (b) Stahl, S. S. Science 2005, 309, 1824.

3. Recent reviews: (a) Muzart, J. Tetrahedron 2003, 59, 5789;
(b) Zhan, B.-Z.; Tompson, A. Tetrahedron 2004, 60, 2917,
(c) Stoltz, B. M. Chem. Lett. 2004, 33, 362; (d) Stahl, S. S.
Angew. Chem., Int. Ed. 2004, 43, 3400; (e) Sigman, M. S.;
Schultz, M. J. Org. Biomol. Chem. 2004, 2, 2551; (f) Wang,
J.-R.; Deng, W.; Wang, Y.-F.; Liu, L.; Guo, Q.-X. Chin. J.
Org. Chem. 2006, 26, 397; (g) Sigman, M. S.; Jensen, D. R.
Acc. Chem. Res. 2006, 39, 221.

4. Bailey, A. J.; James, B. R. Chem. Commun. 1996, 2343.

5. Yamaguchi, K.; Mizuno, N. Angew. Chem., Int. Ed. 2003,
42, 1480.

6. Samec, J. S. M; Ell, A. H.; Backvall, J.-E. Chem. Eur. J.
2005, 11, 2327.

7. Maeda, Y.; Nishimura, T.; Uemura, S. Bull. Chem. Soc.
Jpn. 2003, 76, 2399, and references cited therein.

8. (a) Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, S.
Tetrahedron Lett. 1998, 39, 6011; (b) Nishimura, T.; Onoue,
T.; Ohe, K.; Uemura, S. J. Org. Chem. 1999, 64, 6750.

9. (a) Steinhoff, B. A.; Fix, S. R.; Stahl, S. S. J. Am. Chem.
Soc. 2002, 124, 766; (b) Steinhoff, B. A.; Stahl, S. S. J. Am.
Chem. Soc. 2006, 128, 4348.

10. Peterson, K. P.; Larock, R. C. J. Org. Chem. 1998, 63,
3185.

11. Schultz, M. J.; Park, C. C.; Sigman, M. S. Chem. Commun.
2002, 3034.

12. For the beneficial role of NaOAc in Pd-catalyzed aerobic
oxidations, see: Brink, J. T.; Arends, I. W. C. E;
Papadogianakis, G.; Sheldon, R. A. Chem. Commun.
1998, 2359.

13. We found only one previous example where phosphines
ligands were used to mediate Pd-catalyzed aerobic oxida-
tive carbonylation of 1-alkynes into 2-alkynoates: Izawa,
Y.; Shimizu, I.; Yamamoto, A. Bull. Chem. Soc. Jpn. 2004,
77, 2033.

14. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.;
Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.;
Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E;;
Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J.
J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain,
M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.;
Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez,
C.; Pople, J. A. Gaussian 03, revision C.02; Gaussian Inc.:
Wallingford, CT, 2004.

15. Li, Z.; Liu, L.; Fu, Y.; Guo, Q.-X. Theochem 2005, 757,
69.

16. (a) Steinhoff, B. A.; Guzei, 1. A.; Stahl, S. S. J. Am. Chem.
Soc. 2004, 126, 11268; (b) Nielsen, R. J.; Keith, J. M.;
Stoltz, B. M.; Goddard, W. A., III. J. Am. Chem. Soc.
2004, 126, 7967; (c) Mueller, J. A.; Goller, C. P.; Sigman,
M. S. J. Am. Chem. Soc. 2004, 126, 9724.

17. It was proposed recently that the rate-determining step in
the Pd(II)/Et;N system was the deprotonation step (see:
Schultz, M. J.; Adler, R. S.; Ziekiewicz, W.; Privalov, T.;
Sigman, M. S. J. Am. Chem. Soc. 2005, 127, 8499). This
possibility was ruled out in our study because even by
using much stronger bases such as ~-BuOK some amines
could not be oxidized with any Pd catalyst.


http://dx.doi.org/10.1016/j.tetlet.2006.09.088
http://dx.doi.org/10.1016/j.tetlet.2006.09.088

	Palladium-catalyzed aerobic oxidation of amines
	Acknowledgment
	Supplementary data
	References and notes


